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Section I:
Motivation and Theoretical Models:
Searching for Dark Sector Physics with GeV Beam Dumps
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Outstanding Physics Puzzles

Strong CP Problem

The Dark Matter 
Puzzle

The Neutrino Mass 
Puzzle

Anomalies: 
MiniBooNE, Short 

Baseline…

light mediators
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Opportunities for Beam Dumps at sub-GeV Energies
● Scarcity of new physics signals at colliders

● TeV scale WIMPs have been stringently constrained, but light DM targets are closer within reach

● The existence of light mediators inaccessible to colliders

● At CCM (800 MeV proton beam) we have access to energy and mass scales from the keV to 

hundreds of MeV

● Unique physics signatures from the beam target

Physics Program at CCM with the Lujan Target
● Leptophobic Dark Matter:

Phys. Rev. Lett. 129 (2022) 2, 021801 
[2109.14146]

● First DM Search:
Phys. Rev. D 106 (2022) 1, 012001 
[2105.14020]

● Axion-like Particle Search:
Phys. Rev. D 107 (2023) 9, 9 
[2112.09979]

● Testing Meson Portal Dark Sector 
Explanations for MiniBooNE at 
CCM (forthcoming work)

https://arxiv.org/abs/2109.14146
https://arxiv.org/abs/2105.14020
https://arxiv.org/abs/2112.09979
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• Dark matter production and detection
   via vector and (pseudo-)scalar portals

• Neutrino Portals (sterile neutrinos,
   heavy neutral leptons)

• Dark Sector Mediators

CCM Physics Program: broad search for dark sector particles

Proton beam dumps can probe all these portals

proton on 
target

● Source: Lujan beam at LANL
● Beam Energy: 800 MeV proton beam
● Target: Tungsten (W)
● Detector: LAr scintillator
● Baseline: 23 m
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Vector Portal Light Dark Matter

• Does not assume mediator is the Z 
boson

• Simple parameterization of DM + Mediator:
• 4 free parameters

• Mass of the dark photon 𝒎𝑽
• Mass of the dark matter 𝒎𝝌

• Mixing angle between SM and dark 
sector 𝜺

• Coupling between dark photon and 
dark matter 𝜶𝑫

• Assumes mediator is 

at the weak scale

• Strong constraints 

from cosmology, 

astrophysics, and 

colliders

Standard WIMP New Light Mediator SM
 

DS

 

 

g’

Produce DS in SM 
particle cascades in 
fixed target experiments

MiniBooNE beam dump 
mode first dedicated DM 
search in this way
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Phenomenology: Vector Portal Light Dark Matter

W. Huang, B. Dutta, V. Pandey, J. Newstead

Inelastic 
Nuclear 
Response

Prel
im

inary
Elastic Recoils

Phys. Rev. Lett. 129 (2022) 2, 021801 [2109.14146]

● Elastic nuclear recoils → keV signature
● Inelastic response: MeV Argon nuclear 

deexcitations

One example:

   𝜒     𝜒  

   V  

https://arxiv.org/abs/2109.14146
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The QCD Axion and Axion-Like Particles (ALPs)
● Axions are a proposed solution to the Strong-CP problem in QCD

→Why is the neutron dipole moment so small? dn < 10-26 e cm

○ Related to CP violating term in QCD: ℒ ⊃ 𝜽GG 

○ U(1)PQ broken → aGG term to dynamically conserve CP

● But there are many other theories that predict pNGB 

pseudoscalars:

○ generic goldstones of broken global U(1)X

○ String axiverse

○ Non-traditional QCD axions

○ Axion dark matter

Production     Detection

CCM is sensitive to ALPs with masses up to ~100 MeV 

nEDM

Hook [1812.02669]
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Phenomenology: ALP Detection in CCM
Production Channels

in W Target
Detection Channels

Photon
Couplings

Electron 
Couplings

Phys. Rev. D 107 (2023) 9, 9 [2112.09979]

Decays

Scatters

Scatters

Decays

https://arxiv.org/abs/2112.09979
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Dark Sector Explanations of the MiniBooNE Anomaly

● 4.8σ excess at MiniBooNE target mode runs
● No excess in dump mode run
● If excess is due to new long-lived particles (LLPs) or 

light dark matter (LDM), it may be correlated to the 
charged meson decays [PRL 129 (2022) 11, 111803]

● We can test this possibility in a complementary way at 
CCM
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Phenomenology:
Dark Sector Charged Meson Decays (DSCMD)

proton on 
target

Big picture: lots of 
possible operators to 
explain the MiniBooNE 
excess

We can test these 
systematically with 
both charged and 
neutral pion decays at 
CCM



Los Alamos National Laboratory

6/16/2023   |  14

…and many more models!

• Milli-charged particles (mCPs)

• Mirror neutrons, dark QCD

• Heavy Neutral Leptons (HNLs)

• Long-lived particles (LLPs), e.g. higgs portal scalars, 

pseudoscalars, dark photons

• Neutron-anti-neutron Oscillations

• High-stats CE𝜈NS and 𝜈eCCQE cross section 

measurements
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Section II:
The Coherent CAPTAIN Mills Experiment
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The CCM Experiment
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Lujan Experimental Area
-Space for large 10-ton liquid Argon 𝝂 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 𝝂/cm2/s at 20 m

The CCM Experiment: 
LANSCE-Lujan Facility

CCM120 beam and calibration run 2019 (L=20 m)

L= 20 m

Lujan Target 
  - Intense protons (100 uA)
  - Fast Beam (295 nsec)
  - Compact source
  - 20 Hz rep rate

W

p

n

 

 

800 MeV

n

 

 
p

p  

 

  

 

 

 

~99%

  

 𝜋0
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Lujan is a Competitive 
and Unique Neutrino/Dark 
Matter Source
Low duty factor critical 
for background rejection!

•    Neutrino/DM experiments require high Instantaneous Power  – measure of Signal/Background: 
      SNS (FWHM 350 nsec @ 60 Hz)= 0.060 kJ/nsec; Lujan(FWHM 138 nsec @ 20 Hz)= 0.031 kJ/nsec

Lujan/CCM makes 
up for less power 
with large, sensitive, 
and fast 10 ton LAr 
detector!

Typical beam 
delivery of 
7.5x1021 POT/year

The CCM Experiment:
LANSCE-Lujan Beam
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• Extensive shielding around target
• Simulations has confirmed hand calculated neutrino 

flux of ~4.74x105 nu/cm2/s at 20 m
• MCNP simulation of target and ambient neutron flux

10 m

- 4m Steel 
Shielding
- 2.5 m Hg 
beam 
windows 

100 MeV
Thermal

Complex target tuned 
for neutron production

Beamlines controlled
by Hg window

The CCM Experiment:
The Lujan Target and Source

Extremely well understood and modeled by AOT
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Scintillation/WLS mechanics

• Excited argon forms a dimer, de-excites 
releasing a fast singlet and slower triplet 
excitation components

• Scintillation light spectrum peaks at 128nm 

• Emits 4*104 photons/MeV of deposited energy 
from scintillation

• Timing of prompt and delayed light 
components have been measured by the 
DEAP collaboration (right)

• Tetraphenyl Butadiene (TPB) wavelength 
shifts 128nm LAr scintillation light to the 
visible spectrum, allows better absorption by 
PMTs

• Combination Coated+Uncoated tubes allows 
separate detection of scintillation and 
Cherenkov light. 

Eur. Phys. J. C (2020) 80:303, https://doi.org/10.1140/epjc/s10052-020-7789-x 
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• Mounted in the 10 ton CAPTAIN cryostat. 
• 7 tons LAr Fiducial volume, 3 tons LAr Veto (2-3 radiation lengths) 
• 120 R5912 PMT’s, wavelength shifting TPB foils

• LAr cold test of the entire SBND PDS system: 96 TPB coated + 24 uncoated PMT’s, 
mounts, cables, feedthrus, HV, electronics, trigger, DAQ, calibration, simulations and 
data analysis. -> now installed in SBND

TPB coated PMTs Uncoated PMTs TPB coated reflector foils. Maximize 
light output to detect coherent 
neutrino-nucleus scattering

• 6-week Engineering run in 2019 collected 1.79 × 1021 Protons on Target

The CCM120 Detector: 2019 run
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• Instrument all 120 cylinder 8” PMTs with new PMTs
• + Instrument 40 8” PMTs on each end cap => total 200 new 8” PMT’s.
• 40 1x1” vetos instrument outer region (double veto PMTs)
• New evaporative TPB foils (double efficiency of CCM120 foils) produced at U. Edinburgh.
• New CCM200 detector built July 2021, initial test run done September-December 2021.

The CCM200 Detector: 2021 to 2025 runs.



Los Alamos National Laboratory

6/16/2023   |  23

The CCM Detector:
Optical LAr Detector advantages

• Optical Detectors have response times at the 2 ns level
• LArTPCs have millisecond readouts
• When trying to use timing-based background rejection, 

need FAST detector
• LAr scintillation produces 40,000 photons/MeV

• More than any organic scintillator
• 40 photons/keV = theoretical threshold of 10 keV at 10% photon 

detection level
• LArTPCs 3-5mm wire spacing reconstructs events > MeV

• LAr does not re-absorb Cherenkov light
• Cherenkov can separate low energy electromagnetic events 

from nuclear recoil
• Cherenkov can also provide directionality for e/m like events. 

Simulated hits from 
Cherenkov light in CCM200 
detector. Visible Cherenkov 
light precedes scintillation 
by up to 8 ns. 
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CCM200 Shielding Layout at Lujan (23 m from target) 
More steel and concrete shielding added.
Roof shielding added in October 2021.

Filter skid (MicroBooNE 
design): 4A molecular sieve 
material to remove water 
contamination and Cu 
Alumina to remove oxygen 
contamination. Ten ton LAr 
recirculation turn over time 
of ~three hours.
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External time of flight measurements  with 
EJ301 detectors measure ~20 MeV fastest 
neutrons

 

The CCM Detector: Using fast timing and shielding to remove 
beam-related neutrons
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The CCM200 Detector: 
Hamamatsu R5912 PMTs

• 160 PMTs evaporatively coated with 
Tetraphenyl Butadiene (TPB) 

• Overlap between PMT detection 
spectrum and TPB emission 
spectrum

• 40 PMTs uncoated
• Helpful for calibration purposes

• 40 Veto PMTs
• 8 1” PMTs on the bottom looking in
• 10 1” PMTs on the top looking in 
• 22 1” PMTs on the columns looking 

up and down.

• Above: TPB-coated 
R5912 PMT

• Top Right: Hamamatsu 
Efficiency Spectrum

• Bottom Right: TPB 
Emission Spectrum
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The CCM Detector:
Calibrations

• Laser/Diffuser for 213/532 nm calibrations to test TPB response for foils and PMTs and the LAr 
properties.

• LED calibrations for PMT gain/timing
• Co-57 source provide energy scale calibration 122 keV gamma-ray. 
• Na-22 source provide energy scale calibration 2.2 MeV gamma-rays.
• Radioactive sources provides position reconstruction calibration. 

CCM=Optical Detector
Light Properties need to be 

very well known.

Laser 213 Laser 532

PMT detection region: 300 to 600 nm

Inserted Source 
Calibration Rod 
down the center of 
the detector
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The CCM Detector Simulation

• Simulation built in Geant4 simulation 
program for nuclear and particle physics.
• Detector composed of overlapping cylinders.
• Fiducial volume included PMTs as semi-spheres 

with TPB coating.
• PMT Response (including Quantum Efficiency, 

wavelength and angular efficiency, and pulse 
length and integral single photo-electron (SPE) 
uncertainty) modeled separately after Geant4 
geometry for computing speed. 

• PMT Response converted simulation PEs into 
analysis pulses that could be analyzed 
identically to data.

• Full simulation needed complex optical 
model to correctly simulate CCM Events. 
• Built from calibration data. 

Coated PMTSUncoated PMTS

Foil: mylar with a 
layer of TPB

Fiducial volume 
of liquid Argon
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The CCM Optical Model

• 60 total vertically asymmetric row ratios (including 
uncoated/coated) from laser and source calibrations used 
to build simulation Optical Model
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Contamination

Concentration of O2 Absorption Length of 128nm light in LAr

0.0ppm 2,000 cm

0.002ppm 1,700 cm

0.02pm 1,000 cm

0.06ppm 500 cm

0.2ppm 180 cm

2ppm 20 cm *

20ppm 2 cm

• CCM observed LAr absorption lengths at 128 nm of 55 cm, 
along with an additional quenching factor of 55%.

• Both Values are consistent with oxygen contamination just 
below the 2ppm level. 

CCM Observation
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CCM120 Event Building Process

Candidate electromagnetic event

Different colors represent different PMTs
(only 9 colors used for all 100 PMTs)

Prompt
Region

• Start of Event
• Length of Event
• Integral of Charge in first 90 ns 

(prompt)
• Position (based off first 20 ns)

Length of Event

Parameters Calculated

• CAEN electronics sampled at 500 MHz rate with 2^14 bit dynamic range
• 2 ns wide charge bins, 16384 ADC maximum height
• Typical SPE = 30 ADC 
• DAQ window = 16 us with 10 us prebeam

• PID capability using event length between e/m 
like (with triplet) and nuclear recoil (no triplet)

Singlet light
Coherent neutrino/DM scatter

Delayed = Triplet light
EM event, photons, 
electrons

PID: event length cut
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Section III:
Data Selection and Background Rejection in CCM120
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Data Selection: CCM120 Energy Scale from Radioactive 
Sources
 

2.2 MeV

122 keV
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CCM120 Searches:
Energy Regimes

• 2 Types of Searches: Electromagnetic and 
Nuclear Recoil

• 3 Energy Regimes for Searches:
• < 1 MeV – Light Dark Matter (nr like)

• Threshold 3 PE ≈ 200 keV up to Maximum 18 
PE ≈ 2 MeV.

LDM 
Search:
< 1MeV
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CCM120 Searches:
Energy Regimes

• 2 Types of Searches: Electromagnetic and 
Nuclear Recoil

• 3 Energy Regimes for Searches:
• < 1 MeV – Light Dark Matter (nr like)

• Threshold 3 PE ≈ 200 keV up to Maximum 18 
PE ≈ 2 MeV.

• ~1-10 MeV – QCD Axions (em like)
• From minimum 10 PE ≈ 500 keV up to 

Maximum 200 PE ≈ 10 MeV.

LDM 
Search:
< 1MeV

ALP Search:
~1-10 MeV
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CCM120 Searches:
Energy Regimes

• 2 Types of Searches: Electromagnetic and 
Nuclear Recoil

• 3 Energy Regimes for Searches:
• < 1 MeV – Light Dark Matter (nr like)

• Threshold 3 PE ≈ 200 keV up to Maximum 18 
PE ≈ 2 MeV.

• ~1-10 MeV – QCD Axions (em like)
• From minimum 10 PE ≈ 500 keV up to 

Maximum 200 PE ≈ 10 MeV.

• > 10 MeV – Other Dark Sector (em like)
• From 200 PE ≈ 10 MeV.

• CCM200 will use similar energy regimes, with 
different PE scales.

LDM 
Search:
< 1MeV

ALP Search:
~1-10 MeV

DS 
Search: 
>10 
MeV
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CCM120 Analysis: Beam Related Background Free Region of 
Interest (ROI)

• Timing of massive importance to 
CCM efficiency.

• We define a ROI that includes only 
steady state (measurable in 
prebeam!) backgrounds.

• Directly measured T0 with the “FP3 
detector.” 

• T0 = -530 ns DAQ time
• Defines start of ROI for all 

searches. 
• Determined speed of light particles 

from target to arrive 210 ns before 
neutron events seen in CCM

Prompt neutrino/DM/ALP signal

Measured 
Beam T0
Gamma-Flash
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ROI Determination:
LDM Search

• ROI needs to only contain steady state 
(and thus measurable) background, 
even with other event types. 

• LDM (short event) cut changes began 
after 190 ns, which reduced the initial 
ROI

Black: ROI end, LDM 
search (length < 44 ns)

N
um

 E
ve

nt
s

Event Start Times – Length > 38 ns

T0 = -530ns
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ROI Determination:
ALP Search

• ROI needs to only contain steady state 
(and thus measurable) background, 
even with other event types. 

• LDM (short event) cut changes began 
after 190 ns, which reduced the initial 
ROI

• ALP (long events) are affected earlier 
thanks to beam contamination, with cut 
changes after 170 ns.

Black: ROI end, LDM 
search (length < 44 ns)
Green: ROI end, ALP 
search (long events)

N
um

 E
ve

nt
s

Event Start Times – Length > 38 ns

T0 = -530ns
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ROI Determination:
High Energy Searches

• ROI needs to only contain steady state 
(and thus measurable) background, 
even with other event types. 

• LDM (short event) cut changes began 
after 190 ns, which reduced the initial 
ROI

• ALP (long events) are affected earlier 
thanks to beam contamination, with cut 
changes after 170 ns.

• High energy ALP events cut changes 
start even earlier, after 150 ns. 

• Final ALP Search ROI totaled 150 ns, 
about half the beam pulse time. 

Black: ROI end, LDM 
search (length < 44 ns)
Green: ROI end, ALP 
search (long events)
Red: ROI end, high energy 
ALP search.N

um
 E

ve
nt

s

Event Start Times – Length > 38 ns

T0 = -530ns
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Data Quality / Pre-selection Cuts

• Data Quality cuts meant to ensure the events 
were useable. 

• Number of Hits 
• Previous Event 
• Veto 
• Fiducial Volume 
• Event Time 
• Beam Current Monitor (BCM)

Prebeam = steady 
state background

ROI
N

eutron w
all

Data Quality Efficiency Table
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LDM Event Characteristics

• In CCM, LDM events will involve 
coherent-like scattering of Argon 
nuclei

• Nuclear-recoil type events, 
• No triplet light 
• Additional nuclear recoil quenching factor of 

~0.25.
• => Short in length and low in energy.

• Cuts: 
• Length: a cut on the maximum length of the 

event (PID).
• Niceness/Charge Uniformity: cut on charge 

distribution evenness between PMTs.

Niceness Cut

Black = 
LDM 
search 
final 
sample
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CCM120 LDM Search Results

Signal smearing matrix created for the LDM search to relate 
between true energy deposited and reconstructed energy. 
This matrix was used to generate the DM predicted 
distribution shown in blue on the lower right. 

from steady state 



Los Alamos National Laboratory

6/16/2023   |  44

ALP Event Characteristics

• In CCM, we expect ALPs to produce high 
energy photon or electron scatterings.

• Electromagnetic-like signature 
• Triplet light 75% of total scintillation 

output
• Quenching Factor of 1 with pure argon

• => Long in length and high in energy

• Due to long length running into beam 
neutrons, prompt window set to 40ns 
(from 90) to avoid beam energy in long 
events. 

• The redone energy calibration for 40ns 
prompt window is shown to the right.

• 2.2 MeV = 22.1 PE => 10 PE/MeV



Los Alamos National Laboratory

6/16/2023   |  45

ALP Search – Signal Cuts

• In addition to the Data quality 
cuts from the LDM search 
(Previous Event, numHits, 
Veto, Niceness) we added 5 
cuts for the ALP search based 
on signal characteristics.  

• Length > 38ns: Electron like ALP events have triplet light and long length.
• Radius < 80cm: A stricter position cut due to the isotropic nature of the signal.
• Energy > 10PE: ALP events are high energy (>1 MeV) while the backgrounds are mostly 

lower.
• Coated > 60%: More than 60% of the light seen is seen by TPB coated PMTs in scintillation 

events.
• maxPMT < 20%: No more than 20% of the total light is seen by a single PMT in simulated e/m 

like events or calibration source events.. 
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CCM120 Smearing Matrix
And Efficiencies

• ALP signal cut efficiencies 
determined with respect to 
events which pass preselection 
cuts. 

• CCM shows very high 
background rejection 
(<0.01%) while maintaining 
high signal efficiency (>20%). 

• Overall efficiency lowered 
mainly because of time cut 
(150ns ROI contains only half 
the 290 ns beam). 

Signal smearing 
matrix created for the 
ALP search to relate 
between true energy 
deposited and 
reconstructed energy. 
This matrix was used 
to generate the ALP 
predicted distributions 
and includes the 
efficiencies at various 
energies.
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Data and Background Prediction: CCM120 Electromagnetic Search

0.
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Section IV:
Results and Future Sensitivities of CCM
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BSM Signal Prediction Pipeline
CCM120 Engineering 6-week Run
● 1.79 × 1021 Protons on Target (POT)
● Electromagnetic / ALP Search

○ 294590 observed EM events in ROI
○ Backgrounds: 294614.3 ± 241.7 (syst) ± 542.8 (stat)

● Nuclear Recoil / LDM Search
○ 115005 observed in ROI
○ 16.5±338.4 subtraction events

● Separation of energy spectra 
from keV to o(100) MeV 
across different models

GEANT4: Generate 
Particle Fluxes

(𝜋0, 𝜋±, 𝛾, e±, p, n…)

Matrix Element Monte 
Carlo: Generate BSM 

Spectra

Propagate Fluxes to 
Detector and 

Scatter/Decay

Apply Smearing Matrix 
with Optical Model

CCM200 Projection
● 3 year run (2023-2025)
● 2.25 × 1022 POT

Example: ALP Spectra
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● GEANT4 simulated fluxes from 800 
MeV protons on W target geometry

● Physics list: QGSP_BIC_HP
● Hadronic cascades + meson 

production
○ 𝜋0 , 𝜋+ , 𝜋– 

● Production of secondaries: e+, e–, 𝛾’s:
○ e+e–  Pair production
○ Bremsstrahlung
○ 𝜋0 decays
○ Neutron/proton scattering
○ etc…

● Each of these processes serves as 
a potential dark sector flux source

Lujan Target Physics: Electromagnetic and 
Hadronic Particle Showers
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CCM120 Leptophobic Sensitivities: mV= 2.1m𝜒

Phys. Rev. Lett. 129 (2022) 2, 021801 [2109.14146]

15.1±4.0 PEs/MeVee

265 keVee 530 keVee 795 keVee

https://arxiv.org/abs/2109.14146
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2019 Search for QCD Axion: Photon Couplings

● We scan over ALP parameter 
space couplings to photons and 
electrons in a model-agnostic way 
(one coupling at a time turned on)

● Project sensitivity over the 
“cosmological triangle” at CCM200

decay limit

scattering limit
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2019 Search for QCD Axion:
Electron Couplings

Pure ALP-electron coupling With electron loop-induced photon 
coupling and a → 𝛾𝛾
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● DSCMD fits to MiniBooNE data for
○ Target Mode: Neutrino + Antineutrino excess
○ Dump Mode: null result as a constraint

Prel
im

inary

Detection Channel: Scalar 
Mediated Scattering

Decay Channel: Vector 
LLP ProductionDark Sector Charged Meson Decays 

(DSCMD): 2-Mediator Models

CCM 
Spectra

Testing Meson Portal Dark Sector Explanations for MiniBooNE at CCM (forthcoming work)
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DSCMD: Single Vector LLP at CCM120 and Beyond

Decay Channels

Detection Channel

Prel
im

inary

● We fit the MiniBooNE target + dump data for a 
o(5) MeV vector mass

● CCM200 slated to test this explanation using the 
neutral pion couplings

Testing Meson Portal Dark Sector Explanations for MiniBooNE at CCM (forthcoming work)

Single vector LLP coupling to 
𝜋-doublet
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Neutrino Physics at CCM

• CEvNS measurements
• Charged-current 

quasi-elastic (CCQE) cross 
section measurement

• Relevant for physics 
@DUNE:
• Supernovae neutrino 

physics
• sub-GeV atmospheric 

neutrinos
More measurements 
needed here!
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Future Upgrades at CCM
Upgrades can greatly reduce 

backgrounds to improve sensitivity:

● Short Pulse from LANSCE AOT

○ Working toward 120ns pulse

● Cherenkov light

○ Direction reconstruction

● Underground Argon

● CCI (coherent Cesium Iodide 

second detector)

○ tonne-scale

Lujan/CCM makes up for less power with 
large, sensitive, and fast 10-ton LAr detector!
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Proton Improvement Plan Beam Dump (PIP-II BD)

● Single-phase, 100 ton 
scintillation-only LAr detector 
o(20 m) proximity to target
○ Same tech as CCM200
○ 800 MeV - 2 GeV beam 

possibilities
● Projected world-leading 

sensitivity;
○ Dark matter
○ ALPs
○ Sterile Neutrinos
○ 𝜈 cross section 

measurements, etc.

New Dedicated Facility: FNAL Proton Beam Dump @ 1 GeV
[arXiv:2203.08079]

ALPs

Hadrophilic DM
Vector Portal 
DM

https://arxiv.org/abs/2203.08079
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Los Alamos National Laboratory

Summary and Future Outlook

LA-UR-23-26342

● CCM200 is taking data now, results forthcoming!

● Diverse physics program for tests of BSM explanations to physics puzzles

● Energy window: keV to 100s of MeV

○ Broad set of BSM physics signals 

■ high intensity source of ALPs, LDM, HNLs, etc.

■ Tests of short baseline anomalies and rare pion decay models

○ Orders of magnitude in parameter space sensitivity

● Upgrades ongoing to bring CCM’s sensitivity to its fullest potential

● Working with theorists to cultivate new ideas
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Backup Deck
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Dark Sector Coupling
to Meson Decay : DSCMD models Decay Operator

Scattering 
Operator

Combinatorics!
Check which 
solve MB anomaly

Focusing on these, but only for pragmatic purposes (scope is total)
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DSCMD and MiniBooNE, MicroBooNE

● We fit the MiniBooNE target + 
dump data with a combined log 
likelihood

● Derive constraint from 
MicroBooNE 1-gamma 0-proton 
analysis for Delta resonance 
production

Target 
nu-mode

Dump mode data

Target 
nu-bar-mode

Prel
im

ina
ry
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Pion Decay Constraints versus DSCMD

• CCM and MiniBooNE much more sensitive to rare pion decays than normal 
searches
• Many more pions produced. 
• Increased detector distance.
• Appearance versus 

disappearance 
experiment. 

• Neutrino search
techniques highly
sensitive to rare pion
decay events!
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Constraints on Traditional QCD Axions

Eur.Phys.J.C 79 (2019) 3, 
223 1811.05466

● pure Gluon coupling constraints set 
limits on axions that solve strong CP 
(here from rare Kaon decays)
○ sets indirect constraint on g_ae

● Other constraints from EW 
couplings could apply or be evaded 
depending on PQ charges

https://arxiv.org/abs/1811.05466
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Trigger by Trigger measurement of the Beam through 
Integrated Beam Current Monitor

• CCM includes direct 
measurements of the beam 
proton pulse through a BCM 
integrated directly into the 
DAQ and data stream.

• This BCM can be used to 
analyze the protons per 
trigger, and ensure that only 
the best quality triggers are 
included in the final analysis.  
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PMT Response

• PMT SPE characteristics determined 
through the use of 2 LEDs on top and 
bottom of detector.

• PMT response averaged between 
the 2 points to counteract solid angle 
effects.

• PMT modeled with pulses of varying 
length and integral as in plot right. 

• SPE Pulses used to calibrate data 
ADC to PE value and create 
simulation pulses with the same 
behavior.
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Effects of Shielding

• Tested Shielding in Stages to see the effect on background
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Background Rates: 
CCM120 and CCM200

• Added Concrete and Roof shielding 
between CCM120 (2019) and CCM200 
(2021) runs leads to reduced background 
rates

• Nearly to level of eliminating beam-related 
background/activation, from comparison of 
beam-on vs. beam-off background.

• Factor of ~7 reduction in LDM search 
backgrounds.

• Factor of ~5 reduction in ALP search 
backgrounds.
Reduction greatest at low energy, reducing 
as energy increases. 
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Reason for smearing distortion: Position

• ALP events occur isotropically 
throughout the detector. 

• Na22 calibration occurs at center 
of detector. 
• Almost factor of 4 difference in 

Reco/true energy ratio based 
solely on position. 

• Average event around 30-40 cm 
from closest wall = 0.04-5 PE/keV 

• Position smearing approx. doubles 
the energy scale and adds 50% 
uncertainty depending on where it 
is.

CCM200 lines are with filtration, 
smoothing out position dependent 
energy scale. 
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Filtration System Expected Performance

• MicroBooNE-
designed filter 
skid can achieve 
oxygen levels 
below 10 ppb

• CCM only needs 
around 50 ppb for 
significant 
improvements

• From 2ppm this 
should take a little 
less than 3 days. 
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CCM120 Analysis: Measuring Steady State Backgrounds
• Prompt light only analysis
• Dynamic event lengths allow a 

poor-persons PID
• Maximize dark matter over Ar39 

puts the length cut at 44 ns
• Pre-beam is flat in time (no bias) 

allowing a good prediction of what 
to expect in the prompt speed of 
light window (ROI)

• ROI is a beam-related background 
free region, so the prediction on the 
number of events is statistical only 
(systematics will be on DM signal)

• Ideal for Machine Learning 
techniques

ROIBackground
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Cherenkov Light Detection

• Analysis underway to identify Cherenkov 
light on event by event basis

• Triggering on cosmic muon events using 
5cm X 5cm external detectors that 
consist of two parallel scintillator panels 
and SiPM

• Using timing, direction, and uncoated 
PMTs to focus our search for Cherenkov 
light 

• Provides Michel electron sample for 
energy calibration up to 50 MeV

Trigger 

Muon 
peak 

Michel 
electron 

peak 

1 bin = 2 ns

PR
EL

IM
IN

AR
Y
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Background 
Measurements

• CCM made several 
direct measurements
of various background
types.

• EJ-301 scintillation detectors 
measures neutron speed and 
comparative rate

• Thermal neutron detector 
measures steady state neutrons

• Germanium detector measures 
gamma rays at various energies. 
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 Lujan Improved S/B with Upgrade 30 nsec Beam

• If we shorten PSR pulse from 300 nsec to 30 nsec (Blue), would increase signal efficiency and reduce 
random backgrounds, estimate increase S/B (30 nsec) > 100.

• Factor ~10 reduction in random backgrounds from Ar39 and neutron activation 
• Factor ~10 reduction of EM events relative to nuclear scattering using Singlet/Triplet light PID.

Shorter beam pulse reduces 
random backgrounds from Ar39 
decay and neutron activation

Measured 
Beam T0
Gamma-Flash

Neutron Wave

Prompt neutrino/DM signal window ~190 nsec.

TOF technique unique and 
powerful for isolating 
prompt signal and measuring 
backgrounds and errors from 
pre-beam. Key is to shorten 
the beam width.
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Data Quality / Pre-selection Cuts

• Data Quality cuts meant to ensure the events 
were useable. 

• Number of Hits – checked that there were 
at least 3 PMT hits in an event.

• Previous Event – checked if there was an 
event before the event that could be the 
singlet to the triplet.

• Veto – made sure the event began inside the 
fiducial volume.

• Fiducial Volume – make sure the event was 
contained within the fiducial volume. 

• Event Time – checked event was in the ROI.
• Beam Current Monitor (BCM) – checked 

that the BCM recorded a good beam pulse

Prebeam = steady 
state background

ROI
N

eutron w
all
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ALP Search – Signal Cuts

Largest PMT 
Charge/Total

Remove 
>0.2

(cm)

Red: 1-MeV gammas
Black: Prebeam data

Remove 
>80 cm
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Background Prediction

• When calculating the prebeam background for 
the ALP search, a significant and obvious 
decay in background rate was observed even 
on the scale of microseconds.

• This decay occurs across all cuts and all 
energies, and is a significant source of 
systematic error if left alone.
• Additionally, this decay rate is different for 

different energies.
• This decay in Background Rate resembles that 

expected from radioactive decay of 
beam-related activation from the previous 
beam cycle.
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Background Prediction

• CCM uses direct measurements of the 
steady state background to predict the 
ROI background. 

• However, the ‘steady state’ is not steady 
– checks revealed a background that 
was slightly decaying in rate across all 
energies, significant on the order of 
microseconds.

• Beam activated radioactivity (known to 
exist from Germanium background 
measurements) was a possible 
candidate.

• Used linear fits of 6us of background to 
determine that expected within the ROI. 
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• CCM200 3 year run sensitivity to HNL 
production from neutrino upscattering in 
shielding and detector materials only

• Lujan facility is spacious enough to allow for 
increased shielding in future runs

Heavy Neutral Lepton Search
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Cross Sections

• CCM200 has sensitivity to charge 
current (CC) neutrino interaction on 
Argon nucleus cross section 

• CC measurements are useful to 
constrain future supernovae 
neutrino measurements in DUNE 
and other LAr detectors 

• Exploring CEvNS measurements 
using nuclear recoil signatures

40Ar
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