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Outline
• The CEvNS reaction

• Physics motivation for 
the measurement

• Experimental setup

• Room to answer more questions?
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HPGe
• HPGe PPC

• Excellent energy resolution at low 
energies

• Well measured quenching factor

• First deployment: ~10 kg PPC 
detector array

• Repurpose on-hand Majorana
Demonstrator/LANL natGe
detectors

• Shielding structure of Lead, 
Copper, and Poly along with 
plastic scintillator muon veto

• Installation in early 2017

• Potential next deployment: Larger 
mass (C4-style) PPC detectors
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NaI[Tl]
• Acquired many ~7kg NaI crystals from 

discontinued DHS program

• 185 kg prototype to begin

• Commissioned at SNS site in July 
2016

• Measure CC νe interaction on 127I 
(see B. Suh poster L1.00006 for 
more details)

• 2 ton deployment planned for CEvNS
measurement

• Up to 9 tons available
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CsI[Na]

• 14 kg CsI[Na] crystal

• Na doping reduces afterglow 
seen in more common Tl
doping

• Commissioned at SNS in July 
2015

• Shielding structure includes 
lead, water, and plastic

• ~1 calendar year of data has 
been taken

• Analysis underway 
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CEvNS

• Coherent elastic neutrino-nucleus scattering

• (pronounced “sevens”, at least by some)

• Predicted over 30 years ago, never 
observed

•

• High σ, low recoil energy
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Coherent Elastic Neutrino Nucleus Scattering 
(CEvNS)

• Neutrino recoils coherently and elastically off entire 
nucleus via Z exchange

• Coherent up to

• Predicted 41 years ago, yet to be observed

• Large predicted SM cross section with N2 dependence

• So why not observed?

• Low recoil energy 

• Detectors just now becoming sensitive to these recoil 
energies
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CEnNS (pronounced sevens)
• Coherent Elastic Neutrino Nucleus Scattering
• Flavor blind Neutral Current process that scatters 

the entire nucleus as a whole 
• To probe a “large” nucleus (few � 10-15 m)

• Recoiling nucleus is detection signature
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If there is a weak neutral current, then the elastic scattering process &+A &+A should
have a sharp coherent forward peak just as e+A -e+A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10 38 cm2 on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v+A v+ A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

There is recent experimental evidence' from
CERN and NAL which suggests the presence of a
neutral current in neutrino-induced interactions.
A primary goal of future neutrino experiments is
to confirm the present findings and to investigate
the properties of the weak neutral current, for
example, the space inversion and internal sym-
metry structure.
Our purpose here is to suggest a class of ex-

periments which can yield information on the iso-
spin structure of the neutral current not obtainable
elsewhere. The idea is very simple: If there is
a weak neutral current, elastic neutrino-nucleus
scattering should exhibit a sharp coherent forward
peak characteristic of the size of the target just
as electron-nucleus elastic scattering does. In a
sense we are talking about measurements of the
nuclear form factors of the weak neutral current
analogous to the measurements of the nuclear
form factors of the electromagnetic neutral cur-
rent in elastic electron scattering experiments. '
In fact, for the same nucleus, these form factors
should have the same q' dependence. Therefore,
the size of the cross section or its extrapolated
forward value gi-res information on the structure
of the weak current itself. In the simplest case
(S= 0, Z= N nuclei such as He~ or C") the strength
of the polar-vector isoscalar component of the
weak neutral current is measured directly.
Our suggestion may be an act of hubris, because

the inevitable constraints of interaction rate, res-
olution, and background pose grave experimental
difficulties for elastic neutrino-nucleus scattering.
We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiment:s.
Although the weak neutral current finds a natural

place in the beautiful unified gauge theories, ' it is

important to interpret experimental results in a
very broad theoretical framework. 4 We assume
a general current-current effective Lagrangian

which is consistent with the early findings' but far
from established. An intermediate neutral vector
boson could be included here without affecting the
analysis of the low-momentum-transfer processes
we are interested in.
The currents will first be written in their fund-

amental form as they would occur, for example,
in particular unified gauge models of the weak,
electromagnetic, and strong interactions. We will
then write an expression which is essentially
model-independent and sufficiently general to
parameter ize realistic experiments.
To begin with, we write the neutrino current as

Ip="'Yp(l ou'Y5)& g

where V —A. coupling is not assumed. The had-
ronic current is assumed to be a sum of com-
ponents, each corresponding to a symmetry of
strong interactions. For example, in a model
with the Glashow-Iliopoulos-Maiani (GIM) mech-
anism, ' one would have

g ~1 = b(Zq + os A~) +y(Jq + urAq) + c(Jq + a,Aq)
+ t (J1=1,lg=0+ ~I=1,Is= oAI=LI~=0) . (~)

that is one would have a linear combination of
baryon number, hyperehange, charm, and third
component of isospin. We assume that the polar-
vector currents are conserved and normalized
(at zero momentum transfer) to the corresponding
quantum number s.
Realistic experiments are done with the left-
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Interaction features

• Weak charge term 
means σ scales as 
~N2

• Precision 
measurements could 
test θW

• “Large” σ for 
neutrinos -- useful for 
supernovas, sterile ν 
searches
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Obtaining direct information on νx energies may be very important because the difference in energies for νx compared
to νe or ν̄e is the primary lever arm for observing neutrino oscillations. For example, νx → νe oscillations could lead to
high-energy νe. However, deducing the oscillation probability may depend crucially on knowing how hot the νx were to
begin with. Neutrino-nucleus elastic scattering itself is “flavor blind”. Therefore, the signal should be independent of
neutrino oscillations (among active species). Thus elastic scattering may provide a baseline with which to characterize
the supernova source. Comparing this information to other flavor-dependent information and theoretical simulations
may provide the best evidence of oscillations.

The kinetic energy of the recoiling nuclei is low, typically below 100 keV. It is difficult to detect such low-energy
events in the presence of radioactive backgrounds. Furthermore, scintillation signals from the nuclear recoils may be
reduced by quenching because of the very high ionization density. However, recent progress in designing detectors for
low-energy solar neutrinos suggests that detection may be feasible. In general, backgrounds for solar neutrinos with
a low count-rate signal may be more severe than those for a supernova, where all of the events are concentrated in a
few-second interval.

Cryogenic Low Energy Astrophysics with Noble gases (CLEAN) is a proposed detector for low-energy solar neutrinos
based on scintillation in an ultrapure cryogenic liquid [13]. This will detect electrons from neutrino-electron scattering
at energies comparable to the recoil energy of nuclei from supernova neutrinos. In this paper, we discuss the utility
of CLEAN for supernovae detection via neutrino-nucleus elastic scattering.

There is considerable interest in the direct detection of weakly interacting massive particles (WIMPS). These are
expected to produce recoiling nuclei with a spectrum somewhat similar [14] to that of supernova neutrino-nucleus
elastic scattering. Again, backgrounds for WIMP detection may be larger than for supernovae because of the low
WIMP count rates. Present WIMP detectors, for example CDMS [15], have small target masses. However, future
detectors may be larger.

It is important to search for neutrinoless double-beta decay, as this can distinguish Dirac from Majorana neutrinos.
Existing 76Ge experiments use multikilogram masses [16]. The next-generation experiments such as Majorana [17] or
Genius [18] may employ up to a ton of Ge. The need for good energy resolution, to tell neutrinoless from two-neutrino
double-beta decay, often aids in the detection of low-energy recoils. We calculate that the largest double-beta decay
experiments may soon be sensitive to galactic supernovae via elastic scattering.

Finally, micropattern gas detectors [19] may have a threshold low enough to detect nuclear recoils. This may allow
the observation of neutrino-nucleus elastic scattering using reactor antineutrinos.

Thus the technical requirements for detecting low-energy solar neutrinos, WIMPS, double-beta decay, and super-
novae via nuclear-elastic scattering may be similar. One detector or approach for low-threshold, low-background,
large mass measurements may have applications in multiple areas including supernova detection via neutrino-nucleus
scattering.

In section II, we fold elastic scattering cross sections with a model supernova neutrino spectrum to produce recoil
spectra and yields. We consider a range of noble-gas targets from 4He to 132Xe along with 12C, 28Si, 76Ge, 114Cd,
130Te, and 208Pb. We also discuss extrapolating yields to nearby isotopes. Section III focuses on the liquid-Ne-based
CLEAN detector, which appears to be very promising. A Monte Carlo simulation of backgrounds in CLEAN is
presented and compared to the expected supernova signal. We discuss the large signal-to-background ratio, choice of
fiducial volume, and possible detector thresholds. We conclude in section IV.

II. SUPERNOVA SIGNALS IN VARIOUS DETECTORS

The neutrino-nucleus elastic-scattering cross section dσ/dΩ is [20,3],

dσ

dΩ
=

G2

4π2
k2(1 + cosθ)

Q2
w

4
F (Q2)2, (1)

for a neutrino of energy k scattering at angle θ. The Fermi constant is G. This coherent cross section depends on the
square of the weak charge Qw

Qw = N − (1 − 4sin2ΘW )Z (2)

of a nucleus with N neutrons and Z protons. The weak mixing angle is sin2ΘW ≈ 0.231 [21]. We assume a spin-zero
target. Finally, the ground-state elastic form factor F (Q2) at momentum transfer Q,

Q2 = 2k2(1 − cosθ), (3)
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Cryogenic Low Energy Astrophysics with Noble gases (CLEAN) is a proposed detector for low-energy solar neutrinos
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Finally, micropattern gas detectors [19] may have a threshold low enough to detect nuclear recoils. This may allow
the observation of neutrino-nucleus elastic scattering using reactor antineutrinos.

Thus the technical requirements for detecting low-energy solar neutrinos, WIMPS, double-beta decay, and super-
novae via nuclear-elastic scattering may be similar. One detector or approach for low-threshold, low-background,
large mass measurements may have applications in multiple areas including supernova detection via neutrino-nucleus
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d3r
sin(Qr)

Qr
[ρn(r) − (1 − 4sin2ΘW )ρp(r)]. (4)

Here ρn(r) is the neutron density and ρp(r) is the proton density. The form factor is normalized F (Q2 = 0) = 1. We
neglect a small correction from the single-nucleon form factors.

The inclusion of F (Q2) is crucial for heavier targets. However, we evaluate it at relatively small Q2 so the exact
form of the densities is not important. The proton density is often well constrained by measured charge densities.
For simplicity we use theoretical densities from simple relativistic-mean-field calculations using the successful NL3
effective interaction [22]. These calculations assume spherical ground states and do not include pairing corrections.
The use of other densities is not expected to change our results significantly.
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close to what others have used. A total energy of 3×1053 ergs (1 erg = 10−7 J) is assumed to be radiated in neutrinos
from a supernova at a distance d of 10 kpc (3.1× 1020 m). For simplicity we use Boltzmann spectra at temperatures
of kBT = 3.5, 5 and 8 MeV for the νe, ν̄e and νx components respectively. Here kB is the Boltzmann constant, which
we set to one in the rest of the paper. The use of Fermi Dirac spectra (at zero chemical potential) should give similar
results. However, neutrino-nucleus elastic scattering is sensitive to the high-energy tails in the spectra. Therefore non
thermal spectra could modify our results somewhat and should be investigated in future work.

We assume equal partition in energy among the νe ν̄e and the four νx components. Therefore this standard
supernova radiates a total of Nνe = 3.0 × 1057, Nν̄e = 2.1 × 1057 and Nνx = 5.2 × 1057 neutrinos. The time integral
of the neutrino flux at Earth φi(k) for a neutrino of energy k is

φi(k) =
1

4πd2

Ni

2T 3
i

k2e−k/Ti , (5)

for i = νe, ν̄e, or νx.
Microscopic simulations of supernovae suggest that equal partition of energy may be good only to ≈ 25 %. Further-

more, there is important uncertainty in the νx spectrum, with estimates of Tνx ranging from ≈ 6 to 8 MeV. It is an
important goal of elastic-scattering detectors to measure Tνx . Therefore, the predictions of our supernova spectrum
have significant uncertainties. Nevertheless, this simple model should provide order-of-magnitude estimates and may
allow easy comparisons to other calculations.

The yield of recoiling nuclei with energy E and mass M is

Y (E) = 2πNtΣi=νe,ν̄e,νx
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dkφi(k)
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−1
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2M
)
dσ

dΩ
, (6)

where Nt is the total number of target atoms. For our Boltzmann spectra this integral is simple:

Y (E) =
G2
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Q2
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MF 2(2ME)

( Nt

4πd2

)

Σi=νe,ν̄e,νxNi(ti + 1)e−ti , (7)

with ti = (ME/(2T 2
i ))1/2. For large recoil energy E, Y (E) is proportional to

Y (E) → F 2(2ME)e
−( M

2T2
νx

)1/2E1/2

. (8)

For light nuclei the high-energy tail continues to hundreds of keV and is produced by the scattering of very-high-energy
νx. However, for heavier nuclei the tail is sharply reduced by the nuclear form factor.

We consider first noble-liquid detectors from 4He to 132Xe and then a range of other detectors in order of increasing
mass number A from 12C to 208Pb. The yield Y (E) from Eq. (7) is shown in Figure 1 for detectors made of 4He, 20Ne,
40Ar, 84Kr, and 132Xe. We don’t mean to imply that detectors would be feasible with all of these liquids. However,
we show these nuclei to illustrate how the yield depends on A for a broad range of A. The spectra in Figure 1 are
peaked at low recoil energy E. Increasing A raises the cross section because coherent scattering is proportional to N2.
Thus at low energies Y (E) increases significantly with A. However, as A increases the spectrum is strongly shifted
to lower energies by the form factor and the large target mass. The energy integral of Y (E), or total yield, is given
in Table I in events per ton of detector. Also listed are events above a threshold of 5, 10, 25, or 50 keV. Finally, the
average recoil energy of the nuclei is given. This average is influenced by a small number of events at high energies,
while the spectrum is peaked at low energies.

3

Obtaining direct information on νx energies may be very important because the difference in energies for νx compared
to νe or ν̄e is the primary lever arm for observing neutrino oscillations. For example, νx → νe oscillations could lead to
high-energy νe. However, deducing the oscillation probability may depend crucially on knowing how hot the νx were to
begin with. Neutrino-nucleus elastic scattering itself is “flavor blind”. Therefore, the signal should be independent of
neutrino oscillations (among active species). Thus elastic scattering may provide a baseline with which to characterize
the supernova source. Comparing this information to other flavor-dependent information and theoretical simulations
may provide the best evidence of oscillations.

The kinetic energy of the recoiling nuclei is low, typically below 100 keV. It is difficult to detect such low-energy
events in the presence of radioactive backgrounds. Furthermore, scintillation signals from the nuclear recoils may be
reduced by quenching because of the very high ionization density. However, recent progress in designing detectors for
low-energy solar neutrinos suggests that detection may be feasible. In general, backgrounds for solar neutrinos with
a low count-rate signal may be more severe than those for a supernova, where all of the events are concentrated in a
few-second interval.

Cryogenic Low Energy Astrophysics with Noble gases (CLEAN) is a proposed detector for low-energy solar neutrinos
based on scintillation in an ultrapure cryogenic liquid [13]. This will detect electrons from neutrino-electron scattering
at energies comparable to the recoil energy of nuclei from supernova neutrinos. In this paper, we discuss the utility
of CLEAN for supernovae detection via neutrino-nucleus elastic scattering.

There is considerable interest in the direct detection of weakly interacting massive particles (WIMPS). These are
expected to produce recoiling nuclei with a spectrum somewhat similar [14] to that of supernova neutrino-nucleus
elastic scattering. Again, backgrounds for WIMP detection may be larger than for supernovae because of the low
WIMP count rates. Present WIMP detectors, for example CDMS [15], have small target masses. However, future
detectors may be larger.

It is important to search for neutrinoless double-beta decay, as this can distinguish Dirac from Majorana neutrinos.
Existing 76Ge experiments use multikilogram masses [16]. The next-generation experiments such as Majorana [17] or
Genius [18] may employ up to a ton of Ge. The need for good energy resolution, to tell neutrinoless from two-neutrino
double-beta decay, often aids in the detection of low-energy recoils. We calculate that the largest double-beta decay
experiments may soon be sensitive to galactic supernovae via elastic scattering.

Finally, micropattern gas detectors [19] may have a threshold low enough to detect nuclear recoils. This may allow
the observation of neutrino-nucleus elastic scattering using reactor antineutrinos.

Thus the technical requirements for detecting low-energy solar neutrinos, WIMPS, double-beta decay, and super-
novae via nuclear-elastic scattering may be similar. One detector or approach for low-threshold, low-background,
large mass measurements may have applications in multiple areas including supernova detection via neutrino-nucleus
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130Te, and 208Pb. We also discuss extrapolating yields to nearby isotopes. Section III focuses on the liquid-Ne-based
CLEAN detector, which appears to be very promising. A Monte Carlo simulation of backgrounds in CLEAN is
presented and compared to the expected supernova signal. We discuss the large signal-to-background ratio, choice of
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If there is a weak neutral current, then the elastic scattering process &+A &+A should
have a sharp coherent forward peak just as e+A -e+A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10 38 cm2 on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v+A v+ A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

There is recent experimental evidence' from
CERN and NAL which suggests the presence of a
neutral current in neutrino-induced interactions.
A primary goal of future neutrino experiments is
to confirm the present findings and to investigate
the properties of the weak neutral current, for
example, the space inversion and internal sym-
metry structure.
Our purpose here is to suggest a class of ex-

periments which can yield information on the iso-
spin structure of the neutral current not obtainable
elsewhere. The idea is very simple: If there is
a weak neutral current, elastic neutrino-nucleus
scattering should exhibit a sharp coherent forward
peak characteristic of the size of the target just
as electron-nucleus elastic scattering does. In a
sense we are talking about measurements of the
nuclear form factors of the weak neutral current
analogous to the measurements of the nuclear
form factors of the electromagnetic neutral cur-
rent in elastic electron scattering experiments. '
In fact, for the same nucleus, these form factors
should have the same q' dependence. Therefore,
the size of the cross section or its extrapolated
forward value gi-res information on the structure
of the weak current itself. In the simplest case
(S= 0, Z= N nuclei such as He~ or C") the strength
of the polar-vector isoscalar component of the
weak neutral current is measured directly.
Our suggestion may be an act of hubris, because

the inevitable constraints of interaction rate, res-
olution, and background pose grave experimental
difficulties for elastic neutrino-nucleus scattering.
We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiment:s.
Although the weak neutral current finds a natural

place in the beautiful unified gauge theories, ' it is

important to interpret experimental results in a
very broad theoretical framework. 4 We assume
a general current-current effective Lagrangian

which is consistent with the early findings' but far
from established. An intermediate neutral vector
boson could be included here without affecting the
analysis of the low-momentum-transfer processes
we are interested in.
The currents will first be written in their fund-

amental form as they would occur, for example,
in particular unified gauge models of the weak,
electromagnetic, and strong interactions. We will
then write an expression which is essentially
model-independent and sufficiently general to
parameter ize realistic experiments.
To begin with, we write the neutrino current as

Ip="'Yp(l ou'Y5)& g

where V —A. coupling is not assumed. The had-
ronic current is assumed to be a sum of com-
ponents, each corresponding to a symmetry of
strong interactions. For example, in a model
with the Glashow-Iliopoulos-Maiani (GIM) mech-
anism, ' one would have

g ~1 = b(Zq + os A~) +y(Jq + urAq) + c(Jq + a,Aq)
+ t (J1=1,lg=0+ ~I=1,Is= oAI=LI~=0) . (~)

that is one would have a linear combination of
baryon number, hyperehange, charm, and third
component of isospin. We assume that the polar-
vector currents are conserved and normalized
(at zero momentum transfer) to the corresponding
quantum number s.
Realistic experiments are done with the left-
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Figure 12: Left : Neutrino iso-event contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nulceon cross-section vs. WIMP mass plane which for which dark matter experiments
will see neutrino events (see Section IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from SIMPLE [55] (purple), COUPP [56] (teal), ZEPLIN-III [57] (blue),
EDELWEISS standard [58] and low-threshold [59] (orange), CDMS II Ge standard [60] and low-threshold [61] (red), XENON10
S2-only [62] (light green), and XENON100 [1] (dark green). The filled regions identify possible signal regions associated with
data from CDMS-II Si [2] (light blue, 90% C.L.), CoGeNT [64] (yellow, 90% C.L.), DAMA/LIBRA [65] (tan, 99.7% C.L.), and
CRESST [66] (pink, 95.45% C.L.) experiments. The light green shaded region is the parameter space excluded by the XENON
collaboration.

and supernovae. We have specifically focused on experi-
ments that are only sensitive to energy deposition from
WIMPs. We have determined the minimum detectable
spin-independent cross section as a function of WIMP
mass over wide range of masses from 500 MeV/c2 to
10 TeV/c2 that could lead to a significant dark matter
detection. WIMP-nucleon cross sections of ∼10−45 cm2

and ∼10−49 cm2 are the maximal sensitivity to light and
heavy WIMP dark matter respectively that direct detec-
tion searches without directional sensitivity could reach,
given the uncertainties on the neutrino fluxes. This li-
mit is roughly about three to four orders of magnitude
below the most recent experimental constraints. In the
case of light WIMPs (about 6 GeV/c2) next generation
experiments might already reach the saturation regime
with about 100 neutrino background events. For heavier
WIMPs (above 20 GeV/c2) we have shown that progress
below 10−48 cm2 will be strongly limited by the very
large increases in exposure required for decreasing gains
in discovery reach.
As a main conclusion of this work, our results show

that the neutrino background poses a hard limit on
the discovery potential of future direct detection expe-
riments. However, it is possible to reduce the impact of
neutrino backgrounds on direct searches experiments in
four ways :

1. An improvement in the theoretical estimation and
experimental determination of the neutrino fluxes.

In particular more precise measurements of the dif-
ferent neutrino flux components by future experi-
ments will improve the ultimate discovery limit of
dark matter experiments.

2. A utilization of different target nuclei. As we have
shown in Figure 8, even though utilizing different
target nuclei generally does not improve sensitivity
as much as an increase in exposure does, it will
be important for independent measurements of the
neutrino fluxes and the coherent scattering cross
section. This is consistent with several recent ana-
lyses [48, 49]. However, it is certainly likely that if
the WIMP couples differently to the proton and
neutron, as in the case of isospin-violating dark
matter dark matter, the utilization of different tar-
get nuclei will be even more important.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross-sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-

J. Billard, E. Figueroa-Feliciano, and L. Strigari, arXiv:1307.5458v2 (2013).
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is

F (Q2) =
1

Qw

∫

d3r
sin(Qr)

Qr
[ρn(r) − (1 − 4sin2ΘW )ρp(r)]. (4)

Here ρn(r) is the neutron density and ρp(r) is the proton density. The form factor is normalized F (Q2 = 0) = 1. We
neglect a small correction from the single-nucleon form factors.

The inclusion of F (Q2) is crucial for heavier targets. However, we evaluate it at relatively small Q2 so the exact
form of the densities is not important. The proton density is often well constrained by measured charge densities.
For simplicity we use theoretical densities from simple relativistic-mean-field calculations using the successful NL3
effective interaction [22]. These calculations assume spherical ground states and do not include pairing corrections.
The use of other densities is not expected to change our results significantly.

We now consider a simple “standard model” for the supernova-neutrino spectra, see for example [23]. This model is
close to what others have used. A total energy of 3×1053 ergs (1 erg = 10−7 J) is assumed to be radiated in neutrinos
from a supernova at a distance d of 10 kpc (3.1× 1020 m). For simplicity we use Boltzmann spectra at temperatures
of kBT = 3.5, 5 and 8 MeV for the νe, ν̄e and νx components respectively. Here kB is the Boltzmann constant, which
we set to one in the rest of the paper. The use of Fermi Dirac spectra (at zero chemical potential) should give similar
results. However, neutrino-nucleus elastic scattering is sensitive to the high-energy tails in the spectra. Therefore non
thermal spectra could modify our results somewhat and should be investigated in future work.

We assume equal partition in energy among the νe ν̄e and the four νx components. Therefore this standard
supernova radiates a total of Nνe = 3.0 × 1057, Nν̄e = 2.1 × 1057 and Nνx = 5.2 × 1057 neutrinos. The time integral
of the neutrino flux at Earth φi(k) for a neutrino of energy k is

φi(k) =
1

4πd2

Ni

2T 3
i

k2e−k/Ti , (5)

for i = νe, ν̄e, or νx.
Microscopic simulations of supernovae suggest that equal partition of energy may be good only to ≈ 25 %. Further-

more, there is important uncertainty in the νx spectrum, with estimates of Tνx ranging from ≈ 6 to 8 MeV. It is an
important goal of elastic-scattering detectors to measure Tνx . Therefore, the predictions of our supernova spectrum
have significant uncertainties. Nevertheless, this simple model should provide order-of-magnitude estimates and may
allow easy comparisons to other calculations.

The yield of recoiling nuclei with energy E and mass M is

Y (E) = 2πNtΣi=νe,ν̄e,νx

∫ ∞

0
dkφi(k)

∫ 1

−1
dcosθδ(E −

Q2

2M
)
dσ

dΩ
, (6)

where Nt is the total number of target atoms. For our Boltzmann spectra this integral is simple:

Y (E) =
G2

π

Q2
w

4
MF 2(2ME)

( Nt

4πd2

)

Σi=νe,ν̄e,νxNi(ti + 1)e−ti , (7)

with ti = (ME/(2T 2
i ))1/2. For large recoil energy E, Y (E) is proportional to

Y (E) → F 2(2ME)e
−( M

2T2
νx

)1/2E1/2

. (8)

For light nuclei the high-energy tail continues to hundreds of keV and is produced by the scattering of very-high-energy
νx. However, for heavier nuclei the tail is sharply reduced by the nuclear form factor.

We consider first noble-liquid detectors from 4He to 132Xe and then a range of other detectors in order of increasing
mass number A from 12C to 208Pb. The yield Y (E) from Eq. (7) is shown in Figure 1 for detectors made of 4He, 20Ne,
40Ar, 84Kr, and 132Xe. We don’t mean to imply that detectors would be feasible with all of these liquids. However,
we show these nuclei to illustrate how the yield depends on A for a broad range of A. The spectra in Figure 1 are
peaked at low recoil energy E. Increasing A raises the cross section because coherent scattering is proportional to N2.
Thus at low energies Y (E) increases significantly with A. However, as A increases the spectrum is strongly shifted
to lower energies by the form factor and the large target mass. The energy integral of Y (E), or total yield, is given
in Table I in events per ton of detector. Also listed are events above a threshold of 5, 10, 25, or 50 keV. Finally, the
average recoil energy of the nuclei is given. This average is influenced by a small number of events at high energies,
while the spectrum is peaked at low energies.

3

Obtaining direct information on νx energies may be very important because the difference in energies for νx compared
to νe or ν̄e is the primary lever arm for observing neutrino oscillations. For example, νx → νe oscillations could lead to
high-energy νe. However, deducing the oscillation probability may depend crucially on knowing how hot the νx were to
begin with. Neutrino-nucleus elastic scattering itself is “flavor blind”. Therefore, the signal should be independent of
neutrino oscillations (among active species). Thus elastic scattering may provide a baseline with which to characterize
the supernova source. Comparing this information to other flavor-dependent information and theoretical simulations
may provide the best evidence of oscillations.

The kinetic energy of the recoiling nuclei is low, typically below 100 keV. It is difficult to detect such low-energy
events in the presence of radioactive backgrounds. Furthermore, scintillation signals from the nuclear recoils may be
reduced by quenching because of the very high ionization density. However, recent progress in designing detectors for
low-energy solar neutrinos suggests that detection may be feasible. In general, backgrounds for solar neutrinos with
a low count-rate signal may be more severe than those for a supernova, where all of the events are concentrated in a
few-second interval.

Cryogenic Low Energy Astrophysics with Noble gases (CLEAN) is a proposed detector for low-energy solar neutrinos
based on scintillation in an ultrapure cryogenic liquid [13]. This will detect electrons from neutrino-electron scattering
at energies comparable to the recoil energy of nuclei from supernova neutrinos. In this paper, we discuss the utility
of CLEAN for supernovae detection via neutrino-nucleus elastic scattering.

There is considerable interest in the direct detection of weakly interacting massive particles (WIMPS). These are
expected to produce recoiling nuclei with a spectrum somewhat similar [14] to that of supernova neutrino-nucleus
elastic scattering. Again, backgrounds for WIMP detection may be larger than for supernovae because of the low
WIMP count rates. Present WIMP detectors, for example CDMS [15], have small target masses. However, future
detectors may be larger.

It is important to search for neutrinoless double-beta decay, as this can distinguish Dirac from Majorana neutrinos.
Existing 76Ge experiments use multikilogram masses [16]. The next-generation experiments such as Majorana [17] or
Genius [18] may employ up to a ton of Ge. The need for good energy resolution, to tell neutrinoless from two-neutrino
double-beta decay, often aids in the detection of low-energy recoils. We calculate that the largest double-beta decay
experiments may soon be sensitive to galactic supernovae via elastic scattering.

Finally, micropattern gas detectors [19] may have a threshold low enough to detect nuclear recoils. This may allow
the observation of neutrino-nucleus elastic scattering using reactor antineutrinos.

Thus the technical requirements for detecting low-energy solar neutrinos, WIMPS, double-beta decay, and super-
novae via nuclear-elastic scattering may be similar. One detector or approach for low-threshold, low-background,
large mass measurements may have applications in multiple areas including supernova detection via neutrino-nucleus
scattering.

In section II, we fold elastic scattering cross sections with a model supernova neutrino spectrum to produce recoil
spectra and yields. We consider a range of noble-gas targets from 4He to 132Xe along with 12C, 28Si, 76Ge, 114Cd,
130Te, and 208Pb. We also discuss extrapolating yields to nearby isotopes. Section III focuses on the liquid-Ne-based
CLEAN detector, which appears to be very promising. A Monte Carlo simulation of backgrounds in CLEAN is
presented and compared to the expected supernova signal. We discuss the large signal-to-background ratio, choice of
fiducial volume, and possible detector thresholds. We conclude in section IV.

II. SUPERNOVA SIGNALS IN VARIOUS DETECTORS

The neutrino-nucleus elastic-scattering cross section dσ/dΩ is [20,3],

dσ

dΩ
=

G2

4π2
k2(1 + cosθ)

Q2
w

4
F (Q2)2, (1)

for a neutrino of energy k scattering at angle θ. The Fermi constant is G. This coherent cross section depends on the
square of the weak charge Qw

Qw = N − (1 − 4sin2ΘW )Z (2)

of a nucleus with N neutrons and Z protons. The weak mixing angle is sin2ΘW ≈ 0.231 [21]. We assume a spin-zero
target. Finally, the ground-state elastic form factor F (Q2) at momentum transfer Q,

Q2 = 2k2(1 − cosθ), (3)
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If there is a weak neutral current, then the elastic scattering process &+A &+A should
have a sharp coherent forward peak just as e+A -e+A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10 38 cm2 on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v+A v+ A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

There is recent experimental evidence' from
CERN and NAL which suggests the presence of a
neutral current in neutrino-induced interactions.
A primary goal of future neutrino experiments is
to confirm the present findings and to investigate
the properties of the weak neutral current, for
example, the space inversion and internal sym-
metry structure.
Our purpose here is to suggest a class of ex-

periments which can yield information on the iso-
spin structure of the neutral current not obtainable
elsewhere. The idea is very simple: If there is
a weak neutral current, elastic neutrino-nucleus
scattering should exhibit a sharp coherent forward
peak characteristic of the size of the target just
as electron-nucleus elastic scattering does. In a
sense we are talking about measurements of the
nuclear form factors of the weak neutral current
analogous to the measurements of the nuclear
form factors of the electromagnetic neutral cur-
rent in elastic electron scattering experiments. '
In fact, for the same nucleus, these form factors
should have the same q' dependence. Therefore,
the size of the cross section or its extrapolated
forward value gi-res information on the structure
of the weak current itself. In the simplest case
(S= 0, Z= N nuclei such as He~ or C") the strength
of the polar-vector isoscalar component of the
weak neutral current is measured directly.
Our suggestion may be an act of hubris, because

the inevitable constraints of interaction rate, res-
olution, and background pose grave experimental
difficulties for elastic neutrino-nucleus scattering.
We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiment:s.
Although the weak neutral current finds a natural

place in the beautiful unified gauge theories, ' it is

important to interpret experimental results in a
very broad theoretical framework. 4 We assume
a general current-current effective Lagrangian

which is consistent with the early findings' but far
from established. An intermediate neutral vector
boson could be included here without affecting the
analysis of the low-momentum-transfer processes
we are interested in.
The currents will first be written in their fund-

amental form as they would occur, for example,
in particular unified gauge models of the weak,
electromagnetic, and strong interactions. We will
then write an expression which is essentially
model-independent and sufficiently general to
parameter ize realistic experiments.
To begin with, we write the neutrino current as

Ip="'Yp(l ou'Y5)& g

where V —A. coupling is not assumed. The had-
ronic current is assumed to be a sum of com-
ponents, each corresponding to a symmetry of
strong interactions. For example, in a model
with the Glashow-Iliopoulos-Maiani (GIM) mech-
anism, ' one would have

g ~1 = b(Zq + os A~) +y(Jq + urAq) + c(Jq + a,Aq)
+ t (J1=1,lg=0+ ~I=1,Is= oAI=LI~=0) . (~)

that is one would have a linear combination of
baryon number, hyperehange, charm, and third
component of isospin. We assume that the polar-
vector currents are conserved and normalized
(at zero momentum transfer) to the corresponding
quantum number s.
Realistic experiments are done with the left-
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If there is a weak neutral current, then the elastic scattering process &+A &+A should
have a sharp coherent forward peak just as e+A -e+A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10 38 cm2 on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v+A v+ A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
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There is recent experimental evidence' from
CERN and NAL which suggests the presence of a
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the properties of the weak neutral current, for
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as electron-nucleus elastic scattering does. In a
sense we are talking about measurements of the
nuclear form factors of the weak neutral current
analogous to the measurements of the nuclear
form factors of the electromagnetic neutral cur-
rent in elastic electron scattering experiments. '
In fact, for the same nucleus, these form factors
should have the same q' dependence. Therefore,
the size of the cross section or its extrapolated
forward value gi-res information on the structure
of the weak current itself. In the simplest case
(S= 0, Z= N nuclei such as He~ or C") the strength
of the polar-vector isoscalar component of the
weak neutral current is measured directly.
Our suggestion may be an act of hubris, because

the inevitable constraints of interaction rate, res-
olution, and background pose grave experimental
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We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiment:s.
Although the weak neutral current finds a natural

place in the beautiful unified gauge theories, ' it is

important to interpret experimental results in a
very broad theoretical framework. 4 We assume
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from established. An intermediate neutral vector
boson could be included here without affecting the
analysis of the low-momentum-transfer processes
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amental form as they would occur, for example,
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Figure 12: Left : Neutrino iso-event contour lines (long dash orange) compared with current limits and regions of interest. The
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and supernovae. We have specifically focused on experi-
ments that are only sensitive to energy deposition from
WIMPs. We have determined the minimum detectable
spin-independent cross section as a function of WIMP
mass over wide range of masses from 500 MeV/c2 to
10 TeV/c2 that could lead to a significant dark matter
detection. WIMP-nucleon cross sections of ∼10−45 cm2

and ∼10−49 cm2 are the maximal sensitivity to light and
heavy WIMP dark matter respectively that direct detec-
tion searches without directional sensitivity could reach,
given the uncertainties on the neutrino fluxes. This li-
mit is roughly about three to four orders of magnitude
below the most recent experimental constraints. In the
case of light WIMPs (about 6 GeV/c2) next generation
experiments might already reach the saturation regime
with about 100 neutrino background events. For heavier
WIMPs (above 20 GeV/c2) we have shown that progress
below 10−48 cm2 will be strongly limited by the very
large increases in exposure required for decreasing gains
in discovery reach.
As a main conclusion of this work, our results show

that the neutrino background poses a hard limit on
the discovery potential of future direct detection expe-
riments. However, it is possible to reduce the impact of
neutrino backgrounds on direct searches experiments in
four ways :

1. An improvement in the theoretical estimation and
experimental determination of the neutrino fluxes.

In particular more precise measurements of the dif-
ferent neutrino flux components by future experi-
ments will improve the ultimate discovery limit of
dark matter experiments.

2. A utilization of different target nuclei. As we have
shown in Figure 8, even though utilizing different
target nuclei generally does not improve sensitivity
as much as an increase in exposure does, it will
be important for independent measurements of the
neutrino fluxes and the coherent scattering cross
section. This is consistent with several recent ana-
lyses [48, 49]. However, it is certainly likely that if
the WIMP couples differently to the proton and
neutron, as in the case of isospin-violating dark
matter dark matter, the utilization of different tar-
get nuclei will be even more important.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross-sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
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and supernovae. We have specifically focused on experi-
ments that are only sensitive to energy deposition from
WIMPs. We have determined the minimum detectable
spin-independent cross section as a function of WIMP
mass over wide range of masses from 500 MeV/c2 to
10 TeV/c2 that could lead to a significant dark matter
detection. WIMP-nucleon cross sections of ∼10−45 cm2

and ∼10−49 cm2 are the maximal sensitivity to light and
heavy WIMP dark matter respectively that direct detec-
tion searches without directional sensitivity could reach,
given the uncertainties on the neutrino fluxes. This li-
mit is roughly about three to four orders of magnitude
below the most recent experimental constraints. In the
case of light WIMPs (about 6 GeV/c2) next generation
experiments might already reach the saturation regime
with about 100 neutrino background events. For heavier
WIMPs (above 20 GeV/c2) we have shown that progress
below 10−48 cm2 will be strongly limited by the very
large increases in exposure required for decreasing gains
in discovery reach.
As a main conclusion of this work, our results show

that the neutrino background poses a hard limit on
the discovery potential of future direct detection expe-
riments. However, it is possible to reduce the impact of
neutrino backgrounds on direct searches experiments in
four ways :

1. An improvement in the theoretical estimation and
experimental determination of the neutrino fluxes.

In particular more precise measurements of the dif-
ferent neutrino flux components by future experi-
ments will improve the ultimate discovery limit of
dark matter experiments.

2. A utilization of different target nuclei. As we have
shown in Figure 8, even though utilizing different
target nuclei generally does not improve sensitivity
as much as an increase in exposure does, it will
be important for independent measurements of the
neutrino fluxes and the coherent scattering cross
section. This is consistent with several recent ana-
lyses [48, 49]. However, it is certainly likely that if
the WIMP couples differently to the proton and
neutron, as in the case of isospin-violating dark
matter dark matter, the utilization of different tar-
get nuclei will be even more important.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross-sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
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7 GeV c−2, with a fourfold improvement in sensitivity for
all masses above 80 GeV c−2.
In addition to the exclusion limit from WS2014–16 data

alone, we also perform an analysis which combines the
WS2014–16 data with those of WS2013. This combined
analysis is done by joining the event-level data sets
themselves, and not by combining exclusion curves.
This is an important point, because the published
WS2013 exclusion curve in [9] (also shown in Fig. 3) is
power constrained, due to a significant downward fluc-
tuation in the background in that data set. Therefore, the
combined sensitivity is better than what might naively be
expected by considering the published exclusion curves
alone. The data sets are combined by treating WS2013 as a
17th exposure segment. Since each exposure segment is
given its own response, signal, and background models,
this method simplifies the combination of the two data sets
which have important differences. First, WS2013 data and
models use two spatial coordinates while WS2014–16 uses
three. Second, the spatial coordinates of WS2013 are
corrected for nonvertical electron drifts, which is not done
in WS2014–16 models and data. Third, the WS2013
background model includes a component from 127Xe,
which had decayed away by the start of WS2014–16.

Response, signal, and background models for this WS2013
exposure segment are carried over unchanged from [9].
Nuisance parameters described in Table I are treated as
independent between WS2013 and WS2014–16, with the
exception of the Lindhard k parameter. We conservatively
apply a power constraint [50] at the −1σ extent of the
projected sensitivity in order to avoid excluding cross
sections for which the sensitivity is unreasonably enhanced
through chance background fluctuation. The combined
90% C.L. upper limit is shown as the thick black curve
in Fig. 3 labeled “LUX WS2013þWS2014–16”. This
combined exclusion limit reaches a minimum of 1.1 ×
10−46 cm2 at 50 GeV c−2, corresponding to an expected
3.2 signal events. This significant advance has newly tested
some of the most favored WIMP parameter space, includ-
ing models consistent with the SUSY CMSSM as plotted
in Fig. 3.
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% C.L. The solid gray curves show the
exclusion curves from LUX WS2013 (95 live days) [9] and LUX
WS2014–16 (332 live days, this work). These two data sets are
combined to give the full LUX exclusion curve in solid black
(“LUX WS2013þWS2014–16”). The 1– and 2 − σ ranges of
background-only trials for this combined result are shown in
green and yellow, respectively; the combined LUX WS2013þ
WS2014–16 limit curve is power constrained at the −1σ level.
Also shown are limits from XENON100 [45] (red), DarkSide-50
[46] (orange), and PandaX-II [47] (purple). The expected
spectrum of coherent neutrino-nucleus scattering by 8B solar
neutrinos can be fit by a WIMP model as in [48], plotted here as a
black dot. Parameters favored by SUSY CMSSM [49] before this
result are indicated as dark and light gray (1− and 2 − σ) filled
regions.
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Fig. 2.—Solar neutrino energy spectrum for the solar model BS05(OP). The
uncertainties are taken from Table 8 of Bahcall & Serenelli (2004).

the corresponding fluxes obtained from the BS04 solar model.
The CNO contribution to the solar luminosity is also reduced
compared to BS04, BP04(Garching), and BP04(Yale). The lat-
ter models have a CNO contribution of 1.55% to the solar
luminosity, while for BS05(14N) the CNO contribution is only
0.8%.
The next two solar models are the first in the series to use

OP opacities. BS05(OP) and BS05(AGS, OP) differ in that
BS05(AGS, OP) uses the heavy-element abundance taken
from Asplund et al. (2005). Like all the preceeding models,
BS05(OP) uses Grevesse & Sauval (1998) abundances.
Comparing BS05(OP) with BS05(14N), we see that the new OP
opacities do not change significantly the neutrino fluxes nor do
they change the other principal model characteristics.
The lower heavy-element abundances used in BS05(AGS,

OP) cause the computed depth of the convective zone to be
too shallow and the surface helium abundance to be unac-
ceptably low, as compared with the helioseismologically mea-
sured values. The depth of the solar convective zone and the
helium surface abundance have recently been redetermined by
Basu & Antia (2004) using the best-available helioseismolog-
ical data. Comparing the values calculated using BS05(AGS,
OP) with the measured values (given in parentheses), we have

RCZ p 0.728(0.713! 0.001, exp.); (1)
R,

Y p 0.229(0.249! 0.003, exp.). (2)surf

For BS05(AGS, OP), the disagreements between helioseis-
mological measurements and the computed values of andRCZ

are many times the quoted errors. By contrast, all of theYsurf
models in Table 1 that use the Grevesse & Sauval (1998)
abundances [BP04(Yale), BP04(Garching), and BS04 and
BS05(14N) and BS05(OP)] have values for these parameters,

and , that are in much better agree-R ∼ 0.715 Y ∼ 0.244CZ surf
ment with helioseismological measurements.
Similar results are obtained with models that use OPAL opac-

ities [see the row labeled BS05(AGS, OPAL) in Table 1]. Solar
models constructed with the AGS05 composition disagree with
the helioseismological measurements of and , inde-R YCZ surf
pendent of whether one uses OPAL or OP radiative opacities.
Figure 1 shows that, for four representative models, the sound

speeds and densities inferred from solar models that use the
Grevesse & Sauval (1998) solar abundances are in excellent
agreement with the helioseismological measurements (Schou et
al. 1998) of sound speeds and densities. Solar models that use
the new Asplund et al. (2005) abundances are in disagreement
with the helioseismological measurements. For models that use
the Grevesse & Sauval (1998) abundances and OPAL, the rms
differences between the solar model predictions for sound speeds
and densities are, respectively, and0.0015! 0.0001 0.015!

, where we quote the range that spans the values for the0.002
first four models that appear in Table 1. The results with OP
opacities are even better: 0.00097 and 0.012, respectively. By
contrast, the rms differences for models that use the AGS05
abundances are larger by more than a factor of 3, 0.0053!

and , respectively.0.0005 0.047! 0.003
How do the adopted element abundances and the radiative

opacity affect the predicted solar neutrino fluxes? Figure 2
shows the solar neutrino energy spectrum that is calculated
using the BS05(OP) solar model, which may be taken as the
currently preferred solar model. The fractional uncertainties for

the neutrino fluxes are given in Table 8 of Bahcall & Serenelli
(2004).
Using OP opacity, the ratio of the 8B neutrino flux calculated

with the older (larger) heavy-element abundances [or with the
newer (lower) heavy-element abundances] to the total 8B neu-
trino flux measured by the Sudbury Neutrino Observatory (Ah-
med et al. 2004) is (see Table 2)

8solar model B n f lux
p 1.09 (0.87), (3)8measured B n f lux

with a 9% experimental error (Ahmed et al. 2004) and a 16%
theoretical uncertainty (Bahcall & Serenelli 2004), with 1 j
uncertainties. If we adopt OPAL opacities, the coefficients on
the right-hand side of equation (3) become 1.12 (0.88), very
similar to the values for OP opacities. Turck-Chièze et al.
(2004) found a 9% lower 8B neutrino flux for a model similar
to BS05(AGS, OPAL). Their lower flux is accounted for by
the fact that Turck-Chièze et al. did not use the recent and more
accurate pp cross section calculated by Park et al. (2003) and
that Turck-Chièze et al. did use intermediate screening for fu-
sion reactions instead of the more accurate approximation of
weak screening (see Bahcall et al. 2002).
Comparing the calculated to the measured (Bahcall et al.

2004) p-p neutrino flux, assuming OP opacities, we have

solar model p-p n f lux
p 0.99 (1.00), (4)

measured p-p n f lux

with a 2% experimental uncertainty (Bahcall et al. 2004) and
a 1% theoretical uncertainty (Bahcall & Serenelli 2004). The
agreement is similarly good if we adopt OPAL opacities. The
CNO contribution to the solar luminosity is only 0.5% for the
models BS05(AGS, OP) and BS05(AGS, OPAL).
We conclude that the agreement between solar model pre-

dictions and solar neutrino measurements is excellent and is
not significantly affected by the choice of heavy-element abun-
dances or the radiative opacity.

J. N. B. and A. M. S. are supported in part by NSF grant
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from a high-radius sample (greater than 1 cm beyond the
fiducial boundary). A high-S1 sample (S1 > 55 phd) of
events below the NR median is used to characterize the
radial distribution of these events as a function of S2.
Isolated S1 pulses appear in the event record, as do

isolated S2 pulses. Though these pulses are rare, they may
accidentally occur close enough in time (and in the correct
order) to resemble a single-scatter energy deposition in the
LXe. The fS1; log10ðS2Þg distribution of these accidental
coincidences, facc, is taken to be separable, that is,
facc(S1; log10ðS2Þ) ¼ f1ðS1Þ × f2(log10ðS2Þ). The indi-
vidual differential rates of isolated S1 pulses (f1) and
isolated S2 pulses (f2) are measured from WIMP-search
data. Because of their uncorrelated nature, these events are
modeled as uniform in fxS2; yS2; zS2g.
A protocol for blinding the data to potential NR WIMP

signatures, to reduce analysis bias, began on December 8th,
2014 and was carried through the end of the exposure.
Artificial WIMP-like events (“salt”) were manufactured
from sequestered 3H calibration data and introduced into
the data at an early stage in the data pipeline, uniform in
time and position within the fiducial volume. Individual S1
and S2 waveforms from this data set were paired to form
events consistent with a nuclear recoil S2 vs S1 distribu-
tion. Some S2-only salt events were added as well. The
nuclear recoil energy distribution of these events had both
an exponential (WIMP-like) and flat component. The four
parameters describing these distributions (the exponential
slope, the flat population’s end point, the total rate, and the
relative ratio of exponential vs. flat rates) were chosen at
random within loose constraints and were unknown to the
data analyzers. The salt event trigger times were seques-
tered by an individual outside the LUX collaboration until
formally requested for unblinding, after defining the data
selection criteria, efficiencies, and PLR models.
Following the removal of salt events, two populations of

pathological S1þ S2 accidental coincidence events were
identified in which the S1 pulse topologies were anoma-
lous. In the first of these rare topologies, ∼80% of the
collected S1 light is confined to a single PMT, located in the
edge of the top PMT array. This light distribution is
inconsistent with S1 light produced in the liquid, but is
consistent with light produced outside the field cage and
leaking into the TPC. A loose cut on the maximum single
PMTwaveform area as a fraction of the total S1 waveform
area is tuned on ER and NR calibrations to have> 99% flat
signal acceptance. The second population of anomalous
events also features a highly clustered S1 response in the
top array, as well as a longer S1 pulse shape than typical of
liquid interactions; these pulses are consistent with scin-
tillation from energy deposited in the gaseous xenon. A
loose cut on the fraction of detected S1 light occurring in
the first 120 ns of the pulse is similarly tuned on ER and NR
calibration data to have > 99% signal acceptance across all
energies. These two cuts, developed and applied after

unblinding, feature very high signal acceptance, are tuned
solely on calibration data, and only eliminate events that
clearly do not arise from interactions in the liquid.
The result presented here includes the application of

these two postunblinding cuts, and additionally includes
31.82 live days of nonblinded data, collected at the
beginning of the WS2014–16 exposure before the start
of the blinding protocol.
WIMP signal hypotheses are tested with a PLR statistic

as in [9], scanning over spin-independent WIMP-nucleon
cross sections at each value of WIMP mass. Nuclear-recoil
energy spectra for the WIMP signal are derived from a
standard Maxwellian velocity distribution with v0 ¼
220 km=s, vesc ¼ 544 km=s, ρ0 ¼ 0.3 GeV=cm3, average
Earth velocity of 245 km=s, and a Helm form factor.
Detector response nuisance parameters, describing all
non-negligible systematic uncertainties in the signal and
background models, are listed with their constraints and
observed fit values in Table I. Systematic variation of the
electric field models in the 16 exposure segments, con-
strained within the uncertainties of the 3H-based NEST
model fits, results in negligible (< 4%) change in projected
sensitivity. The likelihood is the product of terms for the
full (signal plus background) PDF evaluated at each event,
a Poisson term for the observed number of events, and the
set of Gaussian constraints. The field-dependence of the
detector response is included by treating the date bins as
separate exposures, with detector response variation in drift
time included in the date-bin-specific fS1; S2; rS2;ϕS2;
zS2g PDFs.
The data are in good agreement with the background-

only model, having a PLR p value of 0.39 at 100 GeV c−2.
Goodness of fit is also assessed by Kolmogorov-Smirnov
tests for PDF projections in the five observables, which
each return p > 0.6. We present the 90% C.L. upper limit
on cross section versus mass in Fig. 3, as the gray curve
labeled “LUX WS2014–16”. It has a minimum of 2.2 ×
10−46 cm2 at 50 GeV c−2, corresponding to 4.2 expected
signal events. Compared to WS2013 [9], new WIMP
parameter space is excluded at all masses above

TABLE I. Model parameters in the best fit to WS2014–16 data
for an example 50 GeV c−2 WIMP mass. Constraints are Gaus-
sian with means and standard deviations indicated. Fitted event
counts are after cuts and analysis thresholds.

Parameter Constraint Fit value

Lindhard k [11] 0.174% 0.006 & & &
Low-z-origin γ counts 94% 19 99% 14
Other γ counts 511% 77 590% 34
β counts 468% 140 499% 39
8B counts 0.16% 0.03 0.16% 0.03
PTFE surface counts 14% 5 12% 3
Random coincidence counts 1.3% 0.4 1.6% 0.3
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We report constraints on spin-independent weakly interacting massive particle (WIMP)-nucleon
scattering using a 3.35 × 104 kg day exposure of the Large Underground Xenon (LUX) experiment. A
dual-phase xenon time projection chamber with 250 kg of active mass is operated at the Sanford
Underground Research Facility under Lead, South Dakota (USA). With roughly fourfold improvement in
sensitivity for high WIMP masses relative to our previous results, this search yields no evidence of WIMP
nuclear recoils. At a WIMP mass of 50 GeV c−2, WIMP-nucleon spin-independent cross sections above
2.2 × 10−46 cm2 are excluded at the 90% confidence level. When combined with the previously reported
LUX exposure, this exclusion strengthens to 1.1 × 10−46 cm2 at 50 GeV c−2.
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Dark matter background
• Solar, DSNB, and atmospheric neutrinos will have sufficient flux 

to begin interfering with dark matter detectors starting with 
upcoming generation (LZ-scale)

9
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

From Snowmass
CF1 summary

arxiv:1310.8327v2

LZ start date:
~2020



Nuclear recoil energy spectrum in Ge for 30 MeV ν	

è but WIMP dark matter detectors developed 
       over the last ~decade are sensitive 
       to ~ keV to 10’s of keV recoils 

 Max recoil 
 energy is 2Eν

2/M  
 (25 keV for Ge) 

 

Large cross section, but never observed 
  due to tiny nuclear recoil energies:  

Detecting these signals
• Need to detect very low energy nuclear recoils (with er/nr discrimination)

• Need low backgrounds

• Need lots of neutrinos (cannot rely on natural sources)

• Want ways to make discovery/measurement convincing

10

multiple
modern dark

matter detector
technologies,

combined with
high intensity

pulsed neutrino
source!



Neutrino source
• Stopped pion source, at the 

Spallation Neutron Source 
at ORNL

• Protons on Hg target, ν 
production is a side effect 
(and free to use!)

11

Proton beam energy: 0.9-1.3 GeV 
Total power: 0.9-1.4 MW 
Pulse duration: 380 ns FWHM 
Repetition rate: 60 Hz 
Liquid mercury target 

Oak Ridge National Laboratory, TN 

3-body decay: range of energies 
   between 0 and mµ/2 
   DELAYED (2.2 µs) 

2-body decay: monochromatic 29.9 MeV νµ	
                     PROMPT 

Stopped-Pion (πDAR) Neutrinos 

⇥+ � µ+ + �µ

µ+ � e+ + �̄µ + �e

3-body decay: range of energies 
   between 0 and mµ/2 
   DELAYED (2.2 µs) 

2-body decay: monochromatic 29.9 MeV νµ	
                     PROMPT 

Stopped-Pion (πDAR) Neutrinos 

⇥+ � µ+ + �µ

µ+ � e+ + �̄µ + �e

ideal
energy

spectrum

~4x107 ν/s/cm2/s @ 20m from target



Neutrino timing

• Allows for ~104 background rejection factor

• Major advantage over reactor ν sources

12

60 Hz pulsed source 

 Background rejection factor ~few x 10-4   

Time structure of the SNS source 

Prompt νµ from π decay in 
time with the proton pulse 

Delayed anti-νµ, νe"
on µ decay timescale 

60 Hz pulsed source



Assembling the team

13

The COHERENT collaboration 

28 

• Collaboration: ~65 members, 
  16 institutions (USA+ Russia) 

arXiv:1509.08702!

30 

LAr	 NaI	
Ge	

CsI	
NIN	
cubes	

Siting for deployment in SNS basement 
 (measured neutron backgrounds low) 

View looking 
down “Neutrino Alley” 



COHERENT Detectors and Status 
   

Nuclear	
Target	

Technology	 Mass	
(kg)	

Distance	
from	source	
(m)	

Recoil	
threshold	
(keVr)	

Data-taking	start	
date;	CEvNS	detecBon	
goal	

CsI[Na]	 Scin%lla%ng	
Crystal	

14		 20	 6.5	 9/2015;	3σ	in	2	yr	

Ge	 HPGe	PPC	 10	 22	 5	 Fall	2016	

LAr	 Single-phase	 35		 29	 20	 Fall	2016	

NaI[Tl]	 Scin%lla%ng	
crystal	

185*/
2000	

28	 13	 *high-threshold	
deployment	to	start,	
summer	2016	

•  CsI installed July 2015; 185 kg of NaI in July 2016 
•  Two more detectors to be deployed with resources in hand, 

     fall 2016 
•  For 5σ discovery, need larger detectors!

Early	2017

12/2016

July	2016					

CsI(Na)

31 

Expected recoil signals 

Prompt defined as  first µs; note some  contamination from νe and νµ-bar 

Detector summary

• Four different detector types.  
Different shielding configurations, 
systematics, and cross-sections.

• Cover several popular dark matter 
detection isotopes.

14



30 

LAr	 NaI	
Ge	

CsI	
NIN	
cubes	

Siting for deployment in SNS basement 
 (measured neutron backgrounds low) 

View looking 
down “Neutrino Alley” 

Detector Locations

15

SNS basement “Neutrino Alley”



Detector backgrounds

• Measurements show low n 
rates in Neutrino Alley, SNS 
shielding is sufficient

• Measurements include SciBath, 
an IU-built detector

1632 

Neutron Backgrounds 

Several background measurement campaigns have 
 shown that Neutrino Alley is neutron-quiet 

Prompt beam neutrons Neutrino-induced neutrons

   NIN measurement in SNS basement 
- Scintillator inside CsI detector lead shield (now) 
- Liquid scintillator surrounded by lead (swappable for other NIN targets) 
      inside water shield 

• Neutrino produces neutrons 
in lead, leading to in-time 
backgrounds

• Measured with lead-neutrino 
cubes



LAr – CENNS-10
• 35 kg fiducial-volume single-phase 

detector built by J.Yoo at Fermilab
for CEvNS effort

• Readout is 2 Hamamatsu R5912-
02MOD 8” cryogenic, high-gain PMT

• Neutron/electon recoil pulse shape 
discrimination measured by 
miniCLEAN

• Quenching factor well measured by 
SCENE collaboration

• 39Ar controllable via PSD and beam 
duty factor

• Shielding structure of lead, copper, 
and water to control steady state 
backgrounds

• Tested at Indiana Univ. in the 
summer of 2016 for feasibility 

• Commissioned at SNS in December 
2016

H. Cao et al., SCENE Collaboration, Phys. Rev. D91 (2015) 092007. 9
S.J. Brice et al. Phys. Rev. D 89, 072004 (2014)

Liquid Argon Detector
• IU has led the charge on the 35 kg 

LAr detector

• Making improvements to argon 
liquefaction, monitoring, light 
collection (and wavelength shifting), 
and designs for upgraded larger 
detector

17



Future plans

• Will not reach 5σ significance for CEvNS 
detection with current detector setup: 
need larger detectors!

• Efforts underway for:

• larger (100s of kg) liquid Ar detector

• >1T NaI detector setup

• Possible larger Ge detector array

• Larger detectors will enable precision measurements, which may 
lead to new physics opportunities...

18

34 

Potential upgrades 

-  additional Ge detectors 
-  larger LAr (up to few 100 kg) 
-  up to 7 ton NaI if threshold demonstrated 
-  additional targets/detectors 

~5σ in ~ 2 years"
 with demonstration"
 of N2 dependence"



Other physics
• Neutrino magnetic moment?

• Supernova detection?

• Non-standard-interactions?

19
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FIG. 14: Differential yield at the SNS in neon as a func-
tion of nuclear recoil energy. The top plot is for the
prompt flux (νµ only) and the bottom plot is for the
delayed flux (sum of νe and ν̄µ). Solid lines: SM expec-
tation. Dashed lines: yield including magnetic moment
contribution for µν = 10−10µB for both νe and ν̄µ. Dot-
ted lines: yield including magnetic moment contribution
for µν = 10−10µB for νe and µν = 6 × 10−10µB for ν̄µ,
νµ.

IV. CONCLUSION

Straightforward calculations indicate that one ex-
pects thousands of coherent neutrino-nucleus inter-
actions with recoil energies > 10 keV per ton of
material per year of running at the SNS, which is

very promising. Even few kilogram-scale experi-
ments may have measurable rates. These estimates
have been made for an experiment with no back-
ground and no inefficiency; both will certainly be
important for a real experiment. Sensitivities will
need to be reevaluated for a specific detector config-
uration for which backgrounds and efficiencies can
be estimated.

Unambiguous detection of the process is a first
step; high statistics measurements will then follow.
Such an experiment has significant potential for con-
straining NSI parameters; magnetic moment and
precision weak mixing angle measurements are also
conceivable, although pose a greater experimental
challenge.

Acknowledgments

The author is grateful to D. Akerib, B. Balantekin,
J. Beacom, J. Collar, M. Dragowsky, Y. Efremenko,
A. Friedland, H. Gao, C. Horowitz, E. Kearns, G.
McLaughlin, B. Mueller, R. Raghavan, T. Schutt,
C. Walter and A. Young, and especially J. Engel,
C. Lunardini and D. McKinsey, for comments and
discussions. C. Horowitz provided the form factors
for the calculation. The author would also like to
thank the Institute for Nuclear Theory at the Uni-
versity of Washington, where this work was started,
for its hospitality. The author’s research activities
are supported by the Department of Energy and the
National Science Foundation.

[1] D. Z. Freedman, D. N. Schramm, and D. L. Tubbs,
Ann. Rev. Nucl. Part. Sci. 27, 167 (1977).

[2] A. Drukier and L. Stodolsky, Phys. Rev. D30, 2295
(1984).

[3] C. J. Horowitz, K. J. Coakley, and D. N. McKinsey,
Phys. Rev. D68, 023005 (2003), astro-ph/0302071.

[4] F. Boehm and P. Vogel, Physics of Massive Neu-
trinos (Cambridge University Press, Cambridge,
1987).

[5] P. Barbeau, J. I. Collar, J. Miyamoto, and
I. Shipsey, IEEE Trans. Nucl. Sci. 50, 1285 (2003),
hep-ex/0212034.

[6] C. Hagmann and A. Bernstein, IEEE Trans. Nucl.
Sci. 51, 2151 (2004), nucl-ex/0411004.

[7] H. T. Wong (2005), hep-ex/0511001.
[8] D. N. McKinsey and K. J. Coakley, Astropart. Phys.

22, 355 (2005), astro-ph/0402007.
[9] M. G. Boulay, A. Hime, and J. Lidgard (2004), nucl-

ex/0410025.
[10] M. G. Boulay and A. Hime (2004), astro-

ph/0411358.
[11] E. Aprile et al., Phys. Rev. D72, 072006 (2005),

astro-ph/0503621.
[12] Y. Takeuchi, in Proceedings of the 32nd Interna-

tional Conference on High-Energy Physics (ICHEP
04), Beijing, China, 16-22 Aug 2004 (World Scien-
tific, Hackensack, 2004).

[13] G. J. Alner et al. (UK Dark Matter), Astropart.
Phys. 23, 444 (2005).

[14] D. P. Snowden-Ifft, T. Lawson, N. J. C. Spooner,
and N. Villaume, Nucl. Instrum. Meth. A516, 406
(2004).

[15] R. Galea (2005), http://snolab2005.snolab.ca/talks/
Snolab workshopIV galea ebubble.pdf.

[16] D. S. Akerib et al., Nucl. Instrum. Meth. A520, 163
(2004).

[17] D. S. Akerib et al., Nucl. Instrum. Meth. A520, 116
(2004).

[18] W. J. Bolte et al. (2005), astro-ph/0503398.
[19] M. Barnabe-Heider et al. (PICASSO), Nucl. In-

neon target at SNS

K. Scholberg, arXiv:1505.03202v2

current best limit:
0.29x10-10 µB

(2016 PDG)

neon target at SNS



Other physics
• Neutrino magnetic moment?

• Supernova detection?

• Non-standard-interactions?
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Supernova neutrinos in tonne-scale DM detectors  

~ handful of events per tonne 
@ 10 kpc:  sensitive to 
all flavor components of the flux 

10 kpc 
L=1052 erg/s per flavor 
Eavg = (10,14,15) MeV 
α = (3,3,2.5) for 
(νe, νe-bar, νx) 

flavor-independent
measurement, so
complimentary to

more typical detectors,
such as Super-Kamiokande

COHERENT can measure
the relevant cross-sections



Other topics

• Non-standard interactions

• Neutrino charge radius

• Sterile neutrino search

• Nuclear form factors

• Detector for nuclear safeguards

• Light dark matter production at beam dump

• Possibly other ideas!
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! Scattering Phil Barbeau, Duke University


1

Summary
• Detection of CEvNS is useful for many applications

• Dark matter background

• Supernova physics

• Neutrino fundamental properties

• Nuclear structure

• and more?

• Requires high flux, excellent background rejection, 
multiple detectors, low thresholds
→ COHERENT at SNS

• Some detectors running,
others coming soon, first
results in near future
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New Mexico State University

All About Discovery!
nmsu.edu

CEnNS (pronounced sevens)
• Coherent Elastic Neutrino Nucleus Scattering
• Flavor blind Neutral Current process that scatters 

the entire nucleus as a whole 
• To probe a “large” nucleus (few � 10-15 m)

• Recoiling nucleus is detection signature

8/6/2016 R.L. Cooper - ICHEP 2016 2
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Coherent effects of a weak neutral current
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If there is a weak neutral current, then the elastic scattering process &+A &+A should
have a sharp coherent forward peak just as e+A -e+A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10 38 cm2 on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v+A v+ A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

There is recent experimental evidence' from
CERN and NAL which suggests the presence of a
neutral current in neutrino-induced interactions.
A primary goal of future neutrino experiments is
to confirm the present findings and to investigate
the properties of the weak neutral current, for
example, the space inversion and internal sym-
metry structure.
Our purpose here is to suggest a class of ex-

periments which can yield information on the iso-
spin structure of the neutral current not obtainable
elsewhere. The idea is very simple: If there is
a weak neutral current, elastic neutrino-nucleus
scattering should exhibit a sharp coherent forward
peak characteristic of the size of the target just
as electron-nucleus elastic scattering does. In a
sense we are talking about measurements of the
nuclear form factors of the weak neutral current
analogous to the measurements of the nuclear
form factors of the electromagnetic neutral cur-
rent in elastic electron scattering experiments. '
In fact, for the same nucleus, these form factors
should have the same q' dependence. Therefore,
the size of the cross section or its extrapolated
forward value gi-res information on the structure
of the weak current itself. In the simplest case
(S= 0, Z= N nuclei such as He~ or C") the strength
of the polar-vector isoscalar component of the
weak neutral current is measured directly.
Our suggestion may be an act of hubris, because

the inevitable constraints of interaction rate, res-
olution, and background pose grave experimental
difficulties for elastic neutrino-nucleus scattering.
We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiment:s.
Although the weak neutral current finds a natural

place in the beautiful unified gauge theories, ' it is

important to interpret experimental results in a
very broad theoretical framework. 4 We assume
a general current-current effective Lagrangian

which is consistent with the early findings' but far
from established. An intermediate neutral vector
boson could be included here without affecting the
analysis of the low-momentum-transfer processes
we are interested in.
The currents will first be written in their fund-

amental form as they would occur, for example,
in particular unified gauge models of the weak,
electromagnetic, and strong interactions. We will
then write an expression which is essentially
model-independent and sufficiently general to
parameter ize realistic experiments.
To begin with, we write the neutrino current as

Ip="'Yp(l ou'Y5)& g

where V —A. coupling is not assumed. The had-
ronic current is assumed to be a sum of com-
ponents, each corresponding to a symmetry of
strong interactions. For example, in a model
with the Glashow-Iliopoulos-Maiani (GIM) mech-
anism, ' one would have

g ~1 = b(Zq + os A~) +y(Jq + urAq) + c(Jq + a,Aq)
+ t (J1=1,lg=0+ ~I=1,Is= oAI=LI~=0) . (~)

that is one would have a linear combination of
baryon number, hyperehange, charm, and third
component of isospin. We assume that the polar-
vector currents are conserved and normalized
(at zero momentum transfer) to the corresponding
quantum number s.
Realistic experiments are done with the left-
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