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The Known Universe 
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Mass/Energy Content of the Universe
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A Dark Sector?

• A dark sector is motivated by the existence of dark matter

3

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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Light dark matter at accelerators

• Dark sector models exist than can both predict sub-GeV dark matter (LDM) 
and explain the thermal relic abundance of dark matter
• Accelerator-based facilities with intense particle beams represent an 

excellent opportunity to search for dark sectors
• LDM production possible in some models through similar meson-decay 

channels as neutrino production from accelerator-based neutrino beams 
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Accelerator-based neutrino beams
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Connections to Direct Detection DM Searches

5

2 Dark matter production at intensity-frontier experiments 17
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Figure 10. From [3]: Comparison of sub-GeV DM thermal production targets for dark-photon-mediated
models in the direct detection plane in terms of the electron cross section (left) and on the accelerator plane
in terms of the variable y (right). Since accelerator production mimics the relativistic kinematics of the
early universe, the corresponding signal strength is never suppressed by velocity, spin, or small degrees of
inelasticity, so the targets are closer to experimentally accessible regions of parameter space. Note, however,
that direct detection sensitivity has a complementary enhancement for DM candidates with Coulombic
interactions, which are enhanced at low velocity.

as a key benchmark model. Because DM production at (semi-)relativistic kinematics drives both the
dynamics of freeze-out and DM production at accelerators, the range of freeze-out interaction strengths
(often parametrized by a dimensionless parameter y related to the e↵ective Fermi scale of the interaction)
compatible with this mechanism is narrow, spanning a factor of ⇠ 30 at a given DM mass (black diagonal
lines in Fig. 11).

This milestone was identified as a high-priority goal for the accelerator-based program at the DMNI BRN
workshop [1] and in the subsequent summary report. Following this, a competitive DMNI process by DOE
HEP selected two intensity-frontier projects to support, CCM200 and LDMX, to explore this milestone with
di↵erent timescales and complementary sensitivity. CCM200, a proton beam re-scattering experiment at
Los Alamos’ LANSCE, was completed and commissioned in 2021 and is now operating. LDMX, a missing
momentum experiment at SLAC’s LESA electron beamline, received pre-project funds, awaits construction
funding, and could begin operation in FY26. CCM200 expands sensitivity to hadronic DM couplings, while
LDMX will explore all thermal DM milestones below ⇠ 0.5 GeV, complementing the sensitivity of Belle-

Community Planning Exercise: Snowmass 2021

arXiv:2209.04671

• Direct detection cross-section spans many orders of magnitude 
due to effects such as DM velocity suppression or spin 
suppression, which are significant for non-relativistic scattering
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PIP-II Accumulator Ring (PAR)

6

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
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Beam from PAR to dark sector experiment

10 ms

~500 ns

- Only a small percentage of protons (1.1%) from PIP-II needed to support DUNE 
• Can we leverage existing upgrade plans to search for other exciting physics at 

Fermilab?
- O(1 GeV) stopped-pion neutrino source program leveraging the available beam
- Opportunity to build facility to maximize high-energy physics impact
- PIP2-BD Snowmass 2022 White Paper: https://arxiv.org/pdf/2203.08079.pdf

https://arxiv.org/pdf/2203.08079.pdf
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Stopped-pion Neutrino Sources
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Stopped-Pion Neutrino Sources

• Neutrinos produced from pion decay-at-rest via 
proton collisions with target

• Large neutrino flux close to the source
• Steady-state background suppression via 

pulsed beam
• Physics accessible with these sources include
- Light dark matter (LDM) / dark sector searches
- Axion-like particle (ALP) searches 
- And other dark sector models!

8

S. Hedges NuFact 2022, Aug. 2nd 2022

Neutrino Production at the SNS

[D. Akimov, et al., arXiV:2109.11049 (2021)]

Simulated timing/energy of neutrinos at the SNS

• 1 GeV protons strike Hg target at the SNS at 60Hz, 350ns FWHM of proton pulse

• Produces π! and  π" (and neutrons)

• π!decay in 26ns, leading to prompt ν" and µ!
• µ! decay with half-life of 2.2µs, producing delayed ν# and %̅"

• Currently operating at 1.4MW, future upgrade planned to 2.8MW
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TABLE III. Fit parameters for the proton-energy dependence studies using both beam window designs. The three parameters
for the cubic fits used in Eqn. 3 (F (E) = p3E

3 + p2E
2 + p1E + p0) are illustrated in the top panel in Fig. 11, while the two

parameters for the linear fits (mE + b) are illustrated in the bottom panel. The fit uncertainties do not consider the overall
10% systematic.

Design p3 [GeV�3] p2 [GeV�2] p1 [GeV�1] p0 b m [GeV�1]

Aluminum PBW 0.28(2) -1.12(6) 1.79(6) -0.68(2) 99.99(1) -0.48(1)

Inconel PBW 0.27(2) -1.09(6) 1.75(6) -0.67(2) 100.04(1) -0.53(1)
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FIG. 9. Top left: Geant4 mockup of the dual-film Inconel
PBW, with water cooling between the two films. Top right:
Geant4 mockup of the aluminum plate PBW, with 50 vertical
pipes for water cooling. Bottom: The position of incident
protons shown relative to the profiles of the di↵erent PBW
designs and Hg target.
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Using this functional form and typical pre-upgrade op-
erational parameters of 1.4 MW (7.0 GWhr/yr) and in-
cident protons with 1 GeV of kinetic energy, we calcu-
late 2.36 ⇥ 1015 neutrinos produced per second while
the SNS is running. Estimating this production as an
isotropic point source, we calculate a neutrino flux of
4.7⇥107 ⌫ cm�2 s�1 at 20 meters from the target center
(the approximate location of the first CEvNS measure-
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FIG. 10. Distributions of neutrino energy (top) and creation
time (bottom) produced at the SNS, using QGSP BERT to
model the interactions of 1 GeV protons incident on the alu-
minum PBW geometry. We convolve the single proton output
of our simulations with the proton-on-target trace.

ments in COH-CsI). Using the nominal SNS running time
of 5000 hours per year, the SNS sees 1.58⇥1023 POT per
year, with a ⌫ luminosity of 4.25⇥ 1022 ⌫ per year, or a
flux of 8.46⇥ 1014 ⌫ cm�2 yr�1 at 20 m from the target.
We also study the creation positions and momenta of

the neutrinos, shown in Fig. 12. The volumes and ma-

10

TABLE III. Fit parameters for the proton-energy dependence studies using both beam window designs. The three parameters
for the cubic fits used in Eqn. 3 (F (E) = p3E

3 + p2E
2 + p1E + p0) are illustrated in the top panel in Fig. 11, while the two

parameters for the linear fits (mE + b) are illustrated in the bottom panel. The fit uncertainties do not consider the overall
10% systematic.

Design p3 [GeV�3] p2 [GeV�2] p1 [GeV�1] p0 b m [GeV�1]

Aluminum PBW 0.28(2) -1.12(6) 1.79(6) -0.68(2) 99.99(1) -0.48(1)

Inconel PBW 0.27(2) -1.09(6) 1.75(6) -0.67(2) 100.04(1) -0.53(1)

200− 150− 100− 50− 0 50 100 150 200
X position (mm)

200−

150−

100−

50−

0

50

100

150

200

Y 
po

si
tio

n 
(m

m
)

Beam profile
Aluminum PBW
Inconel PBW
Hg Target

FIG. 9. Top left: Geant4 mockup of the dual-film Inconel
PBW, with water cooling between the two films. Top right:
Geant4 mockup of the aluminum plate PBW, with 50 vertical
pipes for water cooling. Bottom: The position of incident
protons shown relative to the profiles of the di↵erent PBW
designs and Hg target.

⌫

t
= P

⇣
p3 E

2 + p2 E + p1 +
p0
E

⌘
. (4)

Using this functional form and typical pre-upgrade op-
erational parameters of 1.4 MW (7.0 GWhr/yr) and in-
cident protons with 1 GeV of kinetic energy, we calcu-
late 2.36 ⇥ 1015 neutrinos produced per second while
the SNS is running. Estimating this production as an
isotropic point source, we calculate a neutrino flux of
4.7⇥107 ⌫ cm�2 s�1 at 20 meters from the target center
(the approximate location of the first CEvNS measure-

0 50 100 150 200 250 300
Energy (MeV)

1

10

210

310

410

510

610ar
b.

 u
ni

ts

µν

µν

eν

eν

0 1000 2000 3000 4000 5000 6000 7000
Creation Time (ns since pulse onset)

0

5

10

15

20

25

ar
b.

 u
ni

ts

)µνPrompt (

)eν + µνDelayed (

Example POT trace

FIG. 10. Distributions of neutrino energy (top) and creation
time (bottom) produced at the SNS, using QGSP BERT to
model the interactions of 1 GeV protons incident on the alu-
minum PBW geometry. We convolve the single proton output
of our simulations with the proton-on-target trace.

ments in COH-CsI). Using the nominal SNS running time
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flux of 8.46⇥ 1014 ⌫ cm�2 yr�1 at 20 m from the target.
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D. Akimov et al. (COHERENT) Phys. Rev. D (2022) 3, 032003

Example neutrino energy spectrum
Spallation Neutron Source (SNS), 
Oak Ridge, TN

SNS neutrino timing spectrum 
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Leveraging Stopped Pion Sources for Dark Sector Searches
• How do we leverage a stopped-pion neutrino source for dark sector 

searches?
- Detector capable of low energy, O(10 keV) detector thresholds
- Large beam exposures -> rare signals from dark sector models
- Rejection of steady-state backgrounds via pulsed beam structure
- Remove beam-related backgrounds
• Adequate neutron shielding
• Neutrinos produced are a background!

9

Accelerator-based neutrino beams
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DMPion Decay-at-rest Sources as BSM Factories: Challenges

20

• Low energy nuclear recoil signal —>  need low, O(1-10 keVnr) detector thresholds
• Rare signals —> need large beam exposures
• Steady state backgrounds —> need pulsed beams with low, O(10-6-10-4) duty factor
• Beam-related backgrounds —> adequate shielding (neutrons)  

                                            —> beam timing (neutrons, neutrinos)
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Creating a stopped-pion source with PIP-II: PIP2-BD
• Low mass dark sector searches are enabled at PIP-II with the addition of an 

accumulator ring on PIP-II, further upgrading the FNAL accelerator complex
- We have studied three possible accelerator scenarios in advance of Snowmass 2022 that enable dark 

sector searches
- PIP-II Accumulator Ring (PAR), Compact PIP-II Accumulator Ring (C-PAR), and Rapid Cycling 

Synchrotron Storage Ring (RCS-SR)

• PAR and C-PAR are realizable in the timeframe of the start of the PIP-II 
accelerator and DUNE Phase I -> C-PAR has similar beam timing structure 
as AMF ring
• RCS-SR is a further upgrade on the timescale of DUNE Phase II -> similar 

10

Facility
Beam 

Energy 
(GeV)

Repetition 
Rate (Hz)

Pulse 
Length (s)

Beam 
Power 
(MW)

PAR 0.8 100 2x10-6 0.1

C-PAR 1.2 100 2x10-8 0.09

RCS-SR 2 120 2x10-6 1.3
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Future Stopped-pion Sources for Dark Sector Experiments

11

arxiv:2209.07480 



03/29/2023

Capabilities of Stopped-pion 
sources for Dark Sector 
Searches

• Low-threshold detectors place strong 
limits on a variety of accelerator-
produced sub-GeV dark matter 
models
- Including leptophobic, inelastic DM, 

and axion-like particle (ALP) 
models

• The COHERENT experiment at Oak 
Ridge National Laboratory recently 
set limits on vector-portal dark matter 
using 14.6 kg CsI[Na] detector data

• Coherent Captain-Mills (CCM) set 
limits with ton-scale single-phase 
liquid argon detector at Lujan beam 
at Los Alamos National Laboratory

12
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FIG. 20. Future COHERENT sensitivity to kinetic mixing (left) and lepthophobic (right) dark-matter models. Future
detectors in Neutrino Alley (at the STS) are shown as solid (dashed) lines. Solid black lines show the parameters
consistent with the cosmological relic abundance of dark matter.

this strong suppression and making searches at accelerators the only viable option. Among accelerator-based
methods, CEvNS experiments also have powerful techniques for constraining systematic uncertainties on SM
backgrounds. Since dark matter is produced relativistically, it would arrive in our detectors coincident with
the prompt ⌫µ flux. Delayed CEvNS from the ⌫e + ⌫̄µ flux can then be used as a background control sample
to understand uncertainties on the neutrino flux, detector response, and neutrino interactions. As these
constraints improve with larger data sets, dark matter searches with CEvNS experiments remain limited
by statistical uncertainty even after 100 tonne-yrs of exposure. Lastly, if dark matter is detected at SNS,
its flux would be boosted forward compared to the isotropic flux of the neutrino background. Thus, with
multiple detectors, we can confirm the dark matter nature of a signal by testing the angular dependence of
the observed excess with respect to the beam direction.

We determined the limits of our sensitivity to these models in Neutrino Alley, where we are limited by
space in the hallway, as well as potential improvements at the STS which can accommodate detectors up to
10 tonnes. Both argon and cryogenic scintillator detectors are adept for this type of search, through their low
thresholds and favorable timing resolutions. These two technologies would complement each other. Cryogenic
scintillator detectors give tighter constraints for low-mass dark matter due to its very low threshold. Argon
detectors can probe high-mass dark matter with larger detector masses. Additionally, if the detectors are
placed at di↵erent o↵-axis angles from the beam, the angular dependence of the dark matter flux can be
studied. Expected sensitivity after three years of running COH-Ar-750 and COH-CryoCsI-1 is shown in
Fig. 20. We also show projections for five years of running COH-Ar-10t and COH-CryoCsI-2 at the STS.
These detectors will not be constrained to Neutrino Alley and we assume both are placed 20 m from the
target. We assume COH-Ar-10t is placed within 20� of the STS beam to exploit the increased dark matter
to CEvNS ratio due to the angular dependence of the dark matter flux. COH-CryoCsI-2 is assumed to be
orthogonal to the beam-line to study this angular dependence for any detected dark matter excess.

D. Sterile neutrino search

The LSND excess gave the first evidence that neutrino oscillation phenomenology extends beyond the
three-flavor PMNS matrix [144]. Later, MiniBooNE [16], gallium detectors [28, 145, 146], and experiments
at reactors [147] saw similar evidence supporting the existence of a sterile neutrino. Other searches designed
to explore the LSND anomaly, however, have not found any evidence of a sterile neutrino [148–151]. A global
fit to oscillation data suggests a sterile neutrino with �m2

41 = 1.7 eV2 [152], but more data is needed to
discover a sterile neutrino.

We detect CEvNS recoils from neutrinos with energies ⇠ 10 to 53 MeV. Neutrino Alley extends from 19.3
to 28 m from the SNS target. Thus, our detectors are optimally positioned to search for a sterile neutrino
with �m2

41 between 0.4 and 3.4 eV2, near the global best fit. As CEvNS is a neutral-current process, we
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FIG. 20. The blue line is the CCM200 DM full fit sensitivity with 10 keV threshold for a three year run (2.25 ⇥ 1022 POT)
and is based on the most recent CCM200 simulation with clean LAr and improved instrumentation. The background model is
taken from the measured CCM120 rates and shape that are adjusted for the e↵ects of the assumed improvements. The orange
CCM200 sensitivity line includes the e↵ects of upgraded shielding. The pink line could be achieved by using isotopically pure
LAr to further reduce the 39Ar backgrounds, or significant background rejection with improved analysis techniques. Limits
from previous neutrino experiments are shown in Fig. 18.

where FHelm is the Helm’s form factor [61, 62]. Equa-
tion 7 makes corrections to a previous treatment of co-
herent scattering in the literature found in [60] and is
consistent up to spin-dependent e↵ects with [63].

The coherent cross section in the leptophobic case is
very similar to Eq. 7, only di↵ering in overall coupling
factors [60],

d��A

dT
=

2⇡Q2

B↵B↵DmA(T � 2E�)2

(E2
� �m2

�)(q
2 +m2

V )
2

, (9)

where ↵B = g2
B
4⇡ and

QB = FHelm(q
2)A. (10)

Note that the VB couples to baryon number rather than
hypercharge, so the number of protons Z is replaced by
the total number of nucleons (baryons), A.

The coherent scattering cross sections in Eq. 7 (vector
portal model) and Eq. 9 (leptophobic model) determine
the shape of the sensitivity curves shown in Figs. 20 (a,b).
The factor of (q2 +m2

V )
2 in the denominator divides the

cross section into regimes that are independent of the
dark photon mass and scale as q�4 when q2 ⌧ m2

V , and
regimes that scale as m�4

V when the opposite condition is
true. This is reflected in the plots as a flattening of the
sensitivity curve at low mV = 3m� because the cross sec-
tion becomes independent of mV . The exact point where

this change-over occurs depends on the minimum value of
q2, and therefore the recoil energy threshold adopted. At
large values of mV , the curves rapidly become dominated
by suppression in the production due to mV ⇡ m⇡0 (see
Eq. 4), and the sensitivity to the model weakens.

C. Additional Physics Goals: Inelastic
neutrino-argon scattering

Neutrinos produced at the Lujan Center can also scat-
ter o↵ the argon nucleus in the CCM detector via CC
or NC inelastic scattering process that are relevant for
supernova neutrino physics since the decay-at-rest neu-
trino spectrum produced at the Lujan Center signifi-
cantly overlaps with the expected supernova neutrino
spectrum. Incidentally, the detection of the burst of tens-
of-MeV neutrinos from the galactic core-collapse super-
nova is one of the primary physics goals of the DUNE
experiment [64]. But the inelastic neutrino-nucleus cross
sections in this tens-of-MeV regime are quite poorly un-
derstood. There are very few existing measurements,
none at better than the 10% uncertainty level, and no
measurement on the argon nucleus is performed to date.
As a results, the uncertainties on the theoretical calcula-
tions of neutrino-argon cross sections are not well quan-
tified at these energies, and are expected to be large. In
the inelastic NC or CC scattering, the neutrino excites

A. Aguilar-Arevalo et al. (CCM), 
arXiv:2105.14020

D. Akimov et al, (COHERENT) arXiv:2110.11453[hep-ex]

D. Akimov et al, (COHERENT) arXiv:2205.12414[hep-ex]
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The PIP2-BD Experiment

13



03/29/2023

Proposed Detector at PIP2-BD
• Single-phase, scintillation only liquid argon (LAr) 

detector
• Fiducial volume - 4.5 m right cylinder inside box, 

~100 tons LAr
• Surround sides and endcaps of detector volume 

with TPB-coated 8” PMTs 
- TPB-coated reflector on sides and endcaps for 

photocoverage gaps
• Preliminary simulations suggest 20 keVnr 

threshold achievable with this detector
• Existing experiments such as COHERENT and 

CCM are key for testing many of the 
experimental techniques to successfully reach 
the physics goals of a 100-ton scale detector
• Fermilab-funded LDRD to study dark sector 

searches at proposed stopped-pion facility using 
PIP-II 

14
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Dark Sector Searches with PIP2-BD
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Vector Portal Light Dark Matter (LDM)

• Proton-target collisions produce dark 
sector mediators (V) between SM and 
dark sector (𝜒)
- sub-GeV dark matter particle 
• Produced dark matter particles boosted 

towards forward direction
• Signature in detector is low-energy 

nuclear recoil
- Understanding beam-related backgrounds 

important!

16

Phys. Rev. D 102 (2020) 5, 052007

P. deNiverville et al., Phys. Rev. D 92 (2015) 095005
B. Dutta et al., Phys. Rev. Lett 124 (2020) 121802 
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PIP2-BD Vector Portal Dark Matter Search
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M. Toups et al., arXiv:2203.08079

• Detector location 18 m 
downstream of target, on-
axis
• Backgrounds simulated 

using custom Geant4-
based simulation
• DM production generated 

using BdNMC code 
(Phys. Rev. D 95, 035006 
(2017))
• 5 year run for each 

accelerator scenario
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PIP2-BD Vector Portal Dark Matter Search and synergies with AMF
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18 Dark Sector Physics at High-Intensity Experiments
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Figure 11. Dark matter production at accelerators [3]: 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 comprehensively 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

arXiv:2209.04671

• PIP2-BD coupled to C-
PAR already sets strong 
limits on hadron-coupled 
light dark matter!

• AMF accumulator ring 
combines the best 
elements of the RCS-SR 
and C-PAR concepts
- Increase beam power 

(increase signal rates)
- Lower beam pulse width 

(decrease beam-related 
backgrounds)
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C. Thermal Dark Matter Through other New Vector Interactions

(a) U(1)Lµ�L⌧ , ↵D = 0.5 (b) U(1)B�3L⌧ , ↵D = 0.5

(c) U(1)(⇤)
B

, ↵D = 0.5 (d) U(1)(⇤)
B

, ↵D = ↵B

FIG. 6: Thermal targets for several examples of a mediator V coupled to SM global
symmetries. In the top four panels, we choose the conventional benchmark mass
ratio R = mV /m� = 3 and ↵D = 0.5, and the y-axis is given by y = ↵D✏

2
V
R

�4,
where SM couplings are given by ✏V eQ for particles of charge Q under the specified
global symmetry. In panel d we instead take ↵D = ↵B, as motivated if the coupling
of the new gauge boson is intrinsically small (and comparable) for both dark matter
and SM quarks. The symmetries considered in a-b are anomaly-free, while the
baryon number coupling in c and d is anomalous and therefore subject to additional
high-energy constraints [49].

In Figs 6b and 6c we present the projected exclusion bounds for the search for
hadrophilic DM scattering signatures in the CCM200 [26, 50], FLArE [51], PIP2

G. Krnjaic et al, arXiv:2207.00597[hep-ph]
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Summary
• Portals to a dark sector enable searches for new physics
• Stopped-pion sources provide access to a host of physics opportunities such 

as through CEvNS and searches for the dark sector
- The addition of an accumulator ring with PIP-II at Fermilab could produce a stopped-

pion neutrino source at Fermilab on par with the most powerful in the world
• With PIP2-BD, we can create a stopped-pion neutrino program with a 

facility optimized and dedicated to HEP searches
- PIP2-BD could also be seen as one of a suite of co-located detectors
• Preliminary studies using a 100 ton liquid argon detector show the ability for 

leading probes on accelerator-produced dark sector model searches 
• The synergies of PIP2-BD with an AMF concept could enable more powerful 

dark sector searches at PIP2-BD at Fermilab! 

19

Thank you for your time! 
 
 

Questions?
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Backup
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Physics Motivation for CEvNS
• CEvNS is Standard Model 

process, opens doors for new 
physics searches
- Neutrino magnetic moment, non-

standard interactions, etc.
• Dark matter and dark sectors
- “Neutrino fog” for dark matter direct 

detection experiments  

21
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Fig. 3 Signal expectations of different NMM values for data
collection period C1R1. We show our current NMM limit in
green (corresponding to 311 counts kg−1yr−1 in the ROI),
the current world’s best limits in red (corresponding to
41 counts kg−1yr−1) as well as a potential NMM solution
for the detected XENON1T excess with the blue shaded
region (corresponding to [11,47] counts kg−1yr−1). The stan-
dard model expectation (weak interaction) is indicated in
black (10 counts kg−1yr−1).

achieved a better NMM limit, the lower minimum re-
coil energy of 2.0 keVee, available in the CONUS data
analysis compared to the threshold of 2.8 keVee in the
GEMMA experiment, leads to a closer approach of the
NMC limits.

The CONUS constraints on the NMM and the NMC
as presented in this publication are limited by the low
statistics in particular for the outages, in which the reac-
tor is turned off. Improvements are expected with more
data in ON as well as OFF periods. In particular, the
experiment will profit from a long background measure-
ment in 2022, since the reactor finished operation by the
end of 2021. Moreover, it is foreseen to extend the energy
range towards higher and lower energy regions. At low
energies an improved modeling of background and noise
parameters might be achieved at highly stable conditions
during recent and upcoming data collection. Optimized
DAQ settings will allow to include data at higher ener-
gies. The DAQ system in CONUS was upgraded and
improved. Therefore, knowledge on the pulse shape of
the signals can be included in future analyses allowing
further background understanding and suppression in
the ROI. With those significant improvements stronger
bounds on electromagnetic properties of neutrinos are
expected with the upcoming CONUS data.
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FIG. 6: Thermal targets for several examples of a mediator V coupled to SM global
symmetries. In the top four panels, we choose the conventional benchmark mass
ratio R = mV /m� = 3 and ↵D = 0.5, and the y-axis is given by y = ↵D✏

2
V
R

�4,
where SM couplings are given by ✏V eQ for particles of charge Q under the specified
global symmetry. In panel d we instead take ↵D = ↵B, as motivated if the coupling
of the new gauge boson is intrinsically small (and comparable) for both dark matter
and SM quarks. The symmetries considered in a-b are anomaly-free, while the
baryon number coupling in c and d is anomalous and therefore subject to additional
high-energy constraints [49].

In Figs 6b and 6c we present the projected exclusion bounds for the search for
hadrophilic DM scattering signatures in the CCM200 [26, 50], FLArE [51], PIP2

G. Krnjaic et al, arXiv:2207.00597[hep-ph]
Carlos Blanco @ BLV 2022 8

WIMPs: The Miracle and Tragedy

Akerib, D. S., et al. "Snowmass2021 Cosmic Frontier Dark Matter Direct Detection 

to the Neutrino Fog." arXiv:2203.08084 (2022).

• Noble gasses: Very eIective at probing  

masses above 1 GeV

• Will encounter irreducible neutrino fog in next 

generation

• Linear at high masses due to number density

• Loss of sensitivity due to threshold at low 

masses 
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Current/Planned Stopped Pion Sources Worldwide
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Figure adapted from arxiv:2103.00009 



03/29/2023

More Information

• PIP2-BD White Paper
• SBN-BD White Paper
• White Paper on RCS option at Fermilab

23

Thank you!

https://arxiv.org/pdf/2203.08079.pdf
https://arxiv.org/pdf/2203.08102.pdf
https://arxiv.org/pdf/2203.08276.pdf
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Current Landscape of Dark Matter and Dark Sector Searches

24

• New physics 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

9

[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
BBN

�� > �DM�Ne�

⇠ 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-

Will focus here
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The COHERENT Experiment
• Using pulsed beam at the SNS
• 1.4 MW beam power
• Detectors located in Neutrino Alley 

at the SNS
• First phase goal to measure 

CEvNS with multiple detector 
technologies to test N2 
dependence
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FIG. 10: Siting of existing and near-future planned detectors in Neutrino Alley.

have several other practical advantages. CsI[Na] exhibits a high light yield of 64 photons/keVee (electron-
equivalent energy deposition) and has the best match to the response curve of bialkali photomultipliers of
any scintillator material. CsI[Na] also lacks the excessive afterglow (phosphorescence) that is characteristic
of CsI[Tl] [84], an important feature in a search involving small scintillation signals in a detector operated
at ground level. The quenching factor for nuclear recoils (the fraction of the recoil energy that is detectable
as scintillation) in this material over the energy region of interest has been carefully characterized [84],
using the methods described in [31]. The quenching factor has been measured by the Collaboration using
quasi-monochromatic neutron beams [1].

FIG. 11: The installation of the 14.6-kg, low-background CsI[Na] at the SNS (featuring B. Scholz [85] and G. Rich [86]).
Successive layers of shielding include (inside-to-out): 7.62 cm HDPE, 15 cm of lead, a 5-cm thick muon veto and 10
cm of water neutron moderator.

A 14.57-kg CsI[Na] detector and shielding (Fig. 11) was characterized at the University of Chicago and

Target Nucleus Det. Technology mass (kg) nuc. recoil threshold (keV) Deployment

CsI Scintillating Crystal 14 5 2015-2019

Ar Single-phase Noble Liquid 24 20 2017-2021

NaI[Tl] Scintillating Crystal 2500 13 2022

Ge HPGe PPC 18 <5 2022

Ar Single-phase Noble Liquid 750 20 2025

Ge HPGe PPC 50 <5 2025

CsI Cryogenic CsI ⇠ 10 1.4 2025

S. Hedges NuFact 2022, Aug. 2nd 2022

Latest Results from 
COHERENT

Samuel Hedges
Lawrence Livermore National Laboratory

• Additional measurements planned for neutrino flux (D2O), neutrino induced neutrons 
(Pb, Fe cubes), neutrino-induced fission (NuThor), and inelastic interactions on Ar
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The COHERENT Experiment - First Light

• 2017: Discovery of CEvNS using 
scintillating CsI[Na] crystal
- 1.5 years of data, 5 keVnr threshold
- 6.7𝝈 measurement of CEvNS over null 

hypothesis
• Result consistent with Standard Model
- Updated results in 2022

26

D. Akimov et al. (COHERENT) Science 357 (2017)
D. Akimov et al. (COHERENT) Phys. Rev. Lett 129, 080101(2022)

• 2021: First detection of CEvNS 
using single-phase LAr 
detector
- 1.5 years of data, 20 keVnr 

threshold
- 3.5𝝈 observation of CEvNS over 

null hypothesis 
- Consistent with Standard Model
- Additional ~2 years of data 

available, analysis in progress
R. Tayloe, NDM225/16/22

COHERENT LAr results:

• Evidence for CEvNS in LAr at >3s

• Measured cross section agrees between 2 analyses and 
with standard model within 1s

• NSI parameters further constrained 

• See DOI: 10.1103/PhysRevLett.126.012002
and JINST 16 (2021) 04, P04002

• data set has since increased by ~3x, updated results soon
NSI results

90% CL

LAr CEvNS fit results

LAr CEvNS measured cross section

20

D. Akimov et al. (COHERENT) Phys. Rev. Lett 126, 012002 (2021)
JCZ, Ph.D. thesis, Indiana University, Bloomington (2020)

S. Hedges NuFact 2022, Aug. 2nd 2022 16

• Detector decommissioned in summer 2019
• Full exposure of 3.2 x 1023 POT (an increase of 1.8x)
• With full data set:

• Data disfavor null hypothesis at 11.6#
• See 1# agreement with SM CE$NS prediction
• Largest source of uncertainty is neutrino flux, ~10%

• Enough statistics to separate out neutrino flavor in fit, 
measure cross sections for different neutrino flavors

CsI[Na] Detector—Full Dataset

6

FIG. 5. 90% CL regions for non-standard neutrino inter-
actions (NSI) for a vector-coupled quark-electron interaction
extracted from this argon measurement plotted together with
the previous COHERENT CsI[Na] measurement [7] and the
CHARM experiment [51]. The 3 regions shown are indepen-
dent and the dashed black lines show the SM prediction.
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[18] B. C. Cañas, E. A. Garcés, O. G. Miranda,
and A. Parada, Phys. Lett. B 784, 159 (2018),
arXiv:1806.01310 [hep-ph].

[19] P. S. Barbeau, J. I. Collar, J. Miyamoto, and I. Shipsey,
IEEE Transactions on Nuclear Science 50, 1285 (2003).

[20] C. Hagmann and A. Bernstein, IEEE Transactions on
Nuclear Science 51, 2151 (2004).

5

s)µ (trigt
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5SS

-B
ac

kg
ro

un
d 

Su
bt

ra
ct

ed
 E

ve
nt

s

0

100

200

300

400

500 Data
Total
CEvNS
BRN
Syst. Error

Reconstructed Energy (keVee)
0 20 40 60 80 100 120

0

50

100

150

200

Recoil Energy (keVnr)
0 50 100 150 200 250 300

90F
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

0

50

100

150

200

FIG. 3. Projection of the best-fit maximum likelihood probability density function (PDF) from Analysis A on ttrig (left),
reconstructed energy (center), and F 90 (right) along with selected data and statistical errors. The fit SS background has been
subtracted to better show the CEvNS component. The green band shows the envelope of fit results resulting from the ±1�
systematic errors on the PDF.

projected along E, F 90, and ttrig. Extraction of the rela-
tively low-energy CEvNS signal is robust in the presence
of the large prompt BRN background because of the lat-
ter’s much harder spectrum.

We compute the CEvNS flux-averaged cross section on
argon (99.6% 40Ar) from the ratio of the best-fit NCEvNS

to that predicted by the simulation using the SM pre-
diction of 1.8 ⇥ 10�39 cm2. This incorporates the to-
tal uncertainty on the fit NCEvNS along with additional
systematic uncertainties, dominated by the 10% incident
neutrino flux uncertainty, that do not a↵ect the signal
significance. The values are summarized along with ex-
tracted cross section values in Table I. The measured
flux-averaged cross sections are consistent between the
two analyses and with the SM prediction as shown in
Fig. 4. We average the results of the two analyses to ob-
tain (2.2± 0.7)⇥ 10�39 cm2 with uncertainty dominated
by the ⇠ 30% statistical uncertainty on NCEvNS.

This result is used to constrain neutrino-quark NSI me-
diated by a new heavy vector particle using the frame-
work developed in Refs. [3, 10]. Here we consider the
particular case of non-zero vector-like quark-⌫e NSI cou-
plings, ✏uVee and ✏

dV
ee , as these two are the least experi-

mentally constrained. The other couplings in this frame-
work [9] are assumed to be zero. A comparison of the
measured CEvNS cross section reported here to the pre-
dicted cross section including these couplings is used to
determine the 90% CL (1.65 �) regions of NSI parame-
ters as shown in Fig. 5. The same procedure was sepa-
rately applied using our previous CsI[Na] result [7] and
also plotted in Fig. 5. The Ar measurement, with a slight
excess over the SM prediction, favors a slightly di↵erent
region than CsI[Na] and results in a bifurcated region be-
cause the central area corresponds to values of ✏uVee and
✏
dV
ee that yield a cross section somewhat less than the
SM value. The data and predicted background are avail-
able [50] for alternative fits.

Summary — A 13.7 ⇥ 1022 protons-on-target sam-
ple of data, collected with the CENNS-10 detector in the
SNS neutrino alley at 27.5 m from the neutron produc-
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FIG. 4. Measured CEvNS flux-averaged cross section for the
two analyses, along with the SM prediction. The horizontal
bars indicate the energy range of the flux contributing. The
minimum value is set by the NR threshold energy and is dif-
ferent for each analysis. The 2% error on the theoretical cross
section due to uncertainty in the nuclear form factor is also
illustrated by the width of the band. The SNS neutrino flux
is shown with arbitrary normalization.

tion target, was analyzed to measure the CEvNS process
on argon. Two independent analyses observed a more
than 3� excess over background, resulting in the first de-
tection of CEvNS in argon. We measure a flux-averaged
cross section of (2.2±0.7)⇥10�39 cm2 averaged over and
consistent between the two analyses. This is the second,
and much lighter, nucleus for which CEvNS has been
measured, verifying the expected neutron-number depen-
dence of the cross section and improving constraints on
non-standard neutrino interactions. CENNS-10 is col-
lecting additional data which will provide, along with
refined background measurements, more precise results
in near future.
Acknowledgments — The COHERENT collaboration

acknowledges the generous resources provided by the
ORNL Spallation Neutron Source, a DOE O�ce of Sci-



11/02/2022

COHERENT Experiment - Near Future

• D2O: Precise Measurement of 
the Neutrino Flux 
- Reduction of flux uncertainty from 

10% to 2% in 5 years of running
- First stage filled with light water 

installed and commissioning

27
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COHERENT experiment

arXiv:1803.09183 [physics.ins-det]

precise measurement of neutrino flux: D
2
O

● Cherenkov heavy water, 
well known cross section 

● great reduction on uncertainty 
of neutrino flux: ~10% → 2% (5yrs)

HPGe Array: Ge-Mini
● 8 p-type point contact HPGe, mass: 18kg
● lowest energy threshold at SNS so far: 

<5keV (nuclear recoil)

Near future (2022):

Sodium (NaI, Tl doped):
● since 2016: 185 kg 

→ increase to 3.4t
● studies of beam-related

backgrounds
● charge current interactions 

on I: 127I(ν
e
,e-)127Xe

● large mass: CEνNS on Na

https://coherent.ornl.gov/the-coherent-detector-suite/

• NaI[Tl] detectors
- 185 kg of detectors installed in 

Neutrino Alley since 2016
- Charged current interaction on I: 

127I(𝝂e,e-)127Xe 
- Planned upgrade to 3.5 tons of 

detectors with CEvNS sensitivity
- Installation ongoing

• HPGe detectors
- 8 kg-scale Ge detectors, 18 kg total 

mass
- Low energy threshold expected of 

<5 keV nuclear recoil energy
- Installation ongoing
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well known cross section 

● great reduction on uncertainty 
of neutrino flux: ~10% → 2% (5yrs)
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● 8 p-type point contact HPGe, mass: 18kg
● lowest energy threshold at SNS so far: 

<5keV (nuclear recoil)

Near future (2022):

Sodium (NaI, Tl doped):
● since 2016: 185 kg 

→ increase to 3.4t
● studies of beam-related

backgrounds
● charge current interactions 

on I: 127I(ν
e
,e-)127Xe

● large mass: CEνNS on Na

https://coherent.ornl.gov/the-coherent-detector-suite/

D2O concept

Ge-Mini detector concept

NaIvETE detector concept

D. Akimov et al. (COHERENT) JINST 16 (2021) 08, 08
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Liquid Argon (LAr) for Dark Sector and other new physics 
detection

• Large scintillation yield of 40 
photons/keV
• Well-measured quenching between 

nuclear recoil and scintillation 
response
• Strong pulse-shape discrimination 

(PSD) capabilities for electron/
nuclear recoil separation
• Move toward precision physics and 

new physics searches with large 
detectors

28
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FIG. 6. The recoil spectra for the three flavors of neutrinos predominantly produced with a stopped pion source. The ⌫µ is
produced in the initial ⇡+ decay, while the ⌫e and ⌫̄µ are produced in the subsequent µ+ decay.

39Ar electron recoil events from the nuclear recoil events. When processing simulated events, the photon population
is split into two populations based on the photon time thit with respect to the initial detection of light in the event.
The “prompt” photons (Nprompt) have thit  90 ns. The “delayed” photons (Ndelayed) have 90 < thit < 6000 ns.
The length of the delayed window takes into consideration the nominal lifetime of the liquid argon scintillation triplet
state decay of 1600 ns to collect a large fraction of the light. The F90 parameter, defined as

F90 =
Nprompt

Nprompt + Ndelayed
, (3)

looks at the fraction of prompt light in an event. The F90 parameter is energy-dependent but expected at ⇠ 0.3 for
electron recoil events such as 39Ar and ⇠ 0.7 for nuclear recoil events such as CEvNS and DM. An energy dependent
cut in the F90 value follows the curve determined through a signal-to-background figure of merit analysis for the data
analysis from the COHERENT Collaboration following Ref. [26]. This curve is a reasonable proxy to study the e↵ect
of an F90 cut on these simulations, although the central values of the F90 distributions di↵er between the simulations
from this study and the COHERENT data.

PMT dark counts can also contribute background in our detector, given the large number of 8” PMTs and the 6 µs
delayed window. We find that this background is easily mitigated using a simple cut that removes any event with
NPE < 20, which corresponds to a reconstructed nuclear recoil energy of ⇠ 20 keV. PMT dark rate, assumed here as
1 kHz, also produces a noticeable shift in the F90 distributions of electron and nuclear recoil events to lower values.
Therefore, we incorporate a constant shift of 0.08 in the cut towards lower values of F90 values to account for the
e↵ects of dark count rate. Fig. 7 shows the F90 distributions for CEvNS and 39Ar events after the inclusion of PMT
dark count rate and removing events with NPE < 20.

C. Vector Portal Dark Matter

Ref. [8, 27, 28] describes the vector-portal DM signal that forms the basis of the signal prediction. The detection
signature for the DM particles are also nuclear recoils of the DM particle � with the nucleus. Therefore, the DM
signal is also a low-energy nuclear recoil which makes CEvNS a background for such a DM search. The parameter of

Predicted CEvNS recoil distribution in 
liquid argon detector

M. Toups et al., arXiv:2203.08079

Stopped pion decay-at-rest neutrino flux

23

νe

νµ
νµ

Neutrino Energy (MeV)
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Coherent CAPTAIN-Mills (CCM)

• Operating at Lujan Center at LANL
- 80 kW, 20 Hz, 270 ns beam width
• 10-ton single-phase scintillation-only LAr 

detector
• Initial Engineering Run placed limits on 

light dark matter using argon detector
• Upgrades to initial detector to improve 

light collection, additional shielding to 
reduce beam-related backgrounds
• First large-scale LAr detector searching 

for CEvNS-based physics
- Successes and lessons learned will help 

inform larger LAr detector 

29

Los Alamos National Laboratory

11/17/20 |   3

Lujan Experimental Area
- Space for large 10-ton liquid Argon ! detector.  
- Run detector in multiple locations.
- Room to deploy shielding, large overhead crane, power, etc

Intense source muon neutrinos: target MCNP
simulation flux 4.74x105 !/cm2/s at 20 m

LANSCE-Lujan Facility 20 Hz
270 ns beam width, FWHM = 135 ns
100 kW max

L= 20 m

L= 40 m

10 m

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

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.
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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
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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-
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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
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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
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trigger is always 500ms after the random trigger. Both
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Coherent Elastic Neutrino-Nucleus Scattering (CEvNS)
• Standard Model interaction
• First predicted by Freedman in 1974
• Neutrino interacts coherently with 

nucleons in target nucleus
- Neutrino flavor blind, with no energy 

threshold!
• Signature is low-energy nuclear recoil
• Largest low-energy neutrino cross 

section on heavy nuclei
• Distinct N2 dependence of cross 

section

• Searches ongoing using both 
stopped-pion and reactor neutrino 
sources

30

Why is CEvNS hard to detect?

• Cross section is large for a weak-
nuclear interaction

• Very-low energy nuclear recoils

• Detector needs low detection 
energy threshold!

• Background rejection paramount!
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CEvNS cross section
• CEvNS cross section is largest neutrino 

cross section (<100 MeV) on heavy 
nuclei 

• Via coherence of recoil and near-zero 
weak charge of proton, cross section 
takes on distinct N2 dependence 

• N is number of neutrons in target 
nucleus

2

D. Akimov et al. (COHERENT). Science 357, 1123–1126 (2017)
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Detecting CEvNS

• Large CEvNS cross section allows for small detectors to measure neutrinos
- Improvements come in larger mass (i.e. for noble liquid detectors) or lower energy 

thresholds (i.e. for cryogenic bolometers)
• Maximum nuclear recoil energy Tmax ~ E2nu/M
• Understanding quenching factor = Emeas/Enr is important 
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Why is CEvNS hard to detect?

• Cross section is large for a weak-
nuclear interaction

• Very-low energy nuclear recoils

• Detector needs low detection 
energy threshold!

• Background rejection paramount!
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Charge

LightHeat

Low-threshold HPGe detectors, etc.

Dual phase noble
liquids, etc.

Scintillating crystals
Noble liquids, etc.

Cryogenic crystals
(Ge, Si, etc.)

Cryogenic calorimeter
(Al2O3, CaWO4, etc.)



03/29/2023

PIP2-BD Vector Portal Dark Matter Search
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• Stopped-pion neutrino sources 
place strong limits on LDM
- Produced by proton collisions with fixed 

target
- Detector located on axis, 18 m 

downstream from target
- 20 keVnr threshold
- Backgrounds simulated using custom 

Geant4-based simulation
- DM production generated using BdNMC 

code (Phys. Rev. D 95, 035006 (2017))
• 90% C.L. curves computed using 

simulated backgrounds and scaling the 
DM event rate with 𝝐4 

-  5 year run for each accelerator scenario
- Sensitivity of detector to MeV-scale 

physics allows additional sensitivity at 
low-DM masses via DM-electron 
scattering

10
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FIG. 8. Stacked histogram showing the predicted event rates per year of PIP2-BD operation in the C-PAR scenario. The 20 ns
pulse length envisioned in this scenario allows for excellent background rejection of the CEvNS neutrino and idealized 39Ar
background components while preserving the ultra-prompt DM signal.

1. Vector portal kinetic mixing

We compute our rate-only sensitivity to the minimal vector portal kinetic mixing model at each DM mass point
m� using a simple ��2 test statistic of the form:

��2 =
N2

sig

Nbkg + �2N2
CEvNS

, (5)

where we have assumed that the 39Ar background rate can be measured outside of beam windows to a very high
precision so that only a systematic uncertainty on the normalization of beam-related CEvNS events has been added
to the usual statistics-only ��2 definition. However, because the DM signal is very prompt, beam timing can also be
used to measure and constrain the CEvNS rate from delayed neutrinos outside of the beam spill window. Therefore,
we use the statistical uncertainty on the CEvNS rate measured outside the beam spill to estimate the systematic
uncertainty of the CEvNS rate during the beam spill. To obtain the 90% C.L. for the dimensionless variable Y at
each DM mass point, we weight our generated events by ✏4 until we find the value that gives Nsig total events such
that ��2 = 2.71.

For the C-PAR and RCS-SR scenarios, the calculation was extended to heavier DM masses by also tracking eta
production in the beam simulation and providing that to the BdNMC DM generator. After checking that the signal
e�ciency stayed relatively stable for a few DM mass points above m� = 50 MeV, a constant signal e�ciency of 75%
was assumed for all DM mass points above 50 MeV. This allowed the predicted number of events from the BdNMC to
be used directly in the ��2 computation above, rather than first running it through the detector simulation. Fig. 9
shows the 90% C.L. sensitivities we obtain for all 3 accumulator ring scenarios for 5 years of running, compared to
existing limits. We probe relic density targets for both scalar and fermion DM.
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PIP2-BD Leptophobic DM Search

• Dark sector model couples to 
quarks rather than leptons
- Example dark matter scenario for which 

proton beam searches provide robust 
sensitivity 
 

• Model predicts the same DM 
nuclear recoil energy distributions 
as the vector-portal model
- Rate scales with as 𝜶𝝌 𝜶2B as opposed to 

𝜺4

• Same procedure to compute 90% 
C.L. as for vector-portal model
• 5 year run with the 3 accelerator 

scenarios
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PIP2-BD Inelastic dark matter search

• Extend minimal vector portal 
scenario to include two DM 
particles 𝝌1 and 𝝌2

• Require 
• Possibility of 𝝌2 decay into 

e+e-
• If decay not kinematically 

allowed, DM observation also 
possible through its up- or 
down-scattering off of 
electrons in the detector

• Plot 3 event sensitivity through 
BdNMC for 5 years of data 
taking
- Expected backgrounds not 

yet quantified

34
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Axion-like particle (ALP) searches with PIP2-BD
• ALPs that couple to photons can be produced in the beam dump via 

Primakoff process, detectable via inverse Primakoff process or decay into 
two photons
• ALPs coupling to electrons detectable via inverse Compton, e+e- conversion, 

or decay to e+e-
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Figure 6.4: Processes contributing to ALP production and detection considered in the determina-
tion of CCM’s sensitivity.

and Compton scattering from photons; Bremsstrahlung, Resonance, and Pair Annihilation from

electrons and positrons; and 3-body Meson decays from pions. These channels are shown in Figure

6.4. For each production channel, the Feynman diagram was used to calculate the production cross

section. For all channels, the production cross section calculated from the ALP mass <0, the

coupling 6, the target / = 74 for tungsten as the interacting nucleus, and the particle energy for

the photon or electron from the generating particle spectrum. The 2 unknowns, the ALP mass <0

and coupling 6, were scanned over predicted ranges for the CCM120 search. Additionally, the

weight for all production channels was proportional to the coupling squared 6
2, which allowed for

simplifying the scan over the coupling variable.

For some of these channels, the ALP cross section was defined as a combination of the produc-

tion cross section and the tungsten absorption cross section to compensate for generating particles

absorbed before ALPs could be produced. The tungsten absorption cross section was taken from

the NIST XCOM database for photons and electrons [155].

The convolution of the generating particle spectra and the ALP production probabilities re-

sulted in what could be considered to be the outgoing ALP flux from the target. In the QCD axion

cases, this flux was considered to be isotropic. The flux was thus scaled by the solid angle of the

CCM detector to determine the expected flux in the direction of the detector. This solid angle was

126

arXiv:2112:09979
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PIP2-BD Axion-like particles (ALP) search

• For PIP2-BD, obtain photon flux and e+/e- flux produced in the target 
above 100 keV
• Compute background-free event sensitivities
• 75% sensitivity assumed based off of search using the Coherent Captain-

Mills (CCM) experiment (arXiv:2112.09979)
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Liquid Argon (LAr) for CEvNS-based new physics detection
• Large scintillation yield of 40 photons/keV
• Well-measured quenching factor
- Conversion between nuclear recoil response and 

scintillation response
• Strong pulse-shape discrimination (PSD) 

capabilities for electron/nuclear recoil 
separation
• First CEvNS detection on argon at >3𝜎 

significance by COHERENT!  
• Move toward precision physics and new 

physics searches with large detectors
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D. Akimov et al. (COHERENT), Phys. Rev. Lett. 126 (2021) 1, 012002
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FIG. 3. Projection of the best-fit maximum likelihood probability density function (PDF) from Analysis A on ttrig (left),
reconstructed energy (center), and F 90 (right) along with selected data and statistical errors. The fit SS background has been
subtracted to better show the CEvNS component. The green band shows the envelope of fit results resulting from the ±1�
systematic errors on the PDF.

projected along E, F 90, and ttrig. Extraction of the rela-
tively low-energy CEvNS signal is robust in the presence
of the large prompt BRN background because of the lat-
ter’s much harder spectrum.

We compute the CEvNS flux-averaged cross section on
argon (99.6% 40Ar) from the ratio of the best-fit NCEvNS

to that predicted by the simulation using the SM pre-
diction of 1.8 ⇥ 10�39 cm2. This incorporates the to-
tal uncertainty on the fit NCEvNS along with additional
systematic uncertainties, dominated by the 10% incident
neutrino flux uncertainty, that do not a↵ect the signal
significance. The values are summarized along with ex-
tracted cross section values in Table I. The measured
flux-averaged cross sections are consistent between the
two analyses and with the SM prediction as shown in
Fig. 4. We average the results of the two analyses to ob-
tain (2.2± 0.7)⇥ 10�39 cm2 with uncertainty dominated
by the ⇠ 30% statistical uncertainty on NCEvNS.

This result is used to constrain neutrino-quark NSI me-
diated by a new heavy vector particle using the frame-
work developed in Refs. [3, 10]. Here we consider the
particular case of non-zero vector-like quark-⌫e NSI cou-
plings, ✏uVee and ✏

dV
ee , as these two are the least experi-

mentally constrained. The other couplings in this frame-
work [9] are assumed to be zero. A comparison of the
measured CEvNS cross section reported here to the pre-
dicted cross section including these couplings is used to
determine the 90% CL (1.65 �) regions of NSI parame-
ters as shown in Fig. 5. The same procedure was sepa-
rately applied using our previous CsI[Na] result [7] and
also plotted in Fig. 5. The Ar measurement, with a slight
excess over the SM prediction, favors a slightly di↵erent
region than CsI[Na] and results in a bifurcated region be-
cause the central area corresponds to values of ✏uVee and
✏
dV
ee that yield a cross section somewhat less than the
SM value. The data and predicted background are avail-
able [50] for alternative fits.

Summary — A 13.7 ⇥ 1022 protons-on-target sam-
ple of data, collected with the CENNS-10 detector in the
SNS neutrino alley at 27.5 m from the neutron produc-
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FIG. 4. Measured CEvNS flux-averaged cross section for the
two analyses, along with the SM prediction. The horizontal
bars indicate the energy range of the flux contributing. The
minimum value is set by the NR threshold energy and is dif-
ferent for each analysis. The 2% error on the theoretical cross
section due to uncertainty in the nuclear form factor is also
illustrated by the width of the band. The SNS neutrino flux
is shown with arbitrary normalization.

tion target, was analyzed to measure the CEvNS process
on argon. Two independent analyses observed a more
than 3� excess over background, resulting in the first de-
tection of CEvNS in argon. We measure a flux-averaged
cross section of (2.2±0.7)⇥10�39 cm2 averaged over and
consistent between the two analyses. This is the second,
and much lighter, nucleus for which CEvNS has been
measured, verifying the expected neutron-number depen-
dence of the cross section and improving constraints on
non-standard neutrino interactions. CENNS-10 is col-
lecting additional data which will provide, along with
refined background measurements, more precise results
in near future.
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Determining the CEvNS Cross Section

�From the observed CEvNS rate, we 
calculate the flux-averaged cross 
section

• Result is consistent with the 
standard model prediction to 1ʍ

�Observed cross section consistent 
with 𝑁2 dependence

7

No-CEvNS rejection 11.6 σ

SM CEvNS prediction 333 േ 11ሺthሻ േ42ሺexሻ

Fit CEvNS events 306 േ 20

Fit ʖ2/dof 82.4/98

CEvNS cross section 169−26+30 ൈ 10−40 cm2

SM cross section 189 േ 6 ൈ 10−40 cm2

Preliminary

D. Pershey, Magnificent CEvNS 2020


