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Coherent Neutrino-Nucleus 
Scattering (CNS)

• Unmeasured flavor-independent SM process

• Elastic neutrino scattering that is coherent on the 
entire nucleus: cross section scales as A2

• Signature is nuclear recoil: very low energies

• CNS cross section dominates other neutrino cross 
sections in the 10-50 MeV neutrino energy range
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T = recoil energy

E⌫ = incident neutrino energy

GF = Fermi constant

MA = mass of target nucleus

QW = weak charge of nucleus

F (q2) = form factor ⇠ 1
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How to Measure?: Sources

• Multiple possibilities:

- MCi electron capture sources (37Ar, 
monoenergetic): ~800 keV (PRD 85, 013009 
(2012))

- Reactors: 1-10 MeV (e.g. JHEP12 (2005) 021)

- Decay-at-rest stopped-pion sources: 10-50 MeV 
(PRD 84, 013008 (2011))

• Focus on nuclear reactors: high flux, very 
cheap, safe, well-understood

• MIT research reactor is convenient and 
has experimental site 4 m from reactor 
core

• ~14 events / day for 5 kg Ge detector 4 
m from core of 5.5 MW (thermal) 
reactor 
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How to Measure?: Detectors

• Dark matter detectors are zero-background 
down to 5-10 keV for ~100 kg-day exposures

• Scheme:

• Use CDMS-style cryogenic detectors: 
measure phonons with superconducting 
transition-edge sensors (TESs) on Ge or Si

• Eliminate charge readout

• Signal-to-noise improved by better 
matching of phonon pulse and TES 
bandwidths

• Slow TES response by decreasing Tc of TES

• Reactor-off data possible at research 
reactors for background subtraction
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Figure 24: Ultimate Baseline Resolution Scaling with T
c

• Our T
c

estimates are preferentially positively biased for distributed TES sys-830

tems with T
c

position gradients. Thus, the ’average’ T
c

is probably less than831

the measured T
c

and the experimental points should be pushed to the left.832

• the electron phonon coupling constant, ⌃, could be overestimated for the833

iZIP4/5 TES design834

• R
s

could be poorly measured.835

This though is a genuinely good problem to have.836

In summary, T 3
c

resolution scaling is simply enormous! As shown in Fig. 24, if837

we can get 90eV for a T
c

=90mK, then we should be able to get ⇠ 2eV for the838

same size detector (⇠ 1kg) with the same detector geometry for a T
c

=20mK. This is839

impressive! To my knowledge, no other detector technology currently in existence has840

the ability to combine such large masses with such high sensitivity to nuclear recoils.841

The CoGENT ultra low capacitance Ge ionization detectors are limited by 1/f noise842

and have a �
ee

⇠ 70eV, or an equivalent nuclear recoil threshold of 2keV [25]. In843

principle, the ionization only signal of a 2-phase Xenon detector is more competitive844

(�
ne

=⇠ 200eV-400eV [24]), but this is hugely dependent upon the nuclear recoil845
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FIG. 4: Sensitivity to the LSND 90% CL allowed parameter
space with a germanium-based detector under the baseline
physics run scenario.
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FIG. 5: Sensitivity to the LSND 90% CL allowed parameter
space with a germanium-based detector under the optimistic
physics run scenario.

Figures 4 and 6 show that, despite the di↵erence in
fiducial mass, the 100 kg germanium detector performs
slightly better than the 456 kg liquid argon one. The
di↵erence is in part due to the di↵erence in nuclear re-
coil energy threshold; 10 keV for germanium, 30 keV
for argon. This emphasizes the fact that a low detec-
tor energy threshold is important for obtaining a high-
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FIG. 6: Sensitivity to the LSND 90% CL allowed parameter
space with an argon-based detector under the baseline physics
run scenario.

statistics sample of coherent neutrino scattering events
as the rate is dominated by events with very low energy
recoils (.10 keV).
In a baseline physics run scenario, an experiment fea-

turing a germanium- or argon-based detector can exclude
the LSND best-fit mass splitting (�m2 = 1.2 eV2) at
3.8� or 3.4�, respectively. The LSND best-fit mass split-
ting is excluded at 4.8� in the optimistic, germanium-
based physics run scenario considered. For sensitivity in
terms of sin2 2✓ee and sin2 2✓µµ, a germanium-based ex-
periment in the baseline scenario could exclude nearly all
of the available 90% CL LSND parameter space at the 3�
level and large portions of the available reactor anomaly
allowed region, assuming �m2 ⇠ 1.2 eV2.

VI. CONCLUSIONS

This paper has described a method to search for
active-to-sterile neutrino oscillations at relatively short
baselines using neutral current coherent neutrino-nucleus
scattering. Detection of such a process could definitively
establish the existence of sterile neutrinos and measure
their mixing parameters.
An experiment that relies on the high statistics de-

tection of an as-yet-undetected process is obviously dif-
ficult. However, all of the technology required for such
an experiment either exists or has been proposed with
realistic assumptions. A cyclotron-based proton beam
can be directed to a set of targets, producing a low en-
ergy neutrino source with multiple baselines. This allows
a measurement of the distance dependence of an oscil-

Sterile Neutrino Constraints

• Hints of 1 or 2 sterile neutrinos from cosmology, 
reactor neutrino anomaly, LSND, and MiniBooNE

• Reactors offer limited sensitivity to short-baseline 
neutrino oscillations from sterile neutrinos

• Electron capture sources and decay-at-rest sources 
with coherent neutrino scattering offer sensitivity to 
sterile states

• Neutral current is a direct probe of sterile neutrino 
hypothesis

arXiv:1201.3805
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Non-Standard Interaction 
Constraints

• Low-energy limit of dimension-6 
operators can produce deviations from 
SM neutrino interactions

• Reactors yield very strong limits on non-
standard interactions of electron 
neutrinos

• Parameterized by additional couplings in 
lagrangian, which modify overall 
normalization of cross section −0.5 0 0.5
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Conclusions

• CNS is difficult to detect, but possible with phonon-based low-threshold 
detector technologies

• Strong constraints on NSI possible with reactors

• Direct neutral-current probe of sterile neutrinos

• Experimental program underway to modify CDMS detectors for reactor 
neutrino physics
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Comparison with Ionization 
Detectors
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Reactor Anomaly

New Hints

Mention et al.  (hep-ex:1101.2755)
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DAR Source & Detector

3

interaction oscillation measurement with a common de-
tector and multiple baselines. The main technical issue
in the two-target cyclotron design is maintaining a good
vacuum in the two-prong extraction line. The beam will
be “painted” across the face of each target in order to
prevent hot spots in the graphite, an e↵ect which will
dominate the ±25 cm uncertainty on the experimental L
from each neutrino source. The targets will be arranged
in a row enveloped within a single iron shield, with the
detector located 20 m downstream of the near target and
40 m downstream of the far target. This configuration
has been found to provide the best overall sensitivity to
the LSND allowed region.

The analysis below exploits the L dependence of neu-
trino oscillations. Therefore, the flux of protons on each
target must be well understood in time; standard proton
beam monitors allow a 0.5% measurement precision. The
absolute neutrino flux is less important, as sensitivity to
the oscillation signal depends on relative detected rates
at the various distances. The systematic uncertainty as-
sociated with the flux normalization is 10% if there is no
large water or oil detector available and 1.1% if such a
detector does exist [36]. A high statistics ⌫-electron scat-
tering measurement at a large water detector provides a
precise determination of the flux normalization.

IV. DETECTING COHERENT NEUTRINO
SCATTERING

Coherent neutrino-nucleus scattering, in which an in-
coming neutrino scatters o↵ an entire nucleus via neu-
tral current Z exchange [41], has never been observed
despite its well predicted and comparatively large stan-
dard model cross section. The coherent scattering cross
section is

d�

dT
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G2
F

4⇡
Q2

W M

✓
1� MT

2E2
⌫

◆
F (Q2)2 , (3)

where GF is the Fermi constant; QW is the weak charge
[QW = N � (1 � 4 sin2✓W )Z, with N , Z, and ✓W as
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FIG. 1: Energy distribution of neutrinos from a DAR source.

the number of neutrons, number of protons, and weak
mixing angle, respectively]; M is the nuclear target mass;
T is the nuclear recoil energy; and E⌫ is the incoming
neutrino energy. The ⇠5% cross section uncertainty, the
actual value depending on the particular nuclear target
employed, is dominated by the form factor [42].
Coherent neutrino scattering is relevant for the under-

standing of type II supernova evolution and the future de-
scription of terrestrial supernova neutrino spectra. Mea-
suring the cross section of the process also provides sensi-
tivity to non-standard neutrino interactions (NSI) and a
sin2 ✓W measurement at low Q [31]. Cross section mea-
surements as a function of energy on multiple nuclear
targets can allow the cross section dependence on NSI
and ✓W to be isolated and understood. As demonstrated
here, neutrino oscillations can also be cleanly probed us-
ing coherent scattering.
The di�culty of coherent neutrino scattering detection

arises from the extremely low energy of the nuclear recoil
signature. For example, a 20 MeV neutrino produces a
maximum recoil energy of about 21 keV when scattering
on argon. Both a CDMS-style germanium detector [34]
and a single phase liquid argon detector, such as the one
proposed for the CLEAR experiment [33], are consid-
ered in this paper for detecting these low energy events.
Other dark matter style detector technologies, especially
those with ultra-low energy thresholds, can be e↵ective
for studying coherent neutrino scattering as well.

A. Experimental Setup

The envisioned experimental setup is consistent with
the current DAE�ALUS accelerator proposal and follows
a realistic detector design. A single DAE�ALUS cy-
clotron will produce 4⇥ 1022 ⌫/flavor/year running with
a duty cycle between 13% and 20% [37, 39]. A duty cy-
cle of 13% and a physics run exposure of five total years
are assumed here. With baselines of 20 m and 40 m, the
beam time exposure distribution at the two baselines is
optimal in a 1 : 4 ratio: one cycle to near (20 m), four cy-
cles to far (40 m). Instantaneous cycling between targets
is important for target cooling and removes systematics
between near and far baselines associated with detector
and beamline changes over time. The accelerator and
detector location is envisioned inside an adit leading into
a sharp 300 ft rise at the Sanford Research Facility at
Homestake, in South Dakota. The neutrino flux nor-
malization uncertainty at each baseline is conservatively
expected at 1.5%. We assume the flux has been con-
strained to this level by an independent measurement of
⌫-electron scattering with a large water-based Cerenkov
detector also assumed to be in operation at Sanford Labs.
The 1.5% uncertainty estimate takes into consideration
the theoretical uncertainty in the ⌫-electron scattering
cross section and the statistics achievable with a large
water detector. The flux normalization correlation coe�-
cient between the near and far baselines is conservatively

6

76
Ge

40
Ar

Active mass 100 kg 456 kg

E�ciency 0.67 (flat) 0.50 (flat)

Threshold 10 keV 30 keV

�E
E at threshold 3% 18%

Radiogenic background 2/year See text

Cosmogenic background 0.1/(10 kg·day) 0.1/(10 kg·day)
Beam-related background 0/year 0/year

TABLE II: The assumptions relevant for the specific detector
technologies considered.
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FIG. 3: The expected non-oscillated signal and total back-
ground rates at a 20 m baseline for the two detector technolo-
gies considered in the baseline physics run scenario.

3. Neutron flux from the source

DAR sources produce a large flux of neutrons, aris-
ing from spallation reactions of protons with the beam
dump material. For the DAR source considered here,
the neutrons have energies up to 800 MeV. In a 1 MW
beam, the neutron production rate is ⇠1016/s and at-
tenuation lengths may be as high as tens of centimeters.
Single scatter neutrons can produce elastic recoils in the
detector volume that are indistinguishable from coherent
neutrino scattering on an event-by-event basis. More-
over, because the neutron flux is attenuated by matter,
underestimating the neutron background in the detec-
tor could mimic a deviation from the 1/r2-dependence of
the neutrino flux, similar to what is expected for neutrino
disappearance. It is therefore essential to locate the de-
tector far enough from the source that the beam-related
neutron flux is negligible.

A precise estimate of the neutron flux would require
detailed knowledge of the experimental site, beam con-
figuration, and shielding. The neutron flux is estimated
with a Monte Carlo simulation of the experimental geom-
etry consistent with the DAE�ALUS proposal [37] and

several simplifying assumptions. Instead of simulating
the passage of neutrons through the beam dump shield-
ing, we simply assume that a cubic shield with sides of
length 6 m is su�cient to reduce the escaping neutron
flux to a level consistent with safety regulations. Also,
we assume that this cube of shielding is adjacent to a
rock (SiO2) cli↵. The maximum permissible annual dose
for workers in a restricted area with a neutron beam is
100 mRem [56]. The neutron flux escaping the shielding
is set to a rate equivalent to an exposure of 100 mRem
in 40 hours.
Using a Geant4-based simulation [57], neutrons are in-

jected at the edge of the shielding cube. The neutrons
are simulated in energy bins from 0-30 MeV. The flux
is tallied at 20 cm intervals into the rock cli↵, and the
fluxes beyond 1 m into the cli↵ are fit to the functional
form

�(z) =
Ae�z/�

z2
, (4)

where A and � are fit parameters, and z is the distance
from each flux tally point to the DAR source. The neu-
tron fluxes are in reasonable agreement with this func-
tional form. The fit function is then used to extrapolate
the flux to a full year of running and larger distances from
the source. A simulation is also employed to estimate the
fraction of incident neutrons that produce single-scatter
nuclear recoils in the detection volume. Less than 0.2
beam-related events are expected per year for a 456 kg
40Ar detector at a 12 m baseline. The beam-related back-
ground at 20 m from the source, the shortest relevant de-
tector baseline considered here, is therefore assumed to
be negligible.

V. MEASUREMENT STRATEGY AND
SENSITIVITY

A. Overall strategy

Neutrino oscillations depend upon neutrino energy and
distance traveled. Since the neutrino energy cannot be
reconstructed precisely with the coherent interaction, our
sensitivity to the oscillatory behavior arises mainly from
L, a value which is well determined by the location of the
target being used at any given time and its distance to
the common detector. In the case that a disappearance
signal is detected, the target exposure priorities for the
two baselines can be optimized to maximize sensitivity.
The purely neutral current experiment described is

sensitive to the e↵ective disappearance of all three types
of neutrinos present in the beam, ⌫µ, ⌫̄µ, and ⌫e, into
⌫s. We assume this disappearance can be approximated
by a two-neutrino oscillation driven by a �m2 in the
LSND allowed region, and that the oscillation proba-
bility under the approximation is the same for neutri-
nos and anti-neutrinos. The baselines for the experi-
ment, 20 m and 40 m, have been chosen in order to

4

⌫ source 4⇥ 10

22 ⌫/flavor/year
Duty factor 13%

Baseline correlation 0.99

⌫ flux norm. uncertainty 1.5%

Uncorr. sys. uncertainty 0.5%

Distances from ⌫ source 20 m, 40 m

Exposure 5 years: 1 near, 4 far

Depth 300 ft

TABLE I: The experimental configuration assumptions.

set to 0.99, its deviation from unity being dominated by
di↵erences between the two beam dumps. An uncorre-
lated systematic uncertainty of 0.5% at each baseline, is
also included. The general experimental assumptions can
be seen in Table I.

We also consider an “optimistic” physics run scenario
in which the duty factor is raised from 13% to 52% for all
five years. With the instantaneous power achievable re-
maining constant, this change leads to an average power
increase of a factor of 4. Steady-state and beam-related
backgrounds also increase by this factor in an optimistic
scenario. The nominal duty factor of 13% is driven by
the requirement that the various DAEdALUS accelerator
baseline beam windows do not overlap in time. An opti-
mistic scenario is possible in consideration of maintaining
su�cient target cooling and the phased DAE�ALUS de-
ployment timeline. The timeline calls for a cyclotron or
set of cyclotrons installed exclusively at a single “near”
baseline, close to a large water detector, for at least five
years [37]. With a 13% duty factor only required when
all baselines have operational accelerators, a longer duty
factor and higher average power seems possible in single-
baseline-only operation.

1. Germanium detector – signal and backgrounds

A low-threshold germanium-based detector, such as
CDMS, measures phonons and ionization from electronic
and nuclear recoils [43]. A CDMS detector consists of a
large germanium crystal (0.25 � 1 kg) operated at cryo-
genic temperatures (⇠100 mK) with thousands of super-
conducting transition-edge sensors (TESs) photolitho-
graphically patterned on the top and bottom surfaces.
The TESs are wired in parallel to form four readout chan-
nels on each surface, which measure phonons created in
particle interactions. The particle-induced ionization is
also measured by electrodes on the crystal surface. The
ratio of the energy in these two channels is a powerful
discriminator between nuclear and electronic recoils.

A 100 kg active mass of germanium is considered for
the experiment described here, similar to proposed dark
matter searches [44]. The detection e�ciency above a
10 keV threshold is set to 0.67 with a 3% energy reso-
lution near the threshold. These assumptions are rea-
sonably conservative and consistent with future expecta-
tions [45, 46].

Two classes of background events are considered for a
germanium detector:

1. Misidentified electronic recoils - Electronic recoils
can be produced by photons and beta parti-
cles interacting with the active detection medium.
Misidentification of such events is particularly
problematic near the detector surfaces, where
the collection of electron-hole pairs is suppressed
and discrimination is less e↵ective. Existing ex-
periments have demonstrated an electronic recoil
misidentification rate of less than 1 event per
100 kg·days exposure [34]. Upgrades to detector
design are expected to improve discrimination by a
factor of 104 [46]. The assumed rate of radiogenic
background detection (⇠2 events/year) is negligi-
ble.

2. Cosmogenic neutrons - Single scatter neutrons can
produce a signal identical to a coherent neutrino
scattering event, and the rate of these events would
be significant at a shallow site. As a point of ref-
erence for surface experiments, the CDMS exper-
iment located at the Stanford Underground Fa-
cility with 16 m.w.e. of overburden measured a
neutron background of 0.67 events/(kg·day) [47].
This figure could be significantly reduced with
additional active and passive shielding and the
larger overburden envisioned for the DAE�ALUS
site. A cosmogenic-induced background of 0.1 de-
tected events/(10 kg·day), after correcting for e�-
ciency and during beam-on, is assumed. This value
is considered a design goal and can be met with a
300 ft overburden and modest active and passive
shielding.

In this study, the estimated radiogenic and cosmogenic
background rates are distributed evenly across the ger-
manium nuclear recoil energy range considered, 10 keV
to 100 keV.

2. Liquid argon detector – signal and backgrounds

A single phase liquid argon detector can be used to de-
tect the scintillation light created by WIMP- or coherent
neutrino-induced nuclear recoils. Such detectors employ
a large, homogeneous liquid argon volume surrounded by
photomultiplier tubes (PMTs). Inner detector surfaces
as well as the PMTs themselves are usually covered in a
wavelength shifting substance which converts the 128 nm
scintillation light into the visible spectrum for detection.
A 456 kg active mass of liquid argon with a flat e�-

ciency of 0.50 above a 30 keV energy threshold is con-
sidered for the experiment described here. The detec-
tion volume and e�ciency are consistent with the pro-
posed CLEAR design [33]. An 18% energy resolution
near threshold is used, assuming resolution slightly worse
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MCi Sources

• MCi 37Ar sources used for calibration in SAGE experiment

• Difficult to manufacture: use 40Ca(n,α)37Ar reaction with fast (2 MeV) 
neutrons

• Monochromatic 811 keV line from electron capture

3

TABLE I: List of properties of selected electron capture neutrino sources.

Source Half-Life Progeny Production E
⌫

Gamma (?)
37Ar 35.04 days 37Cl 40Ca(n,↵)37Ar 811 keV (90.2%), 813 keV (9.8%) Inner Brem only
51Cr 27.70 days 51V n capture on 50Cr 747 keV (81.6%), 427 keV (9%), 752 keV (8.5%) 320 keV �
65Zn 244 days 65Cu n capture on 64Zn 1343 keV (49.3%), 227 keV (50.7%) 1.1 MeV �

The SAGE collaboration successfully produced such a
source with a total activity of about 400 kCi to be used
in conjunction with their gallium solar neutrino detec-
tor. The source was also very compact, extending 14 cm
in length and 8 cm in diameter, including shielding [18].
Further reduction in size might be possible, even with in-
creased activity, making 37Ar an ideal portable neutrino
source.

Despite its clear advantages as a source and its his-
torical precedent, production of such sources is less
than ideal. The reaction process by which it is gener-
ated (40Ca(n,↵)37Ar) requires a high fast neutron flux
above 2 MeV, an energy regime where few reactors op-
erate [19, 20]. Production also requires large amounts of
CaO and processing in nitric oxide, which makes post-
production handling di�cult. Far less complex to pro-
duce is 51Cr, which requires only thermal neutrons cap-
turing on 50Cr. However, as a source, the high energy
gamma produced from the decay of the excited state of
51V imposes more shielding requirements. As such, in-
tense 51Cr may be less ideal for this investigation, but
still worth considering given the advantages in produc-
ing the required activity.

With it’s high energy neutrino emission, 65Zn is also
an attractive source for consideration [21]. However, its
1.1 MeV gamma emission complicates the shielding, so
this source is not considered further.

THE DETECTOR

The detector requirements for this experiment are ex-
tremely challenging. Due to the low energy of the neutri-
nos ( 1 MeV), the recoil energy deposited in the target
is in the order of tens of eV, while the minimum mass
needed is hundreds of kilograms. Methods of determin-
ing the energy deposition from particle interactions in
a target include measuring the ionization, the scintilla-
tion, and/or the phonon excitations in the material. For
nuclear recoils of tens of eV, the fraction of the energy
deposited by the scattering event that produces free or
conduction band electrons (the quenching factor) is un-
known at these energies, and is expected to be very low
(could be zero for some materials). Thus any readout
scheme involving ionization channels will be at a severe
disadvantage. Similar uncertainties hold for the scintil-

lation yield from nuclear recoils at these energies. An
additional problem for both ionization and scintillation
readout is that the energy required to create a single
electron, electron-hole pair, or scintillation photon from
a nuclear recoil in most liquid or solid targets is a few eV
for ionization and tens of eV for scintillation. Thus, even
if any quanta were produced, Poisson statistics would
make the measurement of the energy of any given recoil
event fairly poor. We have therefore focused our atten-
tion to the measurement of phonons created in the inter-
action. With mean energies of the order of µeV, thermal
phonons provide high statistics at 10 eV and sample the
full energy of the recoil with no quenching e↵ects.

Historical Precedent

Bolometric detection of neutrino interactions was one
of the prime drivers for the development of the low-
temperature detector community. The idea of search-
ing for signs of coherent (or “gentle”) neutrino scat-
tering with cryogenic bolometers was first suggested by
Lubkin [22], quickly followed with the first experiment
design by Niinikoski and Udo1 [23–25] for detecting co-
herent scattering of neutrinos from an accelerator or re-
actor using 1 cm3 silicon bolometers at 5 mK with an
estimated energy resolution of 2 eV. Their model did not
incorporate the heat capacity of the thermometer or the
thermal coupling of the thermometer to the target, but
established a low-energy threshold very similar to what
we propose in this paper.
Cabrera, Krauss and Wilczek [26] proposed a multi-ton

silicon bolometer array using deposited superconducting
films as a thermometer to detect neutrinos from reac-
tors and the sun. The desire for large total masses and
the higher available neutrino energies from these sources
pushed the detector optimization to an array of kg-
scale silicon targets, with thermodynamic-noise-limited
thresholds in the hundreds of eV.
Rare event searches with cryogenic crystal bolometers

are being actively pursued by several groups in neutrino

1
[23] is a 1974 CERN report, included for historical accuracy. A

later exposition is found in the conference proceedings of [24] and

is reported in the review of [25].
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Bolometer Detectors
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FIG. 4: Simulated current readout for 10–50 eV recoils us-
ing the model parameters in Table II. The current has been
multiplied by -1 to make the pulses positive. Noise sources
modeled are: the phonon noise between the target to the bath,
the internal thermal fluctuation noise between the target and
the TES thermometer, the Johnson noise from the TES and
its bias resistor, and the electronics noise. The modeled 10 eV
pulses are clearly separated from the noise.

the side of the array. Periodic movement of the source
throughout the measurement sequence allows each detec-
tor to sample multiple baselines, enables cross-calibration
among detectors, and aids in background subtraction.
The minimum distance from the source to a bolometer is
assumed to be ⇠10 cm.

Detector Backgrounds

The detectors described in the previous section will be
sensitive to several sources of background in the recoil
energy range of 10-50 eV. Unfortunately, it is di�cult to
estimate accurately the rate of events from each of these
sources, and the levels expected are currently unknown.
Although we do not have a quantitative understanding
of the backgrounds in this regime, it is important to note
that backgrounds can be measured and subtracted us-
ing data taken when the neutrino source is not in place.
We qualitatively consider several sources of background
which we expect to be present in the energy range 10-
50 eV:

• Radiogenic impurities: Most radioactive decay
products have energies in the range of hundreds of
keV to tens of MeV and will be clearly distinguish-
able from the neutrino signal. Radiogenic impuri-
ties may still contribute to the background in two
primary ways. First, many common impurities pro-
duce gamma rays that can interact with material by
the photoelectric e↵ect or Compton scattering and
produce background events by the mechanisms de-
scribed below. These gammas commonly arise from
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FIG. 5: Conceptual schematic of the experimental setup
for a bolometric measurement of coherent scattering from
a high-intensity 37Ar neutrino source. An array of 10,000
Si bolometers is arranged in a column of dimensions 0.42
(dia.) ⇥ 2.0 (length) meters (shown in green) inside a dilu-
tion refrigerator suspended from a vibration isolation mount.
Each Si bolometer has a mass of 50 g for a total active mass of
500 kg. Appropriate passive or active shielding surrounds the
refrigerator. A cylindrical bore in the shield allows the 37Ar
source, mounted on a translation mechanism, to be moved to
di↵erent positions along the side of the array. Periodic move-
ment of the source throughout the measurement sequence al-
lows each detector to sample multiple baselines, enables cross-
calibration among detectors, and aids in background subtrac-
tion. The minimum distance from the source to a bolometer
is assumed to be ⇠10 cm.

the U and Th chains and also from 40K and 60Co.
Second, electrons from beta decay isotopes, such
as tritium, may have arbitrarily small energies and
therefore can produce electron recoils in the signal
region. Nuclear recoils from decays at the detector
surface, in which the electron is undetected, may
also deposit small amounts of energy.

• Compton scattering: Photons from radioactivity
and atomic transitions in the detector material or
housing may Compton scatter once at a shallow
angle in the detector. Since there is no discrimi-
nation between electronic and nuclear recoils, such
shallow scattering would be indistinguishable from
the neutrino signal. While the rate of these events
is obviously dependent on the level of radioactive
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TABLE III: List of relevant source and detector parameters
used for sensitivity analysis. The signal rate is quoted for a
single detector located 10 cm away from the center of a 5 MCi
(185 PBq) 37Ar source.

Parameter Detector Type

Detector Material Si Ge

Atomic Number 28 72.6

�0(E⌫

) (10�42 cm2) 0.44 3.82

Tmax 50.3 eV 19.4 eV

Threshold 10 eV

f(E
⌫

, T0) (see Eq. (6)) 64.2% 23.6%

Detector cube size 28 mm 15.5 mm

Detector Mass 50 g 20 g

Number of Detectors 10,000

Total Mass 500 kg 200 kg

Yield at 10 cm (kg�1day�1MCi�1) 15.28 19.0

Signal Rate at 10 cm 3.82 day�1 1.90 day�1

certainty and has little impact on our oscillome-
try extraction. Its uncertainty would nominally be
dominated by the uncertainty in the form factor,
but at such exchange momenta the e↵ect is ex-
pected to be small. We therefore assume a ±1%
global uncertainty due to the cross-section.

• Vertex Resolution: The bolometric detector in this
experimental design is composed of 10,000 silicon
or germanium absorbers instrumented with a sin-
gle thermometer. The dimensions of these absorber
cubes are 28 and 15.5 mm per side for silicon and
germanium, respectively. These dimensions are
smaller than the source itself (assumed to have a
radius of 4 cm), thus the vertex resolution is dom-
inated solely by the extension of the source. This
e↵ect is incorporated into our analysis.

• Detector Variations: Detector variations are kept
under control via the series of in-situ and ex-situ
calibration measurements discussed in the previ-
ous section. Using the movable source depicted in
Fig. 5, one should be able to calibrate the detector
variations to about ±2%. The global uncertainty,
which also depends on fiducial volume dependence,
overall e�ciency, etc., is estimated to be ±5%.

• Detector Backgrounds: With detector-to-detector
variations calibrated away, the main challenge for
such a measurement remains the number of detec-
tor backgrounds that accumulate during the mea-
surement. As discussed above, the question of what
the background will be between 10–50 eV is hard
to estimate at this point, and more work needs to
be done to enable a credible estimate. For this

study, we assume a total background activity of 1
event/kg/day in the signal region of interest. The
signal-to-noise ratio should scale roughly as the
square root of the number of background events.
The dependence of the accuracy of the measure-
ment as a function of then signal-to-noise ratio is
shown in Fig. 6. Measurements taken with back-
ground levels below 1 event/kg/day are essentially
systematics dominated.

• Source-Induced Backgrounds: Any backgrounds
that stem directly from the 37Ar source may po-
tentially dilute the sensitivity of the measurement,
since they, too, would exhibit a 1/r2 behavior.

Though the majority of the energy from the decay
of 37Ar is removed by neutrinos, a fraction of the
energy is carried away from recoils and internal-
bremsstrahlung photons. The SAGE source e↵ec-
tively reduced this contribution to less than 0.2%.
The electron capture process primarily produces
gammas and Auger electrons at 2-3 keV. At this
energy, the range for electrons in the continuous-
slowing-down-approximation (CSDA range) in lead
is ⇠ 8⇥10�5 cm [52]. For photons, the attenuation
length is ⇠ 2⇥10�5 cm [53]. Assuming exponential
attenuation in both cases, as little as 1 cm of an-
cient Pb would provide more than 104 attenuation
lengths of shielding–more than su�cient to elim-
inate leakage of the gammas and Auger electrons
expected from the source.

The SAGE group has produced an extremely pure
argon source, with less than 0.4% of the volume
having 39Ar contamination. Mass spectrometry of
the source found no significant amount of radioac-
tive material besides 39Ar and 37Ar [5, 18]. Given
the extremely long half-life of 39Ar and the vastly
di↵erent signature (�-decay), we believe this is a
negligible background source. Consider, for exam-
ple, an 39Ar contamination of 1% in a 5 MCi 37Ar
source. If the source had a total specific activity of
92.7 kCi g�1, as measured in SAGE, the activity
of 39Ar would be ⇠ 26 Ci. The beta decay of 39Ar
has an endpoint of 565 keV, and the CSDA range
for 500 keV electrons in Pb is ⇠ 0.03 cm [52]. As-
suming exponential attenuation of electrons, about
1.5 cm of Pb would likely provide su�cient shield-
ing to suppress all backgrounds form the 39Ar.

The situation is less favorable in a 51Cr source. The
decay of 51Cr produces a 320 keV gamma from the
decay of the excited 51V daughter in 10% of decays.
The attenuation length of gammas of this energy in
Pb is 0.2 cm. To shield the entire flux of gammas
from a 5 MCi source would require at least 10cm
of Pb.

• Other Neutrino Interactions: One of the isotopes
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FIG. 8: Left: Ratio of data and Monte Carlo for a simulated neutrino oscillation signal (�m2
S

= 1.5 eV2, sin (2✓
S

)2 = 0.15) as
a function of source distance from a 5 MCi 37Ar neutrino source and a 500 kg Si-array. Right: Likelihood contour curves for
same signal after 300 days of data taking. Contour levels are shown at 90% (blue), 95% (green), and 99% (red).
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