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Abstract. Coherent elastic neutrino-nucleus scattering (CEvNS), the gentlest kind of
interaction of a neutrino with an entire nucleus, was first predicted in 1974, but not observed
until 2017 by the COHERENT collaboration. COHERENT and many other experiments are
pursuing further measurements of this low momentum transfer process. We review the physics
motivations for these measurements and prospects and status of current and future CEvNS
experiments.

1. Introduction

Coherent elastic neutrino-nucleus scattering (CEvNS) occurs when a neutrino interacts via a
neutral-current process, i.e., via virtual Z boson exchange with a nucleus, and the nucleus
recoils as an intact entity [1]. In this situation, nucleon wavefunctions in the target nucleus
are in phase with each other, and the total cross section scales as the square of the number of
nucleons times the individual neutrino-nucleon weak interaction cross section. The condition
for such a coherent interaction is that the momentum transfer () times the size of the nucleus
R must be small, i.e., QR << 1. This coherence condition holds reasonably well for neutrino
energies up to around 50 MeV for medium-sized nuclei.

For a weak neutral-current interaction, the cross section o oc Q% oc (N — (1 —4sin? fy)Z)?,
where Qyy is the weak charge of the nucleus, N is the number of neutrons, Z is the number of
protons, and @y is the standard model weak mixing angle parameter. Since 4sin?fy ~ 1, we
have o o N2. Thanks to this scaling, the cross section is large with respect to typical neutrino-
nucleus interactions in the energy regime (neutrino energies up to several tens of MeV) for which
CEvVNS is dominant. See Fig. 1.

The experimental challenge for the measurement of CEvNS is the kinematically tiny
recoils [2]— although the interaction occurs with high rate (by neutrino standards), the recoiling
nuclei typically have sub-MeV recoils. The maximum recoil energy scales as ~ 2E2 /M, where
E, is the neutrino energy and M is the nuclear target mass. As an example, for a 30 MeV
neutrino and a Ge target, this corresponds to a maximum of around ~25 keV of recoil energy.
This energy is well below the threshold of conventional, kton-scale neutrino detectors.

2. Motivations for measuring CEvVINS
Why should we bother trying to measure the tiny thumps of CEvNS recoils? There are many
motivations, among them:

e CEvVNS is a probe of new, beyond-the-standard-model (BSM) physics (e.g., [4, 5, 6, 7, 8, 9]).
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Figure 1. CEvNS total cross section averaged over a stopped-pion neutrino flux as a function of
neutron number N. The black line assumes a form factor of unity, corresponding to no nuclear
substructure. The green line corresponds to a Klein-Nystrand form factor, and the width of
the green line represents a +3% uncertainty on the nuclear radius. The isotopes relevant for
the COHERENT program are shown as black dots, and the blue square with error bars is the
flux-averaged COHERENT result [3].

e CEVNS measurements can also serve for understanding of “old” (but still interesting)
physics; at sufficient precision, one can probe nuclear structure parameters [10, 11, 12].

e CEvVNS is a background for signatures of new physics. Most famously, CEvNS interactions
constitute the “neutrino floor” for dark matter experiments [13, 14].

e CEvVNS can be used to observe astrophysical neutrinos [15, 16, 17, 18].

e CEvVNS, thanks to its high rate, may also be useful as a practical tool, for example for
reactor monitoring [19].

2.1. CEuNS as a signal for signatures of new physics

In CEvNS, when there is a high degree of coherence, we assume that the nucleon structure is
well understood. The degree to which the nucleus is non-point-like is described by the nuclear
form factor, which is reasonably well known. Thus, the CEvNS rate is predicted by standard
model weak physics, with relatively small uncertainties due to nuclear physics. The consequence
is that any measurement not matching the standard model prediction could be a signature of
BSM physics. In the standard model, the differential cross section for scattering with nuclear
recoil energy T is given by

do _ GiM 5 5 T\? 5 o MT
Gv = (@ 2+ Gy N)Fy o (Q%) (2)
Ga = (4(Zy = Z_)+ gh(Ny — N_))Fiha(Q?). (3)

In this expression G is the Fermi constant, M is the nuclear mass, F, is the neutrino energy,
g,/ and ¢'y? are vector and axial-vector coupling factors for protons and neutrons, Z and N are
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the proton and neutron numbers of the target nucleus, Z1 and Ny refer to numbers of spin-up or
spin-down nucleons, and @ is the 3-momentum transfer. Because g{, ~ 0.03 and g{; ~ —0.5, the
neutron contribution is strongly dominant. Because the number of unpaired nucleons is typically
small compared to the total number of nucleons, the axial contributions to the coupling are also
small. The form factor F(Q) represents the Fourier transform of the nucleon distribution; it
suppressed the cross section for increasing ). For @ greater than about 100 MeV, F(Q) is
known well enough to result in less than 5% uncertainty on the CEvNS rate [20, 21].

The N? scaling of the cross section is a clean prediction of the standard model: see Fig. 1.
Therefore a deviation from this expection, for CEvNS measured in a range of targets, would be
a signature of BSM physics.

A fairly generic example of BSM physics that would be manifest in a CEvINS measurement is
non-standard interactions of neutrinos mediated by some new heavy mediator [4]. The signature
of such a new coupling would be an enhancement or suppression of the CEvNS rate, in a way
dependent on the N and Z values of the nucleus. A new light-mediator would generate a Q-
dependent distortion of the recoil. Other BSM physics that would affect the recoil spectrum
includes anomalous neutrino magnetic moment, which would result in an enhancement at low
recoil T', and sterile neutrino oscillations, which would result in energy- and baseline-dependent
distortions of the measured rate and spectrum.

CEvNS is also, famously (or notoriously) a background for new physics, in that it makes up
the so-called “neutrino floor” for WIMP dark matter detection. At cross section and WIMP
mass parameters for which natural neutrinos — from the Sun, atmospheric and diffuse relic
supernova background (DSNB)- dominate the recoils, dark matter direct detection experiments
will be blinded by neutrinos. However these neutrinos also represent an astrophysical signal
opportunity!

3. How to measure CEvVNS

The only experimental signature of CEvNS is the tiny energy deposition of the nuclear recoil. It
is very challenging to detect. However, we are fortunate that detection technology over the last
few decades has resulted in significant advances for the detection of nuclear recoils between a few
keV and a few tens of keV; such detectors are especially useful for dark matter WIMP detection,
and dark matter searches have in large measure driven the detector development. Recoil energy
can couple to photons, phonons, and ionization signals, all of which require different technological
approaches.

. . . E? . .

Since the maximum recoil energy scales as Tiax ~ 537, the neutrino source energy determines
the detector recoil threshold requirement. The higher the neutrino energy, the higher the recoil
and the more accessible the detection. Furthermore, the cross section also scales as square
of neutrino energy, so for equivalent flux there will be more recoils at higher energy. However,
energies cannot get too high or the coherence condition will be violated; over about 50-100 MeV,
scattering on nucleons will start to become more dominant. Figure 2 shows the maximum recoil
energy for °Ar as a function of neutrino energy, compared to fluxes for several artificial and
natural neutrino sources.

Among artificial neutrino sources, neutrinos from pion decay at rest (stopped pions) range up
to 50 MeV; for these, recoil energies will be in the few to few tens of keV range, easily matching
capabilities of existing WIMP detection technology. Reactor neutrinos are in the few-MeV
range, and for these, sub-keV energy thresholds are required, which stretches the capabilities
of existing technologies, but which should be within the reach of, e.g., p-type point contact
Ge detectors. Artificial radioactive sources, such as the electron capture source proposed in
Ref. [22], require extremely low-threshold detectors. For these lowest-energy neutrinos, novel
detector development will be needed.



TAUP 2019 IOP Publishing
Journal of Physics: Conference Series 1468 (2020) 012126  doi:10.1088/1742-6596/1468/1/012126

- =)
- e 8
T T T
| ] |

Maximum recoil energy (keV)

001 1 1 1 1 1
10 20 30 40 S50
1 | I
le+14 Reactor: GW at 20 m s
le+12 \ Stopped pion: SNS at 20 m 1
% \ 5 MCi 51-Cr source at 25 cm ]
le+10 | 4
% le+08 N l
a 7
< I 1
g les06 | -
3 ]
B 10000 | -
Q
= | 1
=100 4
-
5 B
[5) 1 i
Z
001 | 4
0.0001 L L L | l
10 20 30 40 50
1 I | I
letl4 |- Solar 8-B s ]
> le+l2 _ Supernova at 10 kpc during 10-s burst |
g e 10 i Atmospheric 1
< DSNB s |
E;] le+08 __—_-_"—'—-—.___‘_-— -
< L
E let06 .
8 L
& 10000 .
@] L
S 100 ]
= I
=5 ]
2 [
001 i
0.0001 ' l ! ! .
10 20 30 40 50
Neutrino energy (MeV)
2
Figure 2. Top: maximum nuclear recoil energy 1" = MZ—% as a function of neutrino energy

E, for °Ar. Middle: example spectra of artificial sources of neutrinos, including a GW reactor
at 20 m (%), the SNS stopped-pion source at 20 m (sum of v, 7, and v.), and a 5 MCi 5'Cr
source at 25 cm (v.). Bottom: example spectra for natural sources of neutrinos, including the
solar ®B flux (v.), a burst from a supernova at 10 kpc during the ~10 seconds of the burst
(all flavors), atmospheric neutrinos (sum of v, v, and antineutrinos) and the diffuse supernova
neutrino background (all flavors). 4
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3.1. Stopped-pion sources

The first (and so far only) CEvNS detection was with a stopped-pion source of neutrinos [3],
the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. Neutrinos from 7+
decay at rest come in three flavors, with a well-defined spectrum known from weak interaction
physics, and a well-defined time structure. This type of neutrino source has been used in the
past for neutrino physics (LSND [23], KARMEN [24]). Current instances besides the SNS
are the off-axis Booster Neutrino Beam at Fermilab [25] and the Materials and Life Science
Facility at J-PARC [26]. Future possibilities include Lujan at Los Alamos [27], the European
Spallation Source [28], the China Spallation Neutron Source [29], and DAEdJALUS [30], as well
as a Second Target Station upgrade to the SNS [31]. Figures of merit for these neutrino sources
are power, which is proportional to neutrino flux, and duty factor, the reciprocal of which gives
the background rejection factor. Sharply-pulsed beam timing is highly beneficial for background
rejection; for pulses shorter than the muon decay lifetime (2.2. us), neutrino flavor separation is
possible.

3.1.1. COHERENT The COHERENT experiment [32] uses the SNS. This is a facility with
a primary purpose of neutron production, but which provides an intense flux of stopped-pion
neutrinos as a by-product. The 1.4-MW power and 60 Hz, several-hundred-ns, pulses give it
very favorable properties for neutrino physics. The COHERENT collaboration has a suite of
detectors deployed in “Neutrino Alley” at the SNS, with 8 meters water-equivalent of overburden.
The “first light” measurement was made in 2017 with a 14.7-kg CsI[Na] crystal; this first
measurement was consistent with the standard model prediction and enabled some constraints
on NSI parameters beyond current existing constraints [3, 33]. Other targets will map out N2
dependence, including Nal, Ar, and Ge. Results will be ready soon for the 22-kg single-phase
argon detector, for which there is a limit from an engineering run [34]. 185 kg of Nal is currently
deployed in high-threshold mode, with 3.3 tons in the planning phase; 16 kg of HP Ge detectors
will be deployed in 2020. Future concepts for COHERENT include a 750 kg LAr detector as
well as a ton-scale heavy water detector to exploit the theoretically well known v, — d cross
section for flux normalization.

3.1.2. Coherent Captain Mills Another stopped-pion source detector in the development stage
is Coherent Captain Mills, planned for a new beamline at the Lujan facility at Los Alamos
National Laboratory [27]. The power of this source is 80-kW, but the collaboration plans 5-ton
scale detectors at different locations, with a physics emphasis on a sterile neutrino oscillation
search.

3.2. Reactor sources

Reactor sources are composed entirely of 7,, and extremely large fluxes, some 2 x 10?° neutrinos
per second per GW [35], are emitted by power reactors. However, because reactor neutrino
energies rarely exceed about 8 MeV, the resulting CEvNS recoil energies are tiny, which
makes reactor CEvNS experiments challenging. Furthermore, because reactors are steady-state
sources, background rejection is challenging. Nevertheless, many experimental collaborations
are attempting to observe CEvVNS at reactors, often with novel detector technologies. Table 1
summarizes some of these.

Two of these for which progress was presented at this conference are mentioned in a bit more
detail here.
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Table 1. Reactor neutrino CEvVNS experiments.

Experiment Technology Location
CONNIE [36] Si CCDs Brazil
CONUS [37] HPGe Germany
MINER |[38] Ge/Si cryogenic USA
NUCLEUS [39] Cryogenic CaWQy, AloO3 Germany
vGEN [40] HPGe Russia
RED-100 [41] LXe dual phase Russia
Ricochet [42] Ge, Zn bolometers France
TEXONO [43] p-PCGe Taiwan

3.2.1. CONUS The CONUS collaboration has deployed 4 kg of Ge PPC detectors, with
~300 eV thresholds, about 17 m from the core of the 3.9-GW Brokdorf reactor. Extensive
background campaigns [37] have shown that the reactor-related background is small. The
preliminary result shown at Neutrino 2018 indicated a 2.40 statistical excess over background
consistent with CEvVNS [44]. Systematics are still under study.

3.2.2. NuCleus The Nu-Cleus collaboration is developing novel low-threshold detectors, “gram-
scale cryogenic calorimeters”, made of CaWQO, or AlsO3, with sensitivity at the 10 eV level.
Calorimeters have the advantage of lack of quenching factor uncertainty. The development is
currently at the gram-scale, but the collaboration aims for kg scale by 2024 [39].

4. CEvNS from astrophysical sources

CEvNS is also useful as an interaction channel with which to observe astrophysical signals.
There are a number of natural neutrino sources in the energy range below about 100 MeV:
solar, DSNB, and atmospheric neutrinos. These steady-state sources make up the neutrino
floor. Solar neutrinos in particular are an interesting subject for study with large underground
dark-matter detectors [16]. A core-collapse supernova will over a short time interval- a few
tens of seconds— result in a high neutrino flux, well above the neutrino floor level [15, 16]. This
burst is observable in large dark matter detectors, at a rate of a handful per ton for a supernova
at 10 kpc; see Fig. 3. Notably, the proposed DARWIN 40-kton xenon detector [45, 17] has
significant capabilities.

5. Summary

In summary, CEvNS is a high-rate neutrino interaction, with a cleanly-predicted N? dependence
in the standard model. It results in very low energy recoils, but these are now within reach
for neutrinos in the few tens of MeV range from stopped-pion sources. The COHERENT
experiment’s “first light” measurement at the SNS has resulted in new constraints on BSM
neutrino properties. This measurement is just the beginning. Reactor-neutrino CEvNS searches,
which seek to observe even lower energy recoils than for stopped-pion neutrinos, are being
pursued by multiple collaborations with novel technologies. Astrophysical neutrinos in the
<100 MeV range are another interesting prospect for CEvNS. We expect many more exciting
CEvNS-related results in the near and farther future.
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