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the Fermilab accelerator complex using the BAR
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The PIP-II Project
• DUNE major component of US particle physics 

program in next ~decade
• Upgrade to the current Fermilab accelerator 

complex driven by DUNE physics goals
• Among highest power ~GeV proton beams in 

the world 
- Capable of 1.6 MW at 800 MeV proton energy CW
- Small percentage of protons (1.1%) needed to 

support DUNE 
• Can we leverage existing upgrade plans to 

search for other exciting physics at Fermilab?
- Create stopped-pion neutrino source program 

leveraging the available beam including a booster 
accumulating ring (BAR)

- Opportunity to build facility to maximize high-energy 
physics impact
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PIP-II will support a world-leading neutrino program @ FNAL

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

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

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

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

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

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

2.4 MW with 4 
DUNE FD modules

1.2 MW with 2 DUNE 
FD modules
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Stopped-pion (or decay-at-rest) neutrino source
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PIP-II is simultaneously capable of driving a MW-class GeV-scale 
proton fixed target program and a 2.4 MW beam line for DUNE

M. Toups | Proton Fixed-Target Searches for New Physics at Fermilab 

𝜈𝜇 with pion decay lifetime (~26 ns)
𝜈e and anti-𝜈𝜇 with muon decay lifetime (2.2 𝜇s)
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Booster Accumulator Ring (BAR) Concept 
• Accumulator ring to compress pulses (300-400 ns pulse width goal)
- Reduce duty factor to levels of 10-5 for steady-state background rejection
• Initial operation at ~100 kW, 100 Hz, 0.8 GeV protons
- Upgrade path to >200 kW, 1 GeV protons 
• Target facility and experimental hall can be optimized for HEP-based physics 

searches such as CEvNS, dark sector, or light sterile neutrino searches
- Low-Z target such as carbon, improve pion/proton ratio 
• Preliminary simulations of thick carbon target predict 0.12 nu/flavor/proton at 800 MeV 

proton energy
- Optimize for neutron background suppression, large detectors at flexible locations

4 Date Presenter I Presentation Title 

Neutrino Timing with Beam Timing Estimate

• Include neutrino timing with beam width proposed by Jeff Eldred
- ~320 ns pulse length, uniform distribution 
- Also short linear rise and fall, not included currently within the simulation
- Generate protons with this timing distribution
- Included 200 ns manual offset to move edge of distribution away from 0
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Evolution of Accelerator Complex

• Modest upgrades to PIP-II and the BAR to allow for 1 GeV proton energy increases the available 
beam power to 240 kW while increasing the power to LBNF
• Ultimately, if an RCS will be constructed to deliver 2.4 MW to LBNF this increases the available 

beam power for an O(1 GeV) fixed target program to MW scale
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Technology BAR BAR Upgrade RCS Accumulator 
Ring

Intensity 1e13 protons/spill 1.5e13 protons/spill 3.6e13 protons/spill

Repetition Rate 100 Hz 100 Hz 120 Hz

Proton Energy 0.8 GeV 1 GeV 2 GeV

Beam Power 130 kW 240 kW 1.4 MW

Pulse Width 300-400 ns 300-400 ns 300-400 ns

Timescale 2027 Late 2020’s-early 
2030’s

in the 2030s
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PIP-II as a Stopped-pion neutrino source
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Plot via K. Scholberg

Current
Future/Planned
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Physics available with O(1 GeV) stopped-pion source 
• Physics Opportunities At Such a Facility 

- Light dark matter (LDM) / DS Searches (M. Toups’ talk)
• Decay and/or scattering signatures 

- Coherent elastic neutrino-nucleus scattering (CEvNS)
• Provides new way to search for LDM and sterile neutrinos

- Light Sterile Neutrino Searches
• Both appearance and disappearance possible  

- Searches for Non-standard interactions (NSIs),  
tests of the Standard Model  

- Neutrino Cross Section Measurements

- Neutrino-Electron Scattering (LSND-like), MeV-scale  

- Additional topics:
• Searches for axion-like particles, 3-ν oscillations, etc.

7

E. Lisi, NuINT 2018
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Coherent Elastic Neutrino-Nucleus Scattering (CEvNS)

• First mentioned by Freedman in 1974
• First detected by COHERENT 

Collaboration with CsI[Na] target in 
2017 at SNS at ORNL
• Neutrino interacts coherently with 

nucleons in target nucleus
• Signature is very-low-energy nuclear 

recoil
- O(10 keV) for O(10 MeV) neutrino
• Largest low-energy neutrino cross 

section on heavy nuclei
• Distinct N2 dependence of cross 

section

8

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!

3

For 50 MeV neutrino

q <
1

RN

�2
peak = (

�SPE1

SPE1
)2 + (

�SPE3

SPE3
)2 + (

�gaus

µgaus
)2

�gaus =
�p
N

�2
y = (

dy

da
)2�2

a + (
dy

db
)2�2

b + 2⇢(
dy

da
)(
dy

db
)�a�b

�2
PE = �2

a + 2E⇢�a�b + E2�2
b

Window Without PSD cut With PSD cut
Strobe BRN CEvNS Strobe BRN CEvNS

0-200 keVee Prompt 16463 ± 128 5280 ± 124 72 ± 7 413 ± 20 597 ± 28 54 ± 6
0-200 keVee Delayed 57620 ± 240 0 86 ± 10 1446 ± 38 0 68 ± 8
0-35 keVee Prompt 2616 ± 51 941 ± 52 71 ± 8 264 ± 16 298 ± 23 53 ± 6
0-35 keVee Delayed 9156 ± 96 0 86 ± 10 924 ± 30 0 67 ± 8

Table 1: Predictions for the full data set counting experiment. The errors on
the strobe data are from statistical fluctuations. The errors on BRN come from
computation of the covariance matrix of all excursions and the errors on CEvNS
come from statistics. Updated systematics are in progress for both BRN and
CEvNS

Energy Resolution = 1.3
p
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In agreement with Phys. Rev. C81: 045803, 2010
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⌫
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1
D. Akimov et al. (COHERENT). Science 357, 1123–1126 (2017)

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)

D. Akimov et al. (COHERENT). Science 357, 1123-1126 (2017)
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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 earlier this 

year at >3𝜎 significance by COHERENT!  
• Move toward precision physics and new 

physics searches with large detectors

9

Spectra and Comparison with Null Hypothesis
Top Left: 
Prompt+delayed region, 
beam unrelated 
background subtracted 
projections of 3D 
likelihood fit

Bands are systematic 
errors calculated from 1 
sigma excursions

Bottom Left: Same as 
above, null hypothesis fit 
(CEvNS = 0)
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• Presence of 
CEvNS fits data 
well

• Recoil energy 
distribution results 
in poor fit without 
CEvNS
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CEvNS Cross Section
• Flux-averaged cross section

• Compute using ratio of measured CEvNS
events to predicted SM CEvNS events

• Error on !meas dominated by statistical error on 
Nmeas

• Additional systematics from fit systematics and 
on Ns,",# via flux, fiducial volume, efficiency 
errors
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Total CEvNS cross section vs N

And using Equations 5 and 6 can compute the measured cross section as

�meas = �SM
Nmeas

NSM
= (2.3± 0.7)⇥ 10

�39 cm2
(7)

This is in agreement with the SM predicted cross section.

�meas =
Nmeas

Ns�✏
= (2.3± 0.7)⇥ 10

�39 cm2
(8)

2

CENNS-10 Production Run Analysis Cross
Section Calculation

Jacob Zettlemoyer

January 9, 2020

This is a first pass at a cross section calculation using the information avail-

able. The cross section is given by

� =
Nscatters

Natoms �
(1)

Where � is the neutrino flux. The number of scatters is given by integrating

the SM predicted recoil spectrum and multiplying by the fiducial mass (24.4 kg)

and the number of POT (13.8 ⇥ 10
22
).

Nscatters =

Z
(recoil spectrum)mfid (POT) = 256 scatters (2)

The number of atoms is given by

Natoms =
mfidNAv

AAr
= 3.68⇥ 10

26
atoms (3)

Where mfid is the fiducial mass, NAv is Avogadro’s number, and AAr is the

molar mass of atmospheric Ar (39.9 g/mol).

The neutrino flux is given by

� =
⌫

4⇡r2
= 3.84⇥ 10

14 ⌫

cm2
(4)

Assuming 0.088 ⌫/flavor/proton/POT.

Using the results of Equations 2-4 with Equation 1 gives an SM predicted

cross section of with an error of 13% from systematics on the prediction

�SM = 1.83⇥ 10
�39 cm2

(5)

The result of the CENNS-10 Production Run analysis was 159 ± 43 (stat.)

± 14 (syst.) CEvNS events. The SM prediction for the total sample was 128

CEvNS events. Therefore we can compute the ratio of this result to the SM as

Nmeas

NSM
= 1.2± 0.4 (6)

1

(arXiv:2003.10630, Submitted to PRL)
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COHERENT LAr
• COHERENT operating LAr detector 

at the SNS at ORNL
- Beam at 1.4 MW. 60 Hz, 350 ns FWHM
• Currently operating 24 kg 

CENNS-10 detector
- Operation continues, >2x dataset 

available 
- O(100) CEvNS events/year
• Results used for a number of 

phenomenological studies
• Moving towards ton-scale detector 

COH-Ar-750
- O(1000) CEvNS events/year
- Light dark matter search
- Design for sensitivity to MeV-scale 

physics in addition to CEvNS
•  𝜈e-Ar CC/NC measurements useful for 

DUNE low-energy program
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The CENNS-10 Detector
• Originally built in 2012-2014 by J. Yoo et al. at Fermilab for 

CENNS effort at Fermilab

• Moved to the SNS for use in COHERENT late 2016 after 
upgrades at IU and additional of substantial shielding and 
infrastructure at the SNS

• Single phase, scintillation only LAr detector, 24 kg fiducial volume

• 2x 8” Hamamatsu PMTs, 18% QE at 400 nm

• Tetraphenyl butadiene (TPB) coated side reflectors/PMTs

• 10 cm Pb/ 1.25 cm Cu/ 20 cm H2O shielding

• Engineering Run (early 2017): high threshold, no lead shielding, 
published results (Phys. Rev. D100 (2019) no.11, 115020)

• First Production Run (July 2017-December 2018): improved 
threshold, blind analysis with two parallel groups finished, 
published results (arXiv:2003.10630, Submitted to PRL)
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CENNS-750
• Single-phase, scintillation only LAr detector, 610 kg fiducial mass

• Leverage successful operation of CENNS-10

• Expect ~20 keVnr threshold in ~25x LAr volume, push for lower

• 3” PMTs or VUV/visible silicon photomultipliers (SiPMs) 

• Investigate optimal wavelength shifting scheme

• Ongoing testing at IU/ORNL
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CENNS-750
• Single-phase, scintillation only LAr detector, 610 kg fiducial mass

• Leverage successful operation of CENNS-10

• Expect ~20 keVnr threshold in ~25x LAr volume, push for lower

• 3” PMTs or VUV/visible silicon photomultipliers (SiPMs) 

• Investigate optimal wavelength shifting scheme

• Ongoing testing at IU/ORNL
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The CENNS-10 Detector
• Originally built in 2012-2014 by J. Yoo et al. at Fermilab for 

CENNS effort at Fermilab

• Moved to the SNS for use in COHERENT late 2016 after 
upgrades at IU and additional of substantial shielding and 
infrastructure at the SNS

• Single phase, scintillation only LAr detector, 24 kg fiducial volume

• 2x 8” Hamamatsu PMTs, 18% QE at 400 nm

• Tetraphenyl butadiene (TPB) coated side reflectors/PMTs

• 10 cm Pb/ 1.25 cm Cu/ 20 cm H2O shielding

• Engineering Run (early 2017): high threshold, no lead shielding, 
published results (Phys. Rev. D100 (2019) no.11, 115020)

• First Production Run (July 2017-December 2018): improved 
threshold, blind analysis with two parallel groups finished, 
published results (arXiv:2003.10630, Submitted to PRL)

15
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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
• Plans for two identical detectors to 

perform sterile search
- Upgrades to initial detector to improve light 

collection, additional shielding to reduce 
beam-related backgrounds

• Successes and lessons learned will help 
inform large LAr detector at Fermilab 

11

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
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Proposed Detector
• Single-phase, scintillation only liquid argon 

detector
• Fiducial (active) volume - 4.5 m right cylinder 

inside box, ~100 ton fiducial volume
• 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
- O(100k) CEvNS events/year with BAR!
• 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 

12
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CEvNS-based Sterile Neutrino searches

• Stopped-pion source at Fermilab provides 
excellent opportunity for smoking-gun sterile 
search
- Three flavors of neutrinos, with the 𝜈𝜇 separated in 

time from the 𝜈e and anti-𝜈𝜇

- Using CEvNS, there are several disappearance 
searches available
• Monoenergetic 𝜈𝜇 disappearance at 30 MeV
• Summed disappearance of 𝜈𝜇 ,𝜈e and anti-𝜈𝜇 to 𝜈s

• Constrain 𝜈𝜇 -> 𝜈e oscillation parameters

13

6Summed Disappearance of  !" , !̅" and !e to !sterile 

• One can gain sensitivity by combining the 
disappearance of coherent events for all 
three DAR neutrino types. 

• Need to develop techniques for detecting 
the delayed�νµ   and !e events 

• Must be able to reduce the neutron 
background significantly 

• The 39Ar will also be worse due to the 
acceptance time window so need to 
use particle ID to reduce  

• Need estimate of backgrounds and 
detection efficiency 

• Sensitivity code calculates oscillation 
sensitivities for combined analysis of !" , !̅" 
and !e to give allowed regions for Ue4 , 
U"4,  and US4 .

Use coherent measurements of 

νµ  plus combined νµ+  νe( ) disappearance.

to measure mixing elements  Ue4
2  and Uµ4

2

with at common Δm2. 
Unitarity constraint: US 4

2 =1−  Ue4
2 −  Uµ4

2

Oscillations to sterile neutrinos given by:

sin2 2θµS = 4Uµ4
2 US 4

2 = 4Uµ4
2 1−Ue4

2 −Uµ4
2( )

sin2 2θeS = 4Ue4
2US 4

2 = 4Uµ4
2 1−Ue4

2 −Uµ4
2( )

Standard Disappearance of active neutrinos:

sin2 2θµµ = 4Uµ4
2 1−Uµ4

2( )
sin2 2θee = 4Ue4

2 1−Ue4
2( )

Also, standard νµ→ νe  Appearance given by:

sin2 2θµe = 4Ue4
2Uµ4

2

M. Shaevitz, Columbia Univ.



11/16/2020

Fermilab Sterile neutrino search
• Two identical, O(100 ton) detectors at 

L = 15 m and L = 30 m from target
• Optimize facility to reduce beam-

correlated backgrounds to negligible 
levels
• Assume 1:1 signal/background for 

remaining beam-uncorrelated 
backgrounds
• Off-axis 
• 630 kW beam power at 800 MeV, 75% 

uptime
• 20 keVnr threshold with 70% efficiency 

above threshold
• 9% normalization systematic 

uncertainty correlated between two 
detectors
- 36 cm path length smearing

14

M. Shaevitz, Columbia Univ.
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Plots by M. Shaevitz, Columbia Univ.

Requires separation of prompt, delayed neutrinos!
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Neutrino non-standard interactions (NSI)

• Addition to SM Lagrangian as modification of weak charge

• CEvNS sensitive to both non-universal  and flavor changing neutral currents
- Place limits on NSI parameter space with CEvNS measurements
• Neutrino-electron scattering also sensitive to NSI

16

Non-standard interactions (NSI)
• Addition to SM Lagrangian

• Modifies weak charge

• NSI manifest as scaling of 
expected CEvNS cross section

• CEvNS sensitive to both non-
universal and flavor changing neutral 
currents

5

Magnificent CEvNS 2018/11/02 Gleb Sinev, Duke          Constraining NSI with Multiple Targets 4

NSI parameterization
P. Coloma. P.B. Denton, M.C. Gonzalez-Garcia, M. Maltoni, T. Schwetz,

”Curtailing the Dark Side in Non-Standard Neutrino Interactions”, arXiv:1701.04828

Assuming heavy NSI mediators

J. Barranco et al., Phys. Rev. D 76 (2007)
J. Billard, J. Johnston, B. Kavanagh, arXiv:1805.01798

Suppression

Match SM rate

Match SM rate

Excess

Excess

Non-Standard Interactions (NSI)
• Compute allowed regions in NSI 

parameter space

• Specifically "e flavor-preserving 
quark-vector coupling parameter 
space

• Set all other # = 0

34

(arXiv:2003.10630, Submitted to PRL)

J. Barranco et al., Phys. Rev. D 76 (2007)
J. Billard, J. Johnston, B. Kavanagh arXiv:1805.01798

arXiv:2003.10630
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Summary
• Completion of PIP-II will support initial 1.2 MW beam to LBNF
• The addition of an accumulator ring allows for a rich HEP-driven stopped-

pion neutrino program at Fermilab on the timescale of PIP-II
• Further upgrades via the booster replacement could produce a DAR neutrino 

source on par with the most powerful in the world
• Stopped-pion sources provide access to a host of physics opportunities such 

as through CEvNS
• Can build stopped-pion neutrino program with facility optimized and 

dedicated to HEP searches
• Preliminary studies using a 100 ton liquid argon detector show the ability for 

leading probes on CEvNS-based sterile neutrino searches among a wealth of 
neutrino physics opportunities 
• We are looking to grow our collaboration! If you’re interested in this effort or 

have questions, please contact us

17
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More Information

• Snowmass LOI on O(1 GeV) Fixed-Target New Physics Searches at 
Fermilab 
• Snowmass LOI on PIP-II Booster Accumulator Ring
• Snowmass LOI on PIP-II RCS Accumulator Ring Option

18

Thank you!

https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-NF2_NF3-AF2_AF5-099.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-NF2_NF3-AF2_AF5-099.pdf
https://www.snowmass21.org/docs/files/summaries/AF/SNOWMASS21-AF2_AF0_pellico-158.pdf
https://www.snowmass21.org/docs/files/summaries/AF/SNOWMASS21-AF2_AF0-NF0_NF9_Jeffrey_Eldred-092.pdf
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Backup

19
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Backgrounds for CEvNS-based physics searches with LAr

• Main backgrounds to a low-threshold physics search in LAr:
-  Beam-related backgrounds (likely fast neutrons produced by the proton collisions with 

target)
• Mitigate with lower Z target material, less neutrons produced than spallation neutron sources 

with high Z material and shielding
- Shielding is a challenge, other measurements show this is an achievable goal in building a facility

- Cosmogenically produced 39Ar
• Rates of 1 Bq/kg in atmospheric argon, a steady-state background
• Mitigate with pulsed beam timing or acquiring argon with low 39Ar content (underground argon)
- Use in direct detection DM experiments show rate lowered to ~1 mBq/kg 

• Electron-recoil backgrounds also mitigated by PSD

20
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Stopped pion source for long baseline oscillations

• Pion-decay-at-rest neutrinos present an 
additional opportunity for long baseline 
oscillation searches
- Well known neutrino spectrum, monoenergetic 

~30 MeV 𝜈𝜇   
- Neutrino source at Fermilab capable of O(1023 

POT/year) could allow long baseline oscillation 
search

- Large LAr detector used as near detector
- Consider far detector opportunities, the 1300 km 

distance to DUNE FD too far (neutrino flux goes 
as 1/r2) for appreciable rate

21

6

FIG. 4. Individual sensitivity to each neutrino oscillation parameter after marginalizing over the other two, incorporating priors
on their values as discussed in the text. In each panel, the black line represents the measurement capability for an exposure of
1200 kt-MW-yr, while the blue line represents an exposure of 3600 kt-MW-yr.

A. ⇡DAR Neutrinos in a Liquid Argon Detector

Here we consider the possibility of detecting the atmo-
spheric frequency oscillation of ⇡DAR neutrinos. Here ⌫µ
CC scattering is below threshold, but there may be an op-
portunity to measure the ⌫µ ! ⌫e oscillation at low energy.
This is difficult for water detectors because, as mentioned
above, the cross section of ⌫e scattering on Oxygen has a
threshold of roughly 11 MeV, and even for E⌫ = 30 MeV,
this cross section is still small [35]. The cross section off
of Hydrogen is larger, but the effective mass of Hyper-K
in Hydrogen is about one eighth the total mass.

Here we will consider ⌫µ ! ⌫e oscilation of ⇡DAR neu-
trinos with a liquid Argon detector such as DUNE. The
cross section for ⌫e + Ar ! e + K for E⌫ = 30 MeV is ap-
proximately 2.5⇥10�40 cm2 [36] per argon nucleus, several
times larger than the CCQE rate in water. Focusing on
the large DUNE far detector, performing this measure-
ment would require a new source of stopped pions.

Fig. 5 shows the number of such events as a function
of the source-detector distance, assuming 1023 total pion
decays and a 40 kiloton liquid Argon detector. We show
the total number of events for four different choices of
�CP, �⇡/2 (red), 0 (blue), ⇡/2 (green), and ±⇡ (purple).
Measuring this process would provide complementary in-
formation on the value of �CP in addition to beam- [37]
and atmospheric- [38] based searches in the future.

B. Subsequent Muon Decay-At-Rest Neutrino
Spectrum

We have yet to discuss one remaining flux of neutrinos
from JSNS: the neutrinos coming from muon decay-at-
rest (µDAR), originating when the µ+, coming from the
⇡+

! µ+⌫µ decay, stops and decays at rest. This produces
a flux of ⌫µ and ⌫e, each with a well-understood spectrum.
The ⌫e here, as with the oscillated ⌫µ from ⇡DAR, are too
low-energy to be of interest for scattering in large water
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FIG. 5. Number of electron-neutrino events from pion decay-
at-rest neutrinos that have undergone the oscillation ⌫µ ! ⌫e
and interacted in a liquid argon detector. We present the num-
ber of events as a function of distance between the pion decay-
at-rest source and the detector L, assuming a 40 kt liquid argon
detector and a total of 1023 pion decays.

detectors. On the other hand, the ⌫µ, which can oscillate
into ⌫e, may interact via the inverse beta decay reaction,
which has a significantly larger cross section [39, 40]. This
cross section can be large for ⌫ep ! e+n, scattering off
the protons in Hydrogen, however, the inverse beta decay
cross section for scattering off Oxygen is too small to be
of use [35].

Limiting ourselves to the JSNS to HK setup considered
in Section III, with a large water detector, our realistic
exposure assumption of 1200 kt-MW-yr predicts roughly
1 ⌫µ ! ⌫e event. For the long exposure of 3600 kt-MW-
yr, we expect ⇠ 3 � 5 events, where the number of events
depends significantly on the mixing parameters, especially
�CP .

If a large detector, perhaps consisting of liquid scin-
tillator like JUNO [3], were constructed near a ⇡DAR
source, this would lead to a large number of ⌫e charged

R. Harnik, K.J. Kelly, P.A.N. Machado, Phys. Rev. D 101, 033008 (2020) 
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• Both neutrino-nucleus and neutrino-electron scattering able to probe neutrino 
magnetic moment
- Can we do better than LSND? (<6.8 x 10-10 𝜇B) 
• Current DAR CEvNS limits not competitive with existing solar neutrino limits 

or reactor-based CEvNS projections
- Different set of systematics
- Can large scale detector be competitive?
• Combined analysis of nucleus and electron scattering channels?

Neutrino magnetic moment

22

Neutrino Magnetic 
Moment

J. Billard, J. Johnston, B. Kavanagh, arXiv:1805.01798 
J. Billard, J. Johnston, B. Kavanagh arXiv:1805.01798

J
H
E
P
0
7
(
2
0
1
9
)
1
0
3

with ρNC
νN = 1.0082, κ̂νN = 0.9972, λu,L = −0.0031, λd,L = −0.0025 and λd,R = 2λu,R =

3.7 × 10−5. Nuclear form factors are expected to play a key role in the interpretation of

CEνNS data (for a recent work see ref. [39]). At low-momentum transfer, −qµqµ = −q2 =

Q2 = 2mATA, the finite nuclear size in the CEνNS cross section is represented by the form

factor F (Q2) correction for which we adopt the symmetrized Fermi (SF) approximation [68]

F
(
Q2

)
=

3

Qc [(Qc)2 + (πQa)2]

[
πQa

sinh(πQa)

] [
πQa sin(Qc)

tanh(πQa)
−Qc cos(Qc)

]
, (3.4)

with

c = 1.23A1/3 − 0.60 (fm), a = 0.52 (fm) . (3.5)

where c stands for the half density radius and a denotes the diffuseness.

Next, we will calculate the CEνNS cross section in the presence of non-standard elec-

tromagnetic neutrino properties. In general, it is expected that the neutrino magnetic

moment will only give a subdominant contribution to the CEνNS rate [69]. For sub-keV

threshold experiments, however, the contribution of the electromagnetic (EM) CEνNS ver-

tex can be dominant [70] and may lead to detectable distortions of the recoil spectrum.

The contribution to the CEνNS cross section reads
(

dσ

dTA

)

EM

=
πa2EMµ2

ν Z
2

m2
e

(
1− TA/Eν

TA

)
F 2(Q2) . (3.6)

In this framework, the helicity preserving standard weak interaction cross section (SM)

adds incoherently with the helicity-violating EM cross section, so the total cross section is

written as (
dσ

dTA

)

tot

=

(
dσ

dTA

)

SM

+

(
dσ

dTA

)

EM

. (3.7)

In what follows, we adopt the theoretical expressions for the effective neutrino magnetic

moment µν parameter in the mass basis, derived in section 2 in order to constrain the

TMM parameters.

4 Experimental setup

We find it useful to devote a separate section to discuss the main features of our calculation

procedure. For ionization detectors, a significant part of the nuclear recoil energy is lost

into heat, so the measured energy (electron equivalent energy) is lower. We take into

account this energy loss by considering the quenching factor Q(TA), that is calculated from

the Lindhard theory [71]

Q(TA) =
κg(γ)

1 + κg(γ)
, (4.1)

with g(γ) = 3γ0.15+0.7γ0.6+γ and γ = 11.5TA(keV)Z−7/3, κ = 0.133Z2/3A−1/2. Figure 1

presents the effect of the quenching factor with respect to the nuclear recoil energy TA for

all nuclei used in this work.

Here, we not only examine the sensitivity of CEνNS experiments to TMMs according

to their current setup, but also explore their long-term prospects. To this purpose, we
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