
delayed muon antineutrinos !nm—each with char-
acteristic energy and time distributions (fig. S2),
and all having a similar CEnNS cross section for a
given energy. During beam operation, approx-
imately 5 × 1020 protons-on-target (POT) are
delivered per day, each proton returning ~0.08
isotropically emitted neutrinos per flavor. An
attractive feature is the pulsed nature of the
emission: 60 Hz of ~1 ms–wide POT spills. This
allows us to isolate the steady-state environmental
backgrounds affecting a CEnNS detector from
the neutrino-induced signals, which should occur
within ~10-ms windows after POT triggers. Similar
time windows preceding the triggers can be
inspected to obtain information about the nature
and rate of steady-state backgrounds, which can
then be subtracted (31, 34). A facility-wide 60-Hz
trigger signal is provided by the SNS at all times.
As large as this neutrino yield may seem,

prompt neutrons escaping the iron and steel
shielding monolith surrounding the mercury
target (Fig. 2) would swamp a CEnNS detector
sited at the SNS instrument bay. Neutron-
induced nuclear recoils would largely dominate
over neutrino-induced recoils, making experi-
mentation impossible. This led to a systematic
investigation of prompt neutron fluxes within
the SNS facility (34). A basement corridor, now
dubbed the “neutrino alley,” was found to offer
locations with more than 12 m of additional
void-free neutron-moderating materials (concrete,
gravel) in the line of sight to the SNS target
monolith. An overburden of 8 m of water equiv-
alent (m.w.e.) provides an additional reduction
in backgrounds associated with cosmic rays. The
CsI[Na] CEnNS detector and shielding described
next were installed in the corridor location nearest
to the SNS target (Fig. 2).
The advantages of sodium-doped CsI as a

CEnNS detection material, its characterization
for this application, and background studies using
a 2-kg prototype are described in (31). Heavy
cesium and iodine nuclei provide large cross sec-
tions and nearly identical response to CEnNS
(Fig. 1B) while generating sufficient scintillation
for the detection of nuclear recoil energies down
to a few keV. We performed supplementary cal-
ibrations of the final 14.6-kg CsI[Na] crystal before
its installation at the SNS, as well as studies of
the scintillation response to nuclear recoils in
the relevant energy region (34). In addition to
these, an initial dedicated experiment was per-
formedat the chosendetector location,measuring
the very small flux of prompt neutrons able to
reach this position and constraining the max-
imum contribution from the neutrino-induced
neutron (NIN) background that can originate in
lead shielding surrounding the detector (Fig. 1B)
(34). The conclusion from this measurement was
that a CEnNS signal should largely dominate over
beam-related backgrounds. The level of steady-
state environmental backgrounds achieved in the
final crystal slightly improved on expectations
based on the prototype in (31), mostly because
of refinements in data analysis and the presence
of additional shielding. Further information about
the experimental setup is provided in (34).
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Fig. 1. Neutrino interactions. (A) Coherent elastic neutrino-nucleus scattering. For a
sufficiently small momentum exchange (q) during neutral-current neutrino scattering (qR < 1,
where R is the nuclear radius in natural units), a long-wavelength Z boson can probe the
entire nucleus and interact with it as a whole. An inconspicuous low-energy nuclear recoil is
the only observable. However, the probability of neutrino interaction increases substantially
with the square of the number of neutrons in the target nucleus. In scintillating materials, the
ensuing dense cascade of secondary recoils dissipates a fraction of its energy as detectable
light. (B) Total cross sections from CEnNS and some known neutrino couplings. Included
are neutrino-electron scattering, charged-current (CC) interaction with iodine, and inverse beta
decay (IBD). Because of their similar nuclear masses, cesium and iodine respond to CEnNS
almost identically. The present CEnNS measurement involves neutrino energies in the range
~16 to 53 MeV, with the lower bound defined by the lowest nuclear recoil energy measured
(fig. S9) and the upper bound by SNS neutrino emissions (fig. S2). The cross section for
neutrino-induced neutron (NIN) generation following 208Pb(ne, e

– xn) is also shown, for single
and double neutron production. This reaction, originating in lead shielding around the detectors,
can generate a potential beam-related background affecting CEnNS searches. The cross
section for CEnNS is more than two orders of magnitude larger than for IBD, the mechanism
used for neutrino discovery (35).

Fig. 2. COHERENTdetectors populating the “neutrino alley” at the SNS. Locations in this
basement corridor profit from more than 19 m of continuous shielding against beam-related neutrons
and a modest 8 m.w.e. overburden able to reduce cosmic ray–induced backgrounds, while sustaining an
instantaneous neutrino flux as high as 1.7 × 1011 nm cm

–2 s–1.
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Neutrino sources
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Fig. 9. Technical drawing of a up-scaled calorimeter array us-
ing state-of-the-art wafer sizes of 150mm diameter (e.g. Al2O3

as target and Si as holder). In one production step, a total
target mass of ⇠ 110 g can be achieved using an array of 225
crystals.

3 Detection of Coherent Neutrino Scattering

3.1 Case 1: At a nuclear power reactor

3.1.1 Signal expectation

Nuclear power reactors are among the most intense (anti-)
neutrino sources on earth and therefore a highly interest-
ing site for the detection of CNNS.

A benchmark reactor with a thermal power of 4GW, a
typical value for a two-core reactor plant, yields⇠ 1.2 · 1020

fissions per second and an isotropic neutrino rate of R⌫ ⇡

7.5 · 1020 s�1 [38]. The neutrino flux �(E⌫) can be calcu-
lated as

�(E⌫) =
R⌫

4⇡d2

X

i

ni�i(E⌫) (10)

with the distance to the core d, the fraction ni of the
fuel component i and the respective normalized neutrino-
energy spectrum �i(E⌫). Fig. 10 shows the neutrino flux
for a standard fuel composition (62% of 235U, 30% of 239Pu
and 8% of 238U [39]) from a 4GW reactor at a distance of
d = 15m from the core. The di↵erential recoil spectrum
in the detector can be written as

dS

dER
= Nt

Z 1

Emin

d�(E⌫ , ER)

dER
�(E⌫)dE⌫ (11)

using Equ. 1.Nt is the number of target nuclei and Emin =p
ERM/2 the smallest neutrino energy leading to a recoil

of a nucleus with the mass M .
The di↵erential recoil spectra of coherently scattered

anti-neutrinos in CaWO4 and Al2O3 detectors at di↵erent
distances d from the core of the benchmark reactor plant
are shown in Fig. 11. Due to the N2 dependency of the
CNNS cross section (see Equ. 1), the heavy element W
boosts significantly the rate on CaWO4 below 100 eV (full
red line) to ⇠ 4 · 104/[kg keV day]. The rate expected for
Al2O3 (full green line), however, stays almost constant at
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Fig. 10. Anti-neutrino flux from a benchmark pressurized-
water nuclear reactor with a thermal power of 4GW at a dis-
tance of 15m. A standard fuel composition is used for the cal-
culation: 62% of 235U, 30% of 239Pu and 8% of 238U. [39]

Table 1. Integrated CNNS count rate from a nuclear reactor
with a total thermal power of 4GW at di↵erent distances d
between Eth and 5 keV. The rates are integrated up to 5 keV.

d [m] Eth [eV] counts/[kg day] counts/[array day]
CaWO4 Al2O3 CaWO4 Al2O3

15 5 790.3 112.8 5.44 0.51
10 690.2 110.1 4.75 0.49
20 547.2 105.4 3.77 0.47

40 5 111.1 15.9 0.77 0.07
10 97.1 15.5 0.67 0.07
20 77.0 14.8 0.53 0.07

100 5 17.8 2.5 0.12 0.01
10 15.5 2.5 0.11 0.01
20 12.3 2.4 0.08 0.01

a value of ⇠ 1·103/[kg keV day] below ⇠ 300 eV. The rates
for d = 40m are about a factor of 7 lower (dashed lines).
The strong material dependence of the CNNS rate is a
powerful tool to discriminate the signal from irreducible
backgrounds. The signal rate is significantly di↵erent for
CaWO4 and Al2O3, e.g. at 10 eV the ratio is ⇠ 9.3. In
contrast, the background counts from external gamma ra-
diation is comparable (within a factor of ⇠ 2). Further,
similar neutron background spectra are expected since in
both materials - for neutron induced scatters - dominantly
O scatters are above energy threshold due to kinematics.

The integrated count rates for di↵erent energy thresh-
olds Eth and distances d are listed in Table 1. The signal
is integrated up to an energy of 5 keV where the contribu-
tion to the signal is negligible. Count rates are given per
day and kg as well as per day and detector array (CaWO4:
6.84 g, Al2O3: 4.41 g). A signal rate of up to ⇠ 10 counts
per array and day is expected for CaWO4 target calorime-
ters.

Due to the relatively high rates predicted at such sites,
the detection of CNNS with a small-scale detector of low
threshold (⇠10 eV) at a moderate distance from the core
is clearly in reach.

235U
239Pu
238U

Reactor

Space

 Katz, U.F. et al. Prog.Part.Nucl.Phys. 67 (2012) 651
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Another difficulty: quenching
Nuclear recoil energy is not fully converted to ionization or scintillation

�6

experiments. To validate a reliable model for ionization efficiency
in the low energy region, we plot the experimental data points to-
gether with several theoretical models including the proposed
model in this work in Fig. 7. It is quite clear in Fig. 7 that Lindhard’s
model with k ¼ 0:1 or k ¼ 0:2 does not agree with the measured
data points in particular for the low energy region. This is because
k ¼ 0:159 for germanium according to Lindhard’s theory [29].
There is no theoretical ground to choose k ¼ 0:1 or k ¼ 0:2 in Lind-
hard’s model. If k ¼ 0:159 is chosen for Lindhard’s model, there is a
fair agreement between Lindhard’s model and the proposed model
in this paper. The difference is on the average of 10% across the en-
ergy range from 1 to 100 keV. This can be understood according to
Lindhard’s theory in which Lindhard pointed out that his model
possesses uncertainty in the low energy region [56]. It is thus
important to notice that k ¼ 0:159 must be chosen if one uses Lind-
hard’s model for germanium detector. The 10% error could shift the
analysis threshold by ±0.2 keV at the recoil energy of 2 keV. This is
a large enough error to generate argument and result in discrep-
ancy in the analysis. A numerical comparison between different
values of constants for Lindhard’s model, the best fit of Collar
et al. and the proposed model is shown in Table 1. As can be seen
in Fig. 7 and Table 1, the proposed model is reliable from 1 keV to
100 keV.

6. Application of the proposed model to the Thresholds of CDMS
II and CoGeNT

CoGeNT claimed the evidence of annual modulation indicating a
mass of "7 GeV WIMPs [19]. CDMS II failed to confirm CoGeNT’s
claim [21]. Both experiments use germanium detectors located in
the Soudan Mine. CoGeNT cannot discriminate electronic recoils
from nuclear recoils while CDMS II possesses a good capability of

discriminating n-c events. The discrepancy between two experi-
ments lies in whether CoGeNT sees nuclear recoil events that are
below the detection threshold of CDMS II.

CDMS II used a 2 keV nuclear recoil threshold in the analysis of
the low energy region [20] in which the ionization efficiency is
15.8% [20]. We calculate a difference in the energy scale by
0:1805#0:158

0:1805 = 12.5%, where 18.05% is the ionization efficiency at
2 keV nuclear recoil energy from the proposed model. To interpret
the CDMS II threshold with the proposed model, we multiply it by
the ratio of the ionization efficiencies: 2 keV$ 0:158

0:185 = 1.75 keV. This
is the CDMS II threshold in the energy scale of the proposed model
assuming that the CDMS II energy scale determined by the phonon
signal is correct.

Using the proposed model, the analysis threshold of CoGeNT,
0.5 keV electronic equivalent energy, is calculated to be 2.7 keV nu-
clear recoil energy. The lowest threshold of CoGeNT, 0.4 keV elec-
tronic equivalent energy, corresponds to 2.23 keV of nuclear
recoil energy. Thus, the CDMS II threshold of 1.75 keV is lower than
both the 2.7 keV analysis threshold of CoGeNT and the 2.23 keV
lower limit of the CoGeNT detector. Fig. 8 shows a threshold energy
comparison between CoGeNT and CDMS II. As can be seen, the
CoGeNT is fully contained by CDMS II using our model in this
paper.

Using Collar’s best fit equation, Eq. (15), the lowest electronic
equivalent energy of 0.4 keV corresponds to 1.87 keV of nuclear re-
coil. The difference between the Collar’s best fit equation and the
model proposed in this work is about 18% in calculating nuclear re-
coil energy for a visible energy of 0.4 keV.

7. Conclusion

We have developed a new model for ionization efficiency by
analyzing the components of stopping power and the fundamental
physics that must be considered to accurately understand low en-
ergy nuclear stopping power. This model is first calculated for ger-
manium as it is the simplest of detectors. The result is compared to
both experimental data and previous theoretical models. When
compared with the experimental data points, this model passes
in the middle of the data points. It shows some agreement with a
few sets of data but discrepancies between others. Many sets of
experimental data did not span the entire range needed, especially
at low energies data points are scarce, and so verification will be
necessary as a next step. When compared to the theoretical mod-
els, there is a fair agreement between Lindhard model with
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Fig. 7. Ionization efficiency as a function of energy of nuclear recoils. Shown is a
comparison between the measured data points and the popular models including
the proposed model in this work.

Table 1
Comparison between visible energies at a given recoil energy for the models and the
Collar’s best fit (all energies in keV).

Recoil energy Proposed model Collar Lindhard

k = 0.1 k = 0.159 k = 0.2

1 0.169 0.199 0.116 0.174 0.208
2 0.361 0.433 0.256 0.381 0.455
5 1.01 1.21 0.733 1.08 1.28

10 2.24 2.62 1.63 2.37 2.80
20 4.96 5.70 3.65 5.26 6.17
50 14.0 15.9 10.7 15.2 17.7
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Fig. 8. The threshold energy of CoGeNT versus that of CDMS II for WIMPs with mass
of 7 GeV and an interaction cross section of 2.5 $10#41 cm2. Included in this plot is
the event rate verses recoil energy of other common (or considered) targets for
WIMP dark matter detection.
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43 years to be discovered
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NEUTRINO PHYSICS

Observation of coherent elastic
neutrino-nucleus scattering
D. Akimov,1,2 J. B. Albert,3 P. An,4 C. Awe,4,5 P. S. Barbeau,4,5 B. Becker,6 V. Belov,1,2
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A. Khromov,2 A. Konovalov,1,2,17 M. Kremer,4 A. Kumpan,2 C. Leadbetter,4 L. Li,4,5

W. Lu,14 K. Mann,4,15 D. M. Markoff,4,7 K. Miller,4,5 H. Moreno,11 P. E. Mueller,14

J. Newby,14 J. L. Orrell,16 C. T. Overman,16 D. S. Parno,13¶ S. Penttila,14 G. Perumpilly,9
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K. Scholberg,5 B. J. Scholz,9 G. Sinev,5 W. M. Snow,3 V. Sosnovtsev,2 A. Shakirov,2
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R. L. Varner,14 C. J. Virtue,20 Z. Wan,4 J. Yoo,21 C.-H. Yu,14 A. Zawada,4

J. Zettlemoyer,3 A. M. Zderic,13 COHERENT Collaboration#

The coherent elastic scatteringof neutrinos off nuclei has eludeddetection for fourdecades, even
though its predicted cross section is by far the largest of all low-energy neutrino couplings.This
mode of interaction offers new opportunities to study neutrino properties and leads to a
miniaturization of detector size, with potential technological applications.We observed this
process at a 6.7s confidence level, using a low-background, 14.6-kilogram CsI[Na] scintillator
exposed to the neutrino emissions from the Spallation Neutron Source at Oak Ridge National
Laboratory.Characteristic signatures in energyand time, predictedby the standardmodel for this
process, were observed in high signal-to-background conditions. Improved constraints on
nonstandard neutrino interactions with quarks are derived from this initial data set.

T
he characteristic most often associated
with neutrinos is a very small probability
of interaction with other forms of matter,
allowing them to traverse astronomical ob-
jects while undergoing no energy loss. As a

result, large targets (tons to tens of kilotons) are
used for their detection. The discovery of a weak
neutral current in neutrino interactions (1) im-
plied that neutrinos were capable of coupling
to quarks through the exchange of neutral Z
bosons. Soon thereafter, it was suggested that
this mechanism should also lead to coherent
interactions between neutrinos and all nucleons
present in an atomic nucleus (2). This possibility
would exist only as long as the momentum ex-
changed remained smaller than the inverse of
the nuclear size (Fig. 1A), effectively restricting
the process to neutrino energies below a few tens
of MeV. The enhancement to the probability of

interaction (scattering cross section)would, how-
ever, be very large relative to interactions with
isolated nucleons, approximately scalingwith the
square of the number of neutrons in the nucleus
(2, 3). For heavy nuclei and sufficiently intense
neutrino sources, this can lead to a marked re-
duction indetectormass, down to a fewkilograms.
Coherent elastic neutrino-nucleus scattering

(CEnNS) has evaded experimental demonstra-
tion in the 43 years since its first theoretical
description. This is somewhat surprising, in view
of the magnitude of its expected cross section
relative to other tried-and-tested neutrino cou-
plings (Fig. 1B) and of the availability of suitable
neutrino sources: solar, atmospheric, and terres-
trial sources as well as supernova bursts, nuclear
reactors, spallation facilities, and certain radio-
isotopes (3). This delay stems from the difficulty
in detecting the low-energy (few keV) nuclear

recoil produced as the single outcome of the
interaction. Relative to a minimum ionizing par-
ticle of the same energy, a recoiling nucleus has
a diminished ability to generate measurable
scintillation or ionization in common radiation
detector materials. This is exacerbated by a trade-
off between the enhancement to the CEnNS cross
section (brought about by a large nuclear mass)
and the smallermaximum recoil energy of a heavy
target nucleus.
The interest in CEnNS detection goes beyond

completing the picture of neutrino couplings pre-
dicted by the standard model of particle inter-
actions. In the time since its description, CEnNS
has been suggested as a tool to expand our knowl-
edge of neutrino properties. These studies include
searches for sterile neutrinos (4–6), a neutrino
magnetic moment (7, 8), nonstandard interac-
tions mediated by new particles (9–11), probes of
nuclear structure (12), and improved constraints
on the value of the weak nuclear charge (13). In
addition to these, the reduction in neutrino de-
tectormassmay lead to a number of technological
applications (14), such as nonintrusive nuclear
reactormonitoring (15). CEnNS is also expected to
dominate neutrino transport in neutron stars and
during stellar collapse (16–18). Direct searches for
weakly interactingmassive particles (WIMPs)—the
dark matter candidates most favored at present—
rely on the same untested coherent enhancement
to theWIMP-nucleus scattering cross section, and
will soon be limited by an irreducible CEnNS
background from solar and atmospheric neutrinos
(19). The importance of this process has gen-
erated a broad array of proposals for potential
CEnNS detectors: superconducting devices (3),
cryogenic detectors (20–22), modified semiconduc-
tors (23–25), noble liquids (26–30), and inorganic
scintillators (31), among others.
The Spallation Neutron Source (SNS) at Oak

Ridge National Laboratory generates the most in-
tense pulsedneutron beams in theworld, produced
by the interactions of accelerator-drivenhigh-energy
(~1 GeV) protons striking amercury target. These
beams serve an array of neutron-scattering
instruments and a cross-disciplinary community
of users. Spallation sources are known to sim-
ultaneously create a large yield of neutrinos, gen-
erated when pions, themselves a by-product of
proton interactions in the target, decay at rest.
The resulting low neutrino energies are favor-
able for CEnNS detection (3, 32, 33). Three
neutrino flavors are produced—prompt muon
neutrinos nm, delayed electron neutrinos ne, and
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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-

D. Akimov et al Science 357 (2017), 1123
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Coherent experiment
Spallation neutron source (SNS at Oakridge):

5x1020 POT/day, 0.08 νμ/p, 

16-53 MeV, 60 Hz pulsed νs  

Instantaneous flux at detector  
during 1 μs pulse: 1.7x1011 νμ/cm2/s
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Coherent Elastic

Neutrino-Nucleus Scattering

● CEνNS

● Relevant neutrino sources

● COHERENT

Sensitivity to new physics

Summary
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Signal observation
14.6 kg CsI[Na] scintillating crystal

153 days beam off  
308 days beam on

�9

Figure 3 displays ourmain result, derived from
15months of accumulated live time (fig. S1).When
comparing CsI[Na] signals occurring before POT
triggers and those taking place immediately after,
we observe a high-significance excess in the
second group of signals, visible in both the energy
spectrum and the distribution of signal arrival
times. This excess appears only during times of
neutrino production (“Beam ON” in the figure).
The excess follows the expected CEnNS signature
very closely, containing only a minimal contam-
ination from beam-associated backgrounds (34).
NINs have a negligible contribution, even smaller

than that from prompt neutrons, shown in the
figure. The formation of the excess is strongly
correlated to the instantaneous power on target
(fig. S14). All neutrino flavors emitted by the SNS
contribute to reconstructing the excess, as ex-
pected from a neutral current process. Stacked
histograms in Fig. 3 display the standard model
CEnNS predictions for prompt nm and delayed ne,
!nm emissions. Consistency with the standard
model is observed at the 1s level (134 ± 22 events
observed, 173 ± 48 predicted). A two-dimensional
(energy, time) profile maximum likelihood fit
favors the presence of CEnNS over its absence
at the 6.7s level (fig. S13). Further details and a
discussion of uncertainties are provided in (34),
together with similar results from a parallel
analysis (fig. S11).
Figure 4 shows an example of CEnNS applica-

tions: improved constraints on nonstandard inter-
actions between neutrinos and quarks, caused by
new physics beyond the standard model (9–11).
These are extracted from the maximum devia-
tion from standard model CEnNS predictions
allowed by the present data set (34), using the
parametrization in (30, 33).
As our experiment continues to run, neutrino

production is expected to increase in late 2017
by up to 30% relative to the average delivered
during this initial period. In addition to CsI[Na],
the COHERENT collaboration currently operates
a 22-kg single-phase liquid argon (LAr) detector,
185 kg of NaI[Tl] crystals, and three modules
dedicated to the study of NIN production in
several targets (Fig. 2). Planned expansion includes
a ~1-ton LAr detector with nuclear/electron recoil
discrimination capability, an already-in-hand
2-ton NaI[Tl] array simultaneously sensitive to
sodiumCEnNS and charged-current interactions in
iodine (Fig. 1B), and p-type point contact germa-
niumdetectors (24) with sub-keV energy threshold.
We intend to pursue the new neutrino physics op-
portunities providedbyCEnNSusing this ensemble.
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Fig. 3. Observation of coherent
elastic neutrino-nucleus scattering.
(A and B) Residual differences
(data points) between CsI[Na] signals
in the 12 ms after POT triggers and
those in a 12-ms window before,
as a function of (A) their energy
(number of photoelectrons detected)
and (B) event arrival time (onset of
scintillation). Steady-state
environmental backgrounds contrib-
ute to both groups of signals equally,
vanishing in the subtraction. Error
bars denote SD. These residuals are
shown for 153.5 live days of
SNS inactivity (“Beam OFF”) and
308.1 live days of neutrino production
(“Beam ON”), over which 7.48 GWh of
energy (~1.76 × 1023 protons) was
delivered to the mercury target.
Approximately 1.17 photoelectrons are expected per keV of cesium or iodine nuclear recoil energy (34). Characteristic excesses closely following the standard
model CEnNS prediction (histograms) are observed for periods of neutrino production only, with a rate correlated to instantaneous beam power (fig. S14).

Fig. 4. Constraints on nonstandard neutrino-
quark interactions.The blue region represents
values allowed by our data set at 90% confi-
dence level (c2min < 4.6) in euVee ; e

dV
ee space. These

quantities parameterize a subset of possible
nonstandard interactions between neutrinos
and quarks, where euVee ; e

dV
ee = 0,0 corresponds to

the standard model of weak interactions, and
indices denote quark flavor and type of cou-
pling. The gray region shows an existing con-
straint from the CHARM experiment (34).
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sin2ϑw at low Q 
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Future experiments to measure CENNS at reactors

Tthres Baseline Z/N Det. Tec. Fid. Mass

CONNIE 28 eV 30 m 1.0 CCD (Si) 1 kg
RED100 500 eV 19 m 0.70 Lq.Xe 100 kg
MINER 10 eV 1 m 0.81 72Ge:28Si (2:1) 30 kg
TEXONO 100 eV 28 m 0.79 HPGe 1 kg
CONUS 100 eV 10 m 0.79 HPGe 100 kg

Omar Miranda (Cinvestav ) Future sensitivity of Cevns to a weak mixing angle November 3, 2018 14 / 26
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Canas et al. Phys. Lett. B 784, 159 (2018)

D. Androic et al., Nature 557 207 (2018)

C. Patrignani et al., Chin. Phys. C 40 100001 (2016)

For the current constraint from COHERENT see D. K. Papoulias and T. Kosmas Phys.Rev. D97 (2018) no.3, 033003

Omar Miranda (Cinvestav ) Future sensitivity of Cevns to a weak mixing angle November 3, 2018 20 / 26
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Non-standard interactions
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Sterile neutrinos

Puzzle  
not yet solved

�13
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Figure 2

The Gallium neutrino (a) and reactor antineutrino (b) anomalies.

The LSND anomaly has been explored in the MiniBooNE experiment that is operating

at Fermilab since 2002. In this experiment the neutrinos are produced by the 8 GeV protons

from the Fermilab booster hitting a beryllium target and producing a beam of pions. The

sign of the pions that are focalized towards the detector is determined by the polarity of a

focusing horn. The detector, placed at a distance of 541 m from the target, consists of a

tank filled with 818 tons of pure mineral oil (CH2) viewed by 1520 phototubes that detect

the Cherenkov light and isotropic scintillation produced by charged particles.

Since in MiniBooNE the neutrino energy ranges from 200 MeV to 3 GeV the range of

L/E, from 0.18 to 2.7 m/MeV, covers the LSND range of L/E (from 0.5 to 1.5 m/MeV).

However, since in LSND L/E is smaller than 1.5 m/MeV, the LSND signal should be seen

in MiniBooNE for E & 360MeV.

Initially the MiniBooNE experiment operated in “neutrino mode” with a focused beam

of ⇡+ that decayed in a decay tunnel producing an almost pure beam or ⌫µ’s. In the first

article (33) the MiniBooNE collaboration considered the data with E > 475MeV, arguing

that this threshold “greatly reduced a number of backgrounds with little impact on the

fit’s sensitivity to oscillations”. No excess over background was observed, leading to a 98%

exclusion of neutrino oscillation as the explanation of the LSND anomaly. However an excess

of ⌫e-like events was observed below the 475MeV analysis threshold. This low-energy excess

was confirmed in the following years, in both neutrino (6,34) and antineutrino (35) modes,

whereas the data above 475MeV continued to show little or no excess over the backgrounds.

Since most of the energy range below 475MeV correspond to values of L/E outside the

LSND range, the low-energy excess is an e↵ect di↵erent from the LSND anomaly, and it has

been considered as the “MiniBooNE low-energy anomaly”. A possible explanation of this

anomaly is that the low-energy excess is produced by photons, that cannot be distinguished

from
(�)
⌫e-like events in the MiniBooNE detector (single photon events are generated by

neutral-current ⌫µ-induced ⇡0 decays in which only one of the two decay photons is visible).

This possibility is going to be investigated in the MicroBooNE experiment at Fermilab (36),

with a large Liquid Argon Time Projection Chamber (LArTPC) in which electrons and

photons can be distinguished.

12 C. Giunti and T. Lasserre
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Results of SBL
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⌫µ disappearance experiments (a) and global fit of appearance and disappearance

data (b).

combined allowed region without the low-energy MiniBooNE data (Fig. 4b) is larger than

that with low-energy MiniBooNE data (Fig. 4a) and allows smaller values of sin2 2#eµ. This

is important in the global fit appearance and disappearance data discussed in Subsection 4.4,

because the disappearance data constrain severely sin2 2#eµ, according to Eq. (18).
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combined allowed region without the low-energy MiniBooNE data (Fig. 4b) is larger than

that with low-energy MiniBooNE data (Fig. 4a) and allows smaller values of sin2 2#eµ. This

is important in the global fit appearance and disappearance data discussed in Subsection 4.4,

because the disappearance data constrain severely sin2 2#eµ, according to Eq. (18).
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Implication for dark matter search
WIMPs are detected via nuclear recoils: 

ultimate background from solar and atmospheric CEνNS
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FIG. 8: Left: Constraints and projections (90% c.l.) for the DM-nucleon scattering cross
section. Thick gray lines are current world-leading constraints [108, 116, 129, 130]. Projections are
shown with solid/dashed/dotted lines indicating a short/medium/long timescale, respectively, with
the same meaning as in Fig. 6. Blue lines denote the DoE G2 experiment projections. Yellow region
denotes the WIMP-discovery limit from [131] extended to lower masses for He-based experiments.
Right: As in left plot, but focused on the 100 MeV to 10 GeV DM mass range.

FIG. 9: Constraints from direct-detection experiments (solid lines), colliders and indirect detection
(labelled, dashed), and projections for new experiments (labelled, dashed/dotted lines) for the
spin-dependent scattering cross section for protons or neutrons o↵ nuclei. Constraints
are shown from PICO-60 [116], LUX [132], PICO-2L [133], PICO-60 CF3I [134], and IceCube [135].
Projections from PICO (proton) and LZ (neutron) are also shown [115]. The expected background
from atmospheric, supernova and solar neutrinos in both xenon and C3F8 is shown by the shaded
regions [131].
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Neutrino-based tools for nuclear verification and diplomacy in North Korea
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We present neutrino-based options for verifying that the nuclear reactors at North Korea’s Yong-
byon Nuclear Research Center are no longer operating or that they are operating in an agreed man-
ner, precluding weapons production. Neutrino detectors o↵er a useful complement to traditional
verification protocols because they do not require access inside reactor buildings. At Yongbyon,
neutrino detectors could passively verify reactor shutdowns or monitor power levels and plutonium
contents, all from outside the reactor buildings. The monitoring options presented here build on
recent successes in basic particle physics. Following a dedicated design study, these tools could be
deployed in as little as one year at a reasonable cost. In North Korea, cooperative deployment of
neutrino detectors could help redirect scientists and engineers from military applications to peaceful
technical work in an international community. Opportunities for scientific collaboration with South
Korea are especially strong. We encourage policymakers to consider collaborative neutrino projects
within a broader program of action toward stability and security on the Korean Peninsula.

I. CONTEXT: SHUTDOWN OR REPURPOSING
OF REACTORS AT YONGBYON

North Korea has built and operated nuclear reactors
since the 1960s. As far as public evidence indicates, all
functioning reactors have been at the Yongbyon Nuclear
Research Center. Plutonium for North Korea’s nuclear
weapons program has come from a 5MWe (20MWth)1

graphite-moderated, gas-cooled, natural uranium-fueled
reactor first operated in 1986 [1]. Also at Yongbyon is
a 100MWth experimental light water reactor (ELWR),
fueled with low-enriched uranium (LEU) [2] and appar-
ently approaching operation [3]. Yongbyon hosts another
small research reactor operated intermittently since the
1960s, remnants of a 50MWe reactor project decommis-

1
The distinction between electric power, denoted by a subscript

e, and thermal power, denoted by a subscript th, is important

because neutrino emissions are proportional to thermal power.

We refer to the 5MWe reactor by that name because it is the

more commonly used label.

sioned in the 1990s, facilities for nuclear fuel fabrication
and reprocessing, and a uranium enrichment plant [1, 4].

Leaders within and outside North Korea have proposed
the retirement of Yongbyon facilities as a move toward
reducing international tensions. The Pyongyang Joint
Declaration of September 2018 expresses North Korea’s
openness to “permanent dismantlement of the nuclear
facilities” at Yongbyon in exchange for U.S. actions [5].
U.S. o�cials voiced support for complete, verified dis-
mantlement [6]. An important step in dismantlement
would be shutdown of the reactors. This step would pre-
cede removal of reactor buildings by months to years to
allow residual radioactivity to decay. As an alternative
or precursor to full dismantlement, a former U.S. nuclear
o�cial has suggested “demilitarization” of Yongbyon [4].
Demilitarization could proceed via cooperative conver-
sion of the reactors from weapons preparation to civilian
uses such as power generation and medical isotope pro-
duction.

Whatever goal policymakers pursue for Yongbyon,
they will seek concrete, objective assurance that agreed
limits are upheld. For reactors, traditional verification
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Coherent neutrino scattering at reactors

The CONNIE experiment
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Abstract. The CONNIE experiment uses fully depleted, high resistivity CCDs as particle
detectors in an attempt to measure for the first time the Coherent Neutrino-Nucleus Elastic
Scattering of antineutrinos from a nuclear reactor with silicon nuclei. This talk, given at the
XV Mexican Workshop on Particles and Fields (MWPF), discussed the potential of CONNIE
to perform this measurement, the installation progress at the Angra dos Reis nuclear power
plant, as well as the plans for future upgrades.

1. Introduction
The Coherent Elastic Neutrino-Nucleus Scattering (CE⌫NS), is a Standard Model (SM) process

where a neutrino, or antineutrino, interacts with a nucleus as a whole entity [1]. It arises from

the coherent enhancement of the interaction cross-section with the constituent nucleons, when

the 4-momentum transfer is small compared to the reciprocal of the nuclear size: |q2| < 1/R2
;

in the laboratory frame, this corresponds roughly to incident neutrino energies E⌫ < 50 MeV.

Its di↵erential cross-section, to lowest order in T/E⌫ , is [2]

d�

dT
(E⌫ , T ) =

G2
F

8⇡
[Z(4 sin

2 ✓W � 1) +N ]
2 M

✓
2�

MT

E2
⌫

◆
|f(q2)|2 , (1)
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30 December 2016

Abstract. We present the potential sensitivity of a future recoil detector for a first
detection of the process of coherent elastic neutrino nucleus scattering (CE⌫NS). We
use the Chooz reactor complex in France as our luminous source of reactor neutrinos.
Leveraging the ability to cleanly separate the rate correlated with the reactor thermal
power against (uncorrelated) backgrounds, we show that a 10 kilogram cryogenic
bolometric array with 100 eV threshold should be able to extract a CE⌫NS signal
within one year of running.

Keywords: neutrino coherent scattering, reactor neutrinos.
Submitted to: J. Phys. G: Nucl. Part. Phys.
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Research program towards observation of

neutrino-nucleus coherent scattering

H T Wong1,∗, H B Li1, S K Lin1, S T Lin1, D He2, J Li2, X Li2, Q
Yue2, Z Y Zhou3 and S K Kim4
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3 Department of Nuclear Physics, Institute of Atomic Energy, Beijing 102413, China.
4 Department of Physics, Seoul National University, Seoul 151-742, Korea.
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Abstract. The article describes the research program towards an experiment to observe
coherent scattering between neutrinos and the nucleus at the power reactor. The motivations of
studying this process are surveyed. In particular, a threshold of 100-200 eV has been achieved
with an ultra-low-energy germanium detector prototype. This detection capability at low energy
can also be adapted for searches of Cold Dark Matter in the low-mass region as well as to enhance
the sensitivities in the study of neutrino magnetic moments.

Neutrino coherent scattering with the nucleus[1]

ν + N → ν + N (1)

is a fundamental neutrino interaction which has never been experimentally observed. The
Standard Model cross section for this process is given by:

(
dσ

dT
)cohSM =

G2
F

4π
mN[Z(1 − 4sin2θW) − N]2[1 −

mNTN

2E2
ν

] (2)

σtot =
G2

FE2
ν

4π
[Z(1 − 4sin2θW) − N]2 , (3)

where mN, N and Z are the mass, neutron number and atomic number of the nuclei, respectively,
Eν is the incident neutrino energy and TN is the measure-able recoil energy of the nucleus. This
formula is applicable for Eν < 50 MeV where the momentum transfer (Q2) is small such that
Q2R2 < 1, where R is the nuclear size. Although the cross-section is relatively large due to
the ∼N2 enhancement by coherence, the small kinetic energy from nuclear recoils poses severe
experimental challenges both to the detector sensitivity and to background control. Various
detector techniques have been considered[2] to meet these challenges.

Measurement of the coherent scattering cross-section would provide a sensitive test to the
Standard Model[3], probing the weak nuclear charge and radiative corrections due to possible
new physics above the weak scale. The coherent interaction plays important role in astrophysical
processes where the neutrino-electron scatterings are suppressed due to Fermi gas degeneracy.

Background Studies for the MINER Coherent Neutrino Scattering Reactor
Experiment

G. Agnoleta, W. Bakera, D. Barkerb, R. Becka, T.J. Carrollc, J. Cesarc, P. Cushmanb, J.B. Dentd,
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Abstract

The proposed Mitchell Institute Neutrino Experiment at Reactor (MINER) experiment at the Nuclear
Science Center at Texas A&M University will search for coherent elastic neutrino-nucleus scattering within
close proximity (about 2 meters) of a 1MW TRIGA nuclear reactor core using low threshold, cryogenic
germanium and silicon detectors. Given the Standard Model cross section of the scattering process and the
proposed experimental proximity to the reactor, as many as 5 to 20 events/kg/day are expected. We discuss
the status of preliminary measurements to characterize the main backgrounds for the proposed experiment.
Both in situ measurements at the experimental site and simulations using the MCNP and GEANT4 codes
are described. A strategy for monitoring backgrounds during data taking is briefly discussed.

1. Introduction

The cross section for the coherent elastic scattering of neutrinos o↵ of nuclei (CE⌫NS) [1] is a long-
standing prediction of the Standard Model, but has yet to be measured experimentally in part due to the
extremely low energy threshold needed for detection with typical high flux neutrino sources such as nuclear
reactors. Improvements in semiconductor detector technologies [2] which utilize the Neganov-Luke phonon
amplification method [3] have brought CE⌫NS detection within reach. The Mitchell Institute Neutrino
Experiment at Reactor (MINER) experiment, currently under development at the Nuclear Science Center
(NSC) at Texas A&M University, will leverage this detector technology to detect CE⌫NS and measure its
cross section. If successful, the CE⌫NS interactions can be used to probe new physics scenarios including
a search for sterile neutrino oscillations, the neutrino magnetic moment, and other processes beyond the
Standard Model [4–7]. The experiment will utilize a megawatt-class TRIGA (Training, Research, Isotopes,
General Atomics) pool reactor stocked with low-enriched (about 20%) 235U. This reactor has an unique
advantage of having a movable core and provides access to deploy detectors as close as about 1m from the

Preprint submitted to Nuclear Instruments and Methods A September 8, 2016
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Strigari
Connie
(CCD)

Ricochet
(NTD)

Miner
(iZIP)

CONUS (HPGe)



- p-type point contact HPGe
- 4x 1kg – active mass 3.85kg
- Spec. for pulser res. (FWHM) < 85eV

à noise threshold < 300eV
- electrical PT-cryocoolers
- ultra low background components
- close collaboration with Canberra

M. Lindner,  MPIK KICP, Nov. 2-3, 2018 9

Detectors: CONUS 1-4

resolution
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Lindner

Ionization detector: quenching factor can be an issue

Taking data at the Brokdorf 3.9 GWth reactor

Experimental Requirements

M. Lindner,  MPIK KICP, Nov. 2-3, 2018 4

• measure nuclear recoil energy T
for Eν = 10 MeV è Tmax ~ 3 keV (in Ge) 

• energy loss due to quenching (Lindhard)
è Quenching Factor (QF)

QF down to 0.2 in Ge → 600 eV 
è include systematic uncertainty
è QF improvements (EX, TH)  & old data

detection of CEnNS signal: 
• highest n flux
• low noise threshold (sub keV) + mass 
• very low background 

- radio-pure materials
- “virtual depth” shielding
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Heat bath 
10-100 mK
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Semiconductor detectors Cryogenic detectors

Quanta are phonons
�E /

p
✏E

w > 𝜀 , quenching

✏ = kBT (100mK) ⇠ 10µeV

 no quenching
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Miner (CDMS)
• IZIP TES with HV Luke amplification

• HV Amplification implies that the primary 
signal is due to ionisation

• Not clear the Quenching Factor at 10s of eVs. 
it might be zero.
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Mohapatra

Parameters Phase-1	(current	phase	
with	SupeprCDMS	

Phase-2	(Larger	phase	with	
Icebox	in	BlueFors	and	Max	payload 4	kg 30	kg

Baseline	
resolu6on

~7	eVee ~5	eVee

Lindhard ~1/6-1/5	(Ge)	and	~1/20?	
(Si)

~1/6-1/5	for	Ge	~1/20?	(Si)

NR	threshold ~100	eVNR*	in	Ge/Si	HV	 
300	eV	in	iZIP	with	

100	eVnr*	in	HV	in	Ge/Si	HV 
New	detectors	with	possible	Background ~1000	DRU ~100	DRU

Neutrino	Flux 1012/cm2.sec 1012/cm2.sec

Distance	from	
core

~4	m	–	10	m ~2m	–	10	m



M. Vignati 

Ricochet

�21

Ryfky

1�`Hv .2KQMbi`�iQ`, _1.ky- ?2�i +?�MM2H QMHv

Energy [keV]
5 5.5 6 6.5 7

Ev
en

t r
at

e 
[e

vt
s/

kg
/k

eV
/d

ay
)]

0

1000

2000

3000

4000
310◊

5.8
9 k

eV
34

 eV
 (R

M
S)

6.4
9 k

eV
34

 eV
 (R

M
S)55Fe calibration

Low energy X-rays

:`QmM/#`2�FBM; `2bmHib,
I R3 2o 2M2`;v `2bQHmiBQM U_JaV
I 88 2o 2M2`;v i?`2b?QH/
I rBi? � jk; :2 .2i2+iQ`

Energy [keV]
0 0.05 0.1 0.15 0.2

Tr
ig

ge
r a

nd
 L

ive
tim

e 
Ef

fic
ie

nc
y

0

0.2

0.4

0.6

0.8

1
Simulated energy

Reconstructed energy

Ra
nd

om
 tr

ig
ge

r [
co

un
ts

/(5
 e

V)
]

1

10

210

0.5 [eV]±= 55.150%E
0.5 [eV]±= 20.7�
= 0.27 %random > 60 eVf

100 % trigger

50 % trigger

Misiak 

Edelweiss technology: NTD thermistor on HPGE at 10 mK

Phonon detector: no quenching
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CRESST technology: TES on CaWO4 or Al2O3 at 10 mK

NEWS: Recent Measurements

Magnificent CEvNS, Raimund Strauss

NU-CLEUS 1g demonstrator

• Sapphire and CaWO4 crystals
• Flexible Si wafers as inner veto 

detectors

Seed money project

Si outer veto prototype

minimize the computing time and is then transformed back
to the time domain. The result is normalized so that it
reproduces the unfiltered pulse height at the pulse’s
maximum (see Fig. 6, left). The energy reconstruction
by the optimum filter agrees with that of the truncated
template fit on a 1% level in the linear region (up to 600 eV)
and deviates significantly above as expected due to a
different pulse shape caused by saturation (see Fig. 4,
inset). Below the truncation limit, a maximal deviation of
2.8% is observed which is considered as systematic error of
the energy calibration. The baseline energy resolution
after filtering is found to be σb ¼ ð3.74 # 0.21Þ eV. This
compares to a value of ð6.42 # 0.92Þ eV without
filtering, showing a clear improvement (see Fig. 6, right).
Accordingly, this effect reduces the energy threshold. This
improvement can be exploited using a data acquisition
system which continuously streams the detector output, so
that the pulse triggering can be done in postprocessing,
when signal and noise power spectra are known.
The functionality of such a software trigger based on the

optimum filter is illustrated in Fig. 7. A small artificial
pulse is superimposed on a randomly selected baseline
sample, drawn in the upper frame. The lower frame shows

the optimum filter output. The artificially added pulse
clearly is seen above a given threshold (dotted line), while
the random noise, which has a different pulse shape, is
suppressed.
In the following we discuss how the energy threshold

and the trigger efficiency can be determined in a direct way.
Generally speaking, the threshold on the output of the
optimum filter has to be chosen so as to be sensitive to the
smallest possible energy depositions, while at the same
time suppressing noise triggers sufficiently. Figure 8 (histo-
gram, right axis) shows the filter output of a set of pure
noise samples. In contrast to the determination of the
baseline noise (see above), the pulse position (in time) is
not fixed but the algorithm runs over the noise trace and
returns the maximal filter output. This explains the positive
average reconstructed energy. The bulk of the noise
samples has a reconstructed energy between 10 and
15 eV with a tail up to ∼19 eV. Most probably the latter
is due to small pulses on the noise samples which cannot by
identified by data-quality cuts selecting the noise samples.
This effect is enhanced due to the exponentially increasing
rate towards threshold in this calibration measurement. It is
reasonable to set the trigger threshold just above this
assumed noise population.
We choose a trigger threshold of 13.0 mV and validate

this choice by a study of the trigger efficiency as a function
of energy. Onto the set of baseline samples, template pulses
of various discrete pulse heights (from about 1 to 10 · σb)
are added. The energy-dependent trigger efficiency is the
fraction of the filtered artificial pulse samples which fall
above the threshold. Figure 8 (left axis) shows the results of
this procedure for the discrete pulse heights (crosses). The
resulting curve can be nicely fitted by the function
ptrigðEÞ ¼ 0.5 · ð1 þ erf½ðE − EthÞ=ð

ffiffiffi
2

p
σthÞ', where erf is

the Gaussian error function [11]. The validity of the
threshold choice manifests itself as a vanishing trigger

OFM
=(3.74±0.21)eV

TTF
=(6.41±0.92)eV

Time [40 s] Energy [eV]

P
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ei
gh

t [
V

]
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OFM

pulse sample
(E=600eV)

FIG. 6. Left: Pulse sample and optimum filter output in the time
domain. Right: Comparison of the baseline noise derived by the
TTF (black histogram) and the OFM (red dots). Gaussian fits to
the data are shown.
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FIG. 7. Demonstration of the optimum trigger. Upper plot: A
19.7 eV standard pulse is superimposed on a randomly chosen
noise sample (onset at sample 2000). Lower plot: Output of the
optimum filter applied to the sample. The pulse is clearly
triggered while noise contributions are suppressed sufficiently
below threshold, which is set at a pulse height of 13.0 mV
(see the text).

FIG. 8. Determination of the trigger threshold. Randomly
chosen noise samples are superimposed with template pulses
of different discrete energies (red crosses). The optimum trigger is
applied to these samples yielding the energy-dependent trigger
efficiency (left y axis). The data are fitted by an error function,
giving an energy threshold of Eth ¼ ð19.7 # 0.1Þ eV for 50%
efficiency. The width σth ¼ ð3.82 # 0.15Þ eV is in agreement
with the variance of the baseline noise. The reconstructed energy
of pure noise samples after filtering is shown in a histogram
(black, right y axis).

GRAM-SCALE CRYOGENIC CALORIMETERS FOR RARE- … PHYSICAL REVIEW D 96, 022009 (2017)

022009-5

Phys.	Rev.	D	96,	022009	(2017)	

Strauss 

20 eV threshold!

5 mm
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v-cleus: 2-phase approach

�23

NU-CLEUS 10g and 1kg 
NU-CLEUS 10g

Inner part

10cm

Outer part

NU-CLEUS 1kg

200g array in 1 production step

6 inch wafers

A scalable cryogenic detector

• Exploit 
semiconductor 
technology

• SQUID 
multiplexing

Breakthrough for the NU-CLEUS physics 
program!
Impact for other cryogenic experiments!

Magnificent CEvNS, Raimund Strauss



The CHOOZ Power Plant in France
CHOOZ reactor cores 

4.25GWth each

Established relation to reactor company 
(EDF)

Th. Lasserre (CEA)
M. Vivier (CEA)
V. Wagner (CEA)
G. Munch (EDF)
J. Molina (EDF)
R. Strauss (MPP)
A. Langenkämper (TUM)

Since March 2018: 
• Full access to inner zone of power plant
• Support from engineers on-site for infrastructure 

and safety
• Permission for background measurements on-site 
• Convention (CEA-EDF) for NU-CLEUS in preparation 

Magnificent CEvNS, Raimund Strauss
See Victoria‘s talk

New experimental site

M. Vignati 

v-cleus neutrino source
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The NU-CLEUS Collaboration 

NU-CLEUS, Raimund Strauss 53 

Stefan	Schönert	
Raimund	Strauss	
Luca	Pattavina	
Alexander	Langenkämper	
Angelina	Kinast	
Tobias	Ortmann	
Elizabeth	Mondragon-Cortes	
Lothar	Oberauer	
Franz	v.	Feilitzsch	

	

PD	
PD	
PhD	
PhD	

	

PD	
(PhD)	
PhD	with	CEA	(50/50)	

	

Thierry	Lasserre	
Matthieu	Vivier	
Victoria	Wagner	
Florence	Adellier-Desage	
Loris	Scola		
	
Claudia	Nones	
	
+PhDs...	
	

	

Jochen	Schieck	
Holger	Kluck	
Florian	Reindl	
Christoph	Schwertner	
Vasile	Ghete	

	

Federica	Petricca	
Johannes	Rothe	
Franz	Pröbst	
Dieter	Hauff	

	

Michele	Mancuso	
Lucia	Canonica	
Antonio	Bento	
Leo	Stodolsky	
Gode	Angloher	

	

Kick-Off Meeting 
Munich Nov7-9 2018 
~30 people 
Steering committee! 
 

Intersted insitutions: 
•  INFN, Sapienza 
•  IBS Korea??  
•  TU Vienna 
 

M. Vignati 

v-cleus collaboration
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Sensitivity Projection

Magnificent CEvNS, Raimund Strauss

Phase 2  > 2021

Phase 1 < 2021
COHERENT 2017

Present uncertainty of
low-E neutrino flux ~10%

Future (estimated) uncertainty
of low-E neutrino flux ~1%

stat.

syst. + stat.

stat.

syst. + stat.

Measured neutrino flux uncertainty

M. Vignati 

v-cleus sensitivity
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2019 	 		2020 	 				2021 	 				2022 	 						2023 															2024	

ERC grant 1.65M€ (TUM) 

SFB funds + proposal for large equipment SFB follow up (TUM) 

ANR proposal by CEA (Matthieu)  

FWF proposal in preparation by HEPHY (Holger)  

+ MPP, CEA, HEPHY, TUM core funds          ++ new collaborators  

FUNDING 

MILESTONES 

10g detector 
ready 

Cryostat shipped 

Shielding 
designed 

10g Detector 
commissioned 

Reactor setup 
ready 

10g measurement at 
reactor 

Multiplexing 
demonstrated 

Scalable DAQ/
Electronics 

Detector mass 
production 

demonstrated 

Decision on 
future 

Technology 
and Strategy 

v-cleus milestones
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40m 
4GW 

5mm 

Cryogenic detectors 

Dry Cryostat 

Data acquisition 

Acquisition software 

Analysis software framework 

Analysis 

Phenomenology 

Reactor-site management 

Shielding 

Setup integration 

SQUIDs, 
Electronics 

Background 
 characterization 

Simulations 

SQUID Multiplexing  

Multiplexing electronics 

Readout software 

Scalable DAQ 
Scalable Electronics 

Detector mass production 

Sensor production 
on large wafers 

IT / computing 

Calibration 

Slow 
control 

Muon veto 

New 
technology: 
KIDs ?  

v-cleus activities
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v-cleus: INFN interested people

Roma1: F. Cappella, L. Cardani, N. Casali, I. Colantoni,  A. Cruciani,  
C. Tomei and M. Vignati

Roma2: R. Cerulli

LNGS: L. Pattavina

Ferrara: V. Guidi and A. Mazzolari

Other INFN collaborators welcomed!

Next ν-cleus collaboration meeting, 21-22 May in Paris.
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Another INFN opportunity: 51Cr
• 36 kg of 50Cr owned by INFN (GALLEX experiment)

• 50Cr need to be converted to 51Cr at nuclear reactors

�30

Ongoing feasibility study  
C. Bellenghi, D. Chiesa , L. di Noto, M. Pallavicini, E. Previtali and M. Vignati
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BULLKID: Kinetic 
Inductance Detectors 
for coherent scattering
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Cryogenic sensors
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Thermistor: semiconductor with high-resistivity (e.g. Ricochet)

Transition edge sensor: superconductor at the transition (e.g. ν-cleus) 

22 2. TeO2 bolometric detectors for 0‹DBD search

Melt-doped Ge crystals cannot achieve the necessary uniformity due to the e�ect of
dopant segregation. The only technique available for producing uniform doping is
NTD: Ge wafers are bombarded with thermal neutron beams that, inducing nuclear
reactions, create donor (As and Se) and acceptor (Ga) impurities. The natural
abundances of Germanium are such that this doping technique allows to obtain the
right dopant concentration, which determines the sensor performances. Wafers are
then cut into pieces, each of them is a thermistor and its resistance can be expressed
as:

R = R0 exp
3
T0
T

4“
(2.14)

where R0 depends on the geometry and is roughly R0 = fl0 l/S, being l and S the
length and the section of the piece respectively. The parameters R0, T0 and “ are
determined experimentally. The measurement is made coupling the sensor to a low
temperature heat sink using an high conductivity epoxy, so that the electrothermal
feedback is negligible (see next section). The heat sink temperature is then varied
(15-50 mK) while a steady current flows through the thermistor. Using a calibrated
thermometer the parameters can be extracted from a fit to the R(T ) characteristic.
Typical parmeters of CUORE NTD’s are:

R0 = 1.15 � , T0 = 3.35 K and “ = 1/2 (2.15)

Using these values we can calculate the static resistance (RS) at the working
temperature TS = 10 mK to be approximately 100 M �.

2.2 Bolometer operation

To measure the resistance variation the thermistor is biased with the circuit shown
in figure 2.3(a). A bias voltage VB is produced by a voltage generator closed on a
load resistor that is put in series with the thermistor. The load resistance RL is
chosen much higher than the thermistor resistance Rbol so that the current in the
circuit I is constant and the voltage across the thermistor Vbol is proportional to
Rbol:

Vbol(T ) = I ·Rbol(T ) . (2.16)

This current produces a power dissipation P = V I that in turns heat the thermistor
decreasing its resistance, this phenomenon is known as “electrothermal feedback”.
In static conditions the thermistor temperature TS is

TS = Ths + P
K

(2.17)

where Ths is the temperature of the heat sink and K is the conductance to it. The
R≠ P dependence is depicted in figure 2.3(b). The electrothermal feedback makes
the I ≠ V relation deviate from linearity and leads to a non-ohmic behavior (see
figure 2.4(a)). Increasing the bias current the slope of the curve increases until it
crosses the so called inversion point (IP) and then decreases. In static conditions
the thermistor electric and thermal parameters are described by a point on the load
curve.

Figure 10: Constant current biasing of thermistors (left). Temperature dependence of the thermis-
tor resistivity for a T0 of 3K (blue) and 10K (red) (right).

10 eV, possibly approaching the thermodynamical limit. As shown in § 5.2, the detector speed –
i.e. the detector signal bandwidth, or its rise time τR – is another parameter guiding the design.
Furthermore, neutrino mass experiments with LTDs need to use large arrays of detectors. This
calls for ease of both fabrication and signal read-out. Along with the selection of the absorber
material containing the source, the above are the main guidelines for the design of an LTD based
neutrino mass experiment. The choice of the sensor technology is one of the first steps in the design.
To date, only three technologies have been exploited. These are the semiconductor thermistors,
the transition edge sensors, and the magnetic metallic sensors, and they will be briefly discussed
here (more details can be found in [60]). The possibility of employing other technologies, such as
the one of superconducting microwave microresonators, is also investigated but its perspectives are
not clear yet [70]. The application of LTDs to the spectroscopy of 187Re and 163Ho decays fully
overlaps the range of use of microcalorimeters developed for soft X-ray spectroscopy; therefore, in
the following the discussion will be restricted to thermal sensors for X-ray detection.

Semiconductor thermistors. These sensors are resistive elements with a heavy dependence of the
resistance on the temperature. Usually, they consist of small crystals of germanium or silicon with
a dopant concentration slightly below the metal-to-insulator transition [51]. The sensor low tem-
perature resistivity is governed by variable range hopping (VRH) conduction and it is often well
described by the expression ρ(T ) = ρ0 exp(T0/T )1/2, where T0 and ρ0 are parameters controlled by
the doping level [71] (Fig. 10). Semiconductor thermistors are high impedance devices – 1-100MΩ
– and are usually parameterized by the sensitivity A, defined as −d logR/d log T , which typically
ranges from 1 to 10. Semiconductor thermistors can be realized also in amorphous film form,
like NbSi. Silicon thermistors are fabricated using multiple ion implantation in high purity silicon
wafers to introduce the dopants in a thin box-like volume defined by photolithographic techniques.
Germanium thermistors are fabricated starting from bulk high purity germanium crystals doped
by means of neutron irradiation (nuclear transmutation doping, NTD) [72, 73]. Single NTD germa-
nium sensors are obtained by dicing and further processing using a combination of craftsmanship
and thin film techniques. In early times, the weak coupling to the heat sink was provided by the
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Figure 11: Constant voltage biasing of a TES (left). Temperature dependence of the TES resistivity
at Tc (right)

electrical leads used for the read-out; nowadays, microelectronic planar technologies and silicon
micro-machining are used to suspend the sensors on thin silicon nitride membranes or thin sili-
con beams. Thermistors are read-out in a constant current biasing configuration which allows to
convert the thermal signal ∆T in a voltage signal ∆V (Fig. 10). Because of their high impedance,
thermistors are best matched to JFETs. Semiconductor thermistor present few drawbacks. First
of all their high impedance requires the JFET front end to be placed as close as possible – cen-
timeters – to the devices to minimize microphonic noise, and bandwidth limitations due to signal
integration on parasitic electrical capacitance. Since commonly used silicon JFET must operate
at temperatures not lower than about 110K, this becomes quickly a technical challenge when in-
creasing the number of detectors. Secondly, it has been experimentally observed that conductivity
of semiconductor thermistors deviates from linearity at low temperatures [74, 75]. The deviation is
understood in terms of a finite thermal coupling between electrons and phonons, whose side effect
is to intrinsically limit the signal rise times to hundreds of microseconds for temperatures below
0.1K. Semiconductors are now an established and robust technology, and arrays of microcalorime-
ters based on these devices have been widely used for X-ray spectroscopy [60] achieving energy
resolutions lower than 5 eV with tin or HgTe absorbers.

Superconducting transition edge sensors (TESs). TES are also resistive devices made out of thin
films of superconducting materials whose resistivity changes sharply from 0 to a finite value in a very
narrow temperature interval around the critical temperature Tc (Fig. 11). The superconducting
material can be an elemental superconductor (such as tungsten or iridium), although it is more often
a bilayer made of a normal metal and a superconductor. With bilayers, the Tc of the superconductor
is reduced by the proximity effect and can be controlled by adjusting the relative thicknesses of
the two layers. Common material combinations used to fabricate TES bilayer with a Tc between
0.05 and 0.1K are Mo/Au, Mo/Cu, Ti/Au or Ir/Au. TES fabrication exploits standard thin
film deposition techniques, photolithographic patterning, and micro-machining. Sensors can be
designed to have, at the operating point, a sensitivity A as high as 1000 and a resistance usually
less than 1Ω. The most common ways to isolate TES microcalorimeters from the heat sink are
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Kinetic Inductance Detectors (KIDs)

Cooper pairs (cp) in a superconductor  act as an inductance (L).  
Absorbed photons or phonons change cp density and L.  

High quality factor (Q) resonant circuit biased with a microwave (GHz):
signal from amplitude and phase shift. 

L C

 D
ay et al., N

ature 425 (2003) 817

2� ⇠ 400µeV (Al)

BULLKID (Grant INFN 2019-20) proposes  
KIDs as an alternative to TES and thermistor sensors

�33
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KID Multiplexing
Different resonators can be coupled to the same feedline  

with slightly different resonant frequencies.  
Resonant frequency modified via the capacitor (C) pattern of the circuit. 

 

Multiplexing of 1000 KIDs with a single cryogenic amplifier demonstrated
�34

MOBIKID:  
KID array for CMB studies
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CALDER result
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L. Cardani, et al, SUST (2018)

• Al(14)Ti(33)Al(30nm)  
resonator

• 2x2cm2 x 350μm  
Silicon substrate 

• 25 eV RMS @ 0 eV
• Phonon 𝛆 ~ 10%

�35

fiber spot

https://doi.org/10.1088/1361-6668/aac1d4
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BULLKID single unit
BULLKID aims at a detector of athermal phonons created by 
nuclear recoils induced by Dark Matter or neutrino scattering.

Mass: increase the detector mass with KIDs on 5 mm instead of 300 μm 
thick wafers.

Threshold: reach 20 eVnr threshold acting on the phonon absorption and 
on the KID sensitivity (25 eV σ demonstrated by CALDER).
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CALDER  
Silicon (2x2 cm2 x300 µm)

Al or TiAl KIDs  (~2mm2 x 60-nm)

photons

BULLKID  
Silicon (5x5x5 mm3)

Phonons scatter 
in the lattice and are  
 absorbed by the KID

Dak Matter /  
neutrino

Dak Matter /  
neutrino

5 m
m
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BULLKID array
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top view
bottom view

3”

• The wafer is diced from the 
bottom to create cubic voxels of  
5x5x5 mm3 .

• ~ 110 cubic voxels of  
5x5x5 mm3 can be exploited.

• 0.29 g / voxel

• 32 g total target mass.

• We will deposit ~ 110 KIDs  
at once on top of a 3” wafer.

• The KIDs will be coupled to the 
same feedline for multiplexing.

μ-wave in

μ-wave out
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4 Exp Astron (2014) 37:1–10

2 Experimental

Production and optical characterization of about 150 QM Ge crystals has been car-
ried out at Sensor and Semiconductor Laboratory (Ferrara, Italy). Crystallographic
orientations are indicated in Fig. 3. Commercially available pure Ge wafer was diced
to form 30 × 10 × 2 mm3 plates, using a high-precision dicing saw (DISCOT M

DAD3220), equipped with rotating diamond blades of 250 µm width and 5µ m
diamond grain size (G1A 320). A permanent curvature was induced through the so-
called grooving method, i.e., through the manufacture of a grid of superficial grooves
on one of the largest surfaces of the crystal. A radius of curvature of 40 m was chosen,
because a focal length of f = R/2 = 20 is an ideal value for a Laue lens with long
focal distance [21, 22]. It is possible to calculate the ratio between QM (RQM ) and
primary (RQM ) radius of curvature thanks to the linear theory of elasticity. It turns
out to be RQM

RP
= 2.39 [16]. It corresponds to a QM curvature of about 95.6 m. The

angular bandpass corresponding to this radius of curvature is 4.3 arcseconds. Main
features are reported in Table 1.

In fact, surface grooving produces permanent plastic deformation in the neighbor-
hood of the grooves [13]. Plasticization occurs in a thin layer of the crystal beneath
and beside the grooves due to the dicing process, the thickness of the plasticized layer
being dependent on the blade and on the grooving parameters chosen. The depth of
the plasticization for the blade that was used is about 5 µm [14]. Such plasticized
layer transfers coactive forces to the crystal bulk, thus producing an elastic strain field
within the crystal. Since a regular grid of grooves was done on the sample surface, a
net curvature has been achieved.

Then, the curvature of all the samples was measured using an optical profilome-
ter (VEECOT M NT1100) with 1 µm lateral and 1 nm vertical resolution. In order to
account for the initial morphological non-planarity of the samples (wafers are gen-
erally not perfectly flat), subtraction of profile before and after the grooving process

(a) (b)

Fig. 3 Photo of the a Ge sample before (a) and after (b) the manufacture. Crystallographic orientation are
highlighted

Author's personal copy

Phonon x-talk and silicon dicing
• The smaller the surface thickness the  

smaller the leak in nearby voxels

• MC Phonon simulations ongoing to  
quantify the leak. Preliminary results indicate  
it is 15% (vs 10% in CALDER)

• Risk: poor surface quality reduce phonon propagation. The dicing 
technology is being tuned to the BULLKID needs.
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interaction

Exp Astron (2014) 37:1–10 5

Table 1 Crystal features
Material Germanium

Tile size (mm3) 30×10×2

Blade type G1A 320

Blade width (µm) 250

Blade rotation (rpm) 3000

Blade speed (mm/s) 0.1

Groove depth (µm) 1550

Number of grooves 9×28

Groove step (mm) 1

Primary radius of curvature along y (m) 40

QM radius of curvature (m) 95.6

Angular bandpass (arcsec) 4.3

was done. Moreover, since the profile of a surface with grooves is altered by their
presence, thus making the analysis more difficult, profilometric characterization was
carried out on the back surface of each sample.

Finally, a method to adjust the curvature has been worked out. It consist in a fast
chemical etch, based on a solution of H2O2. Such solution is capable of oxidizing Ge
with different speeds, depending on the crystalline phase [23]. In fact, it is possible
to selectively remove the most amorphus part of a sample, namely the material plas-
ticized by the blade, lowering the state of tension and the curvature of the sample.

(a)

(b)

(c)

Fig. 4 Interferometric measurement of backside of a sample with average radius of curvature r = 39.9
meters. Left side: 3D view analysis (a). Right side: Cross sections of the deformation pattern along x (b)
and y directions (c), as taken on the center of the sample

Author's personal copy

R. Camattari, A Battelli,  
V. Bellucci, V. Guidi   
Exp. Astron. 37 (2014) 1
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Detector array
BULLKID: one 3” 5mm thick wafer

• 0.29 g / voxel

• 110 voxels / 3” wafer

• 32 g / 3” wafer.

Possible experiment with kg mass:

‣ Maybe 4” or 6” wafer 1 cm thick.
‣ Stack a number of wafers to reach the 

total target mass.

• No inert material between inner voxels:

‣ Background identification (mulitple hits).
‣ Fiducialization.

�39�39



M. Vignati 

Ferrara University:  
V. Guidi, A. Mazzolari

BULLKID collaboration
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Consiglio Nazionale delle Ricerche  
I. Colantoni, G. Pettinari.

Genova University  
S. Di Domizio. 
CSNSM - CNRS/IN2P3  
H. Le Sueur
Institut Néel - CNRS 
M. Calvo, J. Goupy, A. Monfardini 

Istituto Nazionale di Fisica Nucleare:  
C. Bellenghi, L. Cardani, N. Casali, A. Cruciani,  
V. Pettinacci and M. Vignati.

M. Martinez
Zaragoza University:



M. Vignati 

Conclusions
• Large and growing interest in CEνNS since its observation in 2017

• Room for:

‣ Precision measurements
‣ Search for non-standard interactions
‣ Non-proliferation application

• Cryogenic detectors can lead the field thanks to the low threshold:

‣ ν-cleus experiment (TES)
‣ Ricochet (NTD-Ge)
‣ BULLKID R&D (KID)
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