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How to Detect a Neutrino

Y.-R. Yen, NuTel '19, 20 March 2019
3Graphics adapted from: V. Altounian, Science

Neutrino Capture
Davis: Solar neutrino 
problem at 
Homestake, 378 kL
CCl2

Transmuted 
nucleus

Incoming neutrino

Cowan & Reines: First 
neutrino detector, 200L 
H2O, 40 kg CdCl2

Inverse Beta Decay

Super-Kamiokande: 
neutrino oscillation, 50 ML 
H2O

Neutrino-electron elastic scattering



Coherent Elastic n-N Scattering
• CE!NS (pronounced “sevens”)
• Standard Model allowed process
• Predicted in 1974
• Not observed until 2017

• n interacts coherently with the entire nucleus
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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 dramatically 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 CEνNS 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 CEνNS almost identically. The 
present CEνNS measurement involves neutrino energies in the range ~16-53 MeV, the lower bound defined 
by the lowest nuclear recoil energy measured (fig. S9), the upper bound by SNS neutrino emissions (fig. 
S2). The cross-section for neutrino-induced neutron (NIN) generation following 208Pb(νe,e– xn) is also 
shown. This reaction, originating in lead shielding around the detectors, can generate a potential beam-
related background affecting CEνNS searches. The cross-section for CEνNS is more than two orders of 
magnitude larger than for IBD, the mechanism employed for neutrino discovery (35). 
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Akimov et al., Science 357, 1123 (2017)

CE!NS cross section can 
be orders of magnitude 
larger than that of IBD.

However…

Coherent Elastic n-N Scattering
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Enhanced by in 
phase nucleon recoil



So Why Hadn’t We Seen It?

• Need En ≲ 50 MeV
• Detecting nuclear recoil is hard

• Tiny in energy, also quenched compared to electron recoils

• Cross section ~ 10-39 cm2

• Need low threshold detector, but they are sensitive to 
backgrounds 

• Need lots of neutrinos

Y.-R. Yen, NuTel '19, 20 March 2019 6

PHYSICAL REVIE% D VOLUME 9, NUMBER 5

Coherent effects of a weak neutral current

1 MARCH 1974

Daniel Z. Freedman'
NationaL AcceLerator I.aboratory, Batavia, ILLinois 60510

and Institute for Theoretical Physics, State University of Nese York, Stony Brook, New Fork 12790
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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.Z. Freedman, Phys. Rev. D 9 (1974) 1389

Also: D. Z. Freedman et al., “The Weak Neutral Current and Its Effect in 
Stellar Collapse”, Ann. Rev. Nucl. Sci. 1977. 27:167-207



Nuclear Recoil Detection 
+
Low Threshold
= WIMP Dark Matter Detectors
There have been a lot of development in this field, particularly due to some 
“interesting” measurements from low threshold detectors
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Spallation Neutronino Source
• Proton beam at  ~1 GeV

• 1.4 MW power
• 9.6 x 1015 p/s 

• Compact liquid Hg target
• Pulsed beam allows background 

rejection

9

Spallation Neutron Source 
at Oak Ridge National Lab

• Beam Pulse width: ~700 ns
• Repetition rate: 60 Hz
• Duty factor 2.28 x 10-5

Linac

Main target

ORNL

Oak Ridge, Tennessee, USA
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Stopped-Pion Source Neutrinos
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Hg

p
1 GeV

Hg

Capture

p+

p-

µ+

nµ

Decay at 
rest

t ~ 26 ns e+
ne

nµ

Decay at 
rest

t ~ 2.2 µs

Neutrino yield: 
~ 0.24n per proton

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

2-body decay: monochromatic 29.9 MeV nµ
PROMPT⇥+ � µ+ + �µ

µ+ � e+ + �̄µ + �e
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Backgrounds: The Usual Suspects
• Cosmic rays
• (Very) modest 8 m.w.e. overburden 

in basement hallway
• Scintillator panels around detectors 

provide µ veto
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CERN

• Environmental radioactivity
• Steady-state
• Look for excess of beam-on 

events over beam-off



Backgrounds: Unusual Suspects
• Prompt SNS neutrons
• 20-30 neutrons per proton on Hg target
• Detectors > 19 m, through shielding, from target

• Neutrino-induced neutrons
• ns should stimulate neutron emission from heavy nuclei in CC or NC 

interactions

• Predicted by Standard Model (with lots of nuclear physics uncertainty) -- but 
not yet measured
• “NINs” share neutrino time profile

Y.-R. Yen, NuTel '19, 20 March 2019 12
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Benefits of a Detector Suite
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• Cross section goes 
approximately as N2

• we can measure with 
multiple targets!

• CsI, Ar, NaI detectors deployed
• Ge in the near future

• Shared backgrounds

Jason A. Detwiler

Coherent Elastic Neutrino 
Nucleus Scattering (CEνNS)

13

• Requires Eν < 50 MeV 
• σ ~ N2, but recoil is tiny 
• Has never been observed

Think:

(spin-0 nucleus)

Black: F(Q)=1 (p-DAR n)
Green: Klein-Nystrand FF w/unc.

small proton weak charge



Neutrino Alley Deployments: Current

Neutrino-
induced 
neutrons

Neutron 
backgrounds
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CEvNS

CEvNS

CEvNS

• CsI detector about to be 
decommissioned

• Ge detector will be 
added to the lineup soon

Approx ! flux at CsI[Na] location
1e7 ! / cm2 / s / flavor



CsI[Na]
• Cs or I nucleus dislodged from 

crystal lattice

• Secondary recoils from neighbors 

• Detect scintillation light in PMT

Y.-R. Yen, NuTel '19, 20 March 2019 15

Collar et al., NIM A 
773, 56 (2015)
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• CsI[Na]: 34 cm long, 
14.57 kg

• PMT: R877-100 PMT 
by Hamamatsu 

• Pb, HDPE, H2O 
shields

• Muon veto



CE!NS At Last
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Akimov et al., Science 357, 1123 (2017)
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Steady-state background PDF

• 2D (Energy, Time) Profile Likelihood 
analysis

• Time analysis helped by knowledge 
of the pulsed neutron beam

• Binned 2D fit to the PDFs shown 
above



CE!NS At Last
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Null case (no CE"NS ) rejected at 6.7s

Best fit: 132 ± 22 events in 308 days

• Beam exposure: ~6 GWhr, or ~1.4 × 1023 
protons on target (0.22 grams of protons)

• Also analyzed as a simple counting 
experiment: 
• 136 ± 31 counts

SM Prediction: 173 ± 48 events in 308 days



The CE!NS Heard ‘Round the World’
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One measurement    
so far!  Want to map 
out N2 dependence

What’s next for COHERENT?

Y.-R. Yen, NuTel '19, 20 March 2019
19



Current CE!NS : LAr (CENNS-10)
• Single-phase liquid argon detector with 

22 kg fiducial volume
• Wavelength-shifting via TPB coatings on 

PMTs, Teflon lining
• Purification, recirculation of boiloff gas
• Pulse Shape Discrimination
• Separate Nuclear Recoil vs. Electron Recoil 

Bands

• Upgraded configuration has 6.5 GWHr
of data (August 2017 – present)

Y.-R. Yen, NuTel '19, 20 March 2019 20
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cylinder ends in front of the PMTs. In June 2017, the acrylic cylinder was replaced with a 21-cm diameter
Teflon cylinder, the acrylic end disks were removed and two new PMTs (of same type) with TPB directly
coated on the front surface were installed. The active fiducial volume was reduced from 32 kg to 22 kg but it
is expected that the light yield improve will compensate. The LAr is liquefied and maintained at temperature
with a single-stage pulse-tube cold head cryorefrigerator. The boilo↵ Ar gas is recirculated through a Zr
getter to remove N2 to the ⇠ 10-ppm level. The goal is to obtain several collected photoelectrons per keV
for electronic recoils which, with a nuclear recoil response of ⇠ 0.25 [102], should allow an energy threshold
of ⇠ 20 keV for CEvNS nuclear recoil events.

The detector shielding structure was designed to lower the rate of neutron and photon backgrounds. It
consists of an inner water tank providing ⇠ 22 cm of water surrounded by 0.6 cm of copper, 10 cm of external
lead, and stabilized with 0.6 cm aluminum plates. Simulations indicate that this structure will reduce the
background rate well below that of the 20-100 keV CEvNS nuclear recoil.

FIG. 12: Left: Liquid Ar detector section-view schematic. Right: Liquid Ar detector and associated equipment in
Neutrino Alley.

4. NaI[Tl] Subsystem

NaI[Tl] is another material with capacity for low-threshold recoil detection. The sole stable sodium isotope,
23Na, with 12 neutrons, has the lowest N value of COHERENT’s target materials, and hence will result in
the highest-energy recoils. A small-N nuclear target in combination with measurements on heavier nuclides
reduces the impact of the flux uncertainty and improves physics reach (see Sections II B, IID). Furthermore,
a few-percent e↵ect from axial contributions is expected at high recoil energy, and could be of interest to
measure in the longer term. The light yield is ⇠40 photoelectrons per keVee.

About ⇠2 tonnes of recycled NaI[Tl] detectors are immediately available to the COHERENT collaboration,
with potentially more (up to ⇠9 tonnes) available in the future. The NaI[Tl] detectors are available in
the form of 7.7-kg NaI[Tl] modules sealed in alumininum and packaged with Burle S83013 (or equivalent)
photomultiplier tubes. These detectors have rectangular shapes and are suitable for deployment in a compact
array. Their backgrounds have been characterized in the range ⇠ 200 counts keVee�1 kg�1 day�1 in the
⇠10 keVee recoil energy range. The higher-energy 23Na recoils should have better signal/background than
127I recoils, so the focus is on these for the CEvNS measurement. Quenching factors have been measured to
be ⇠ 11% [31], with recent measurements by COHERENT collaborators at TUNL favoring a larger ⇠15%
value.

The potentially large mass of a detector to be deployed at the SNS also enables a search for CC interactions
on 127I, ⌫e + 127I ! e� + 127Xe(⇤), which has a lower cross section than CEvNS on CsI by two orders of
magnitude [19, 103], but which produces high-energy electrons (MeV scale) which are easily observable. The

R. Tayloe, JINST 13 2018 

PRELIM
INARY

Will have results soon!



Current CE!NS R&D: NaI[Tl] (NaI!E prototype)
• Thallium doped sodium iodide scintillating inorganic crystals
• 23Na has 12 neutrons -- easy to separate CE"NS on Na from CE"NS on I!
• 2 tons of instrumented NaI[Tl] detectors (7.7 kg each) from 

Department of Homeland Security

Y.-R. Yen, NuTel '19, 20 March 2019 21

• Replacing PMT bases for higher gain needed 
for CE"NS search
• Currently, 185 kg NaI[Tl] deployed in summer 

2016
• Measuring backgrounds 
• Measuring CC cross-section of I127
• Not sensitive to CEvNS



Current Background: Neutrons
• Multiplicity And Recoil Spectrometer (MARS)

• A transportable neutron detection detector that has 
been deployed at KURF

• Plastic scintillator sheets interleaved with Gd (for 
neutron capture) coated Mylar
• Monitor the neutron flux from SNS

Y.-R. Yen, NuTel '19, 20 March 2019 22C. Roeckeretal. NIM A826 (2016) 21–30



Current Background: NINs by NUBES
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• Neutrino Cubes (NUBES) are LS 
detector surrounded by Pb or Fe 
targets.

• Designed to measure neutrino-
induced neutrons (NIN) for the 
first time. 
• CsI saw hint of this (2.9 s).

• Eventually, in situ measurement 
give rates limit.

NIN is also the detection method for the HALO supernova 
observatory.



Quenching Factors
• Nuclear recoil energy collected less efficiently than other energy 

deposits
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Fig. S10.    Previous measurements of CsI[Na] quenching factor (67, 68), together with two new 
measurements performed within the COHERENT collaboration. These shared beam and target 
crystal, but differed in backing detectors, data acquisition, and approach to analysis. The grayed 
region spans the energy ROI for the present CEνNS search (~5-30 PE, Figs. 3 and S11). The 
reliability of semi-empirical QF models in this region being in question (69), we adopt the 
pragmatic approach of fitting all measurements in the ROI with a constant, weighting the 
experimental uncertainties shown in the plot (8.78 %, dashed line). Its uncertainty (± 1.66 %, 
vertical grayed range) is conservatively derived from the unweighted standard deviation of all 
data points included in the fit. We find no evidence in our data for an enhanced nuclear/electron 
recoil discrimination in CsI[Na], as claimed in (68).  
 
  

Akimov et al., Science 357, 1123 (2017), suppl. mat.

• Dedicated measurements 
with TUNL neutron beam 
• Smaller, sibling CsI[Na] 

detector
• Angles of backing 

detectors give Enr

!"#
$% = 25% from spread

25% of the uncertainty!



Neutrino Alley Deployments: Future

Neutrino-
induced 
neutrons

Neutron 
backgrounds

Y.-R. Yen, NuTel '19, 20 March 2019 25

• Our collaboration always 
welcomes additions of 
new detectors! (if it can
fit in a hallway, sorry 
IceCube)

CEvNS
CEvNS

CEvNS Neutrino 
Flux



Near Future CE!NS: Ge
• P-type point contact (PPC) Ge detectors
• 16 kg (two 8 kg arrays)
• High resolution and low threshold for precision measurements

Y.-R. Yen, NuTel '19, 20 March 2019 26

• Inherent electronic noise of 
the detector and preamplifier 
will be limited to <150 eV
• Noise-limited energy threshold 

of <0.4 keVee, equivalent to a 
CE"NS recoil threshold <2−2.5 
keVnr



Future CE!NS : LAr (CENNS 750)

• Single-phase liquid 
argon
• 612 kg of fiducial 

volume
• Expect ~3000 

events per SNS year
• Can also measure 

CC n cross-section 
on Ar for DUNE

Y.-R. Yen, NuTel '19, 20 March 2019 27



Future CE!NS: Ton-Scale NaI Array

• Two stacks of 144-166 (2 tonne) 
sodium iodine scintillation crystal 
detector arrays
• Detectors will be developed using 

the experiences from the NaI"E 
prototype
• Data will also be improved from 

quenching factor measurements 

Y.-R. Yen, NuTel '19, 20 March 2019 28



Future Background: Heavy Water (n flux)
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• Can use a heavy water (D2O) detector to 
constrain this because the CC cross-section on 
deuterium is well known theoretically [1] and 
confirmed by measurements [2].

10% of the uncertainty!

SIMULATION

[1] S. Nakamura et al., Nucl. Phys. A 721 (2003)
[2] J. Formaggio and G.P. Zeller, Rev. Mod. Phys. 84 (2012)

2.5 m

2.
5 

m



CE!NS Physics
• Background for next-

generation WIMP 
searches
• Important for core-

collapse supernova
• Interferes with non-

standard neutrino 
interactions (NSI)
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J. Billard, E. Figueroa-Feliciano, L. Strigari, 
Phys. Rev. D 89 (2014) 023524 
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Early Searches for New Physics

• Light dark matter!

Y.-R. Yen, NuTel '19, 20 March 2019 31

Ge and Shoemaker, 
arXiv:1710.10889

Limits on light dark matter
interacting with SM via
kinetic mixing of dark and
SM photons

• Sterile neutrinos!

Kosmas and Papoulias, 
arXiv:1711.09773

First limits on sterile
neutrinos from CEvNS (not
yet competitive)

 

Fig. 4. Constraints on non-standard neutrino-
quark interactions. Blue region: values allowed by 
the present data set at 90% C.L. ( 2

minχ  < 4.6) in 
,ε εuV dV

ee ee  space. These quantities parametrize a 
subset of possible non-standard interactions 
between neutrinos and quarks, where ,ε εuV dV

ee ee  = 0,0 
corresponds to the Standard Model of weak 
interactions, and indices denote quark flavor and 
type of coupling. The gray region shows an existing 
constraint from the CHARM experiment (34). 
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New NSI constraints

Akimov et al., Science 
357, 1123 (2017)

• Non-standard interactions!



Supernova and Neutrino Detectors

Y.-R. Yen, NuTel '19, 20 March 2019 32

Supernova 1987A was ”seen” by neutrino detectors 

Blum, Kfir et al. Astrophys.J. 828 (2016) no.1, 31 arXiv:1601.03422

Timescale: prompt
after core collapse,  
overall  Dt~10’s
of seconds  

• Core collapse supernova 
release a lot of detectable 
neutrinos

• CE!NS interaction within 
supernova may also change the 
supernova physics models.



Supernova neutrinos in ton-scale Dark Matter 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
a = (3,3,2.5) for
(ne, ne-bar, nx)

Y.-R. Yen, NuTel '19, 20 March 2019 33Slide from K. Scholberg



Dark Matter detectors examples:  XENON/LZ/DARWIN

Lang et al.(2016). Physical Review D, 94(10), 103009. http://doi.org/10.1103/PhysRevD.94.103009 

• Dual-phase xenon time projection chambers

Y.-R. Yen, NuTel '19, 20 March 2019 34Slide from K. Scholberg

Sensitivity to detect 
Supernovae from 
outside our galaxy!
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The so-called “neutrino floor” for DM experiments
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atmospheric 
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bg SN
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L. Strigari

SN burst flux @ 10 kpc is 
9-10 orders of magnitude 

greater than DSNB flux
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Think of a SN burst as “the n floor coming up to meet you”
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Summary
• CE!NS is another detectable neutrino interaction

• COHERENT at SNS is a suite of detectors designed to do precision measurements of both CE!NS and 
backgrounds in order to characterize this interaction

• Next generation of detectors has potential for Beyond the Standard Model physics

• CE!NS from supernova neutrino may be detectable from ton-scale (dark matter or neutrino) detectors
• We are at the Dawn of CE!NS Astronomy?
• Astrophysics can be inferred from those results if we have better understanding of the CE!NS interaction
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CEvNS Around the World
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Pulse Shape Analysis
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Fig. S7. Application of the integrated rise-time method (50,51) to the 133Ba data library of low-
energy electron recoils, for events containing less than 50 PE. The choice of “Cherenkov” cut 
applied to these data is ≥ 8, a value optimized for the CEνNS search (see “Data Analysis”). Side 
panels (A,C) are data point projections on the corresponding axes, prior to cuts. Events in the 
blue-shaded region are accepted by the “Risetime” cut. 
  

 
 
 
 
 
 
 

                      
 
Fig. S8.  Same as Fig. S7, for coincident (C) events registered during all Beam ON periods of the 
CEνNS search. Some of the slight differences between these rise-time distributions and those in 
Fig. S7 originate from variations in the fraction of events with misidentified onsets, a subset of 
them appearing above the diagonal in panel B. However, CsI[Na] scintillation decay constants 
are slightly different for low-energy nuclear recoils and electron recoils (31, 67): with the 
addition of more exposure, this property may provide a statistical discrimination of the nuclear 
and electron recoil components in the data.  
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Analysis Cuts

Y.-R. Yen, NuTel '19, 20 March 2019 41

Akimov et al., Science 357, 1123 (2017), suppl. mat.

 
 
 

 
   
 

Fig. S9.  Surviving fraction of CEνNS search data (Figs. 3 and S12), following cut choice 
optimization for a best signal-to-environmental background ratio (see “Data Analysis”). 
Cherenkov (≥ 8 peaks accepted) and Risetime (Figs. S7 and S8) cuts are defined using the 133Ba 
library. Afterglow (≤ 3 peaks accepted) and Quality cuts are defined using exclusively Beam 
OFF CEνNS search data (see “Data Analysis”). The uncertainty in this signal acceptance is 
expressed by a grayed band, and is dominated by the available 133Ba statistics. Using the electron 
light yield in Fig. S6 and best-fit quenching factor in Fig. S10, the onset of signal acceptance at 5 
PE corresponds to a central value of nuclear recoil energy of 4.25 keV. The detectable fraction of 
total CEνNS signals as a function of CsI[Na] recoil energy threshold is given in (31). 
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