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* How to detect?

* COHERENT experiment at SNS

e Advantages of a Stopped Pion Source
* First Light: 15t detection of CEVNS ever!
* Future Prospects

* CEVNS Physics
* Exotic physics
* Supernova observation (in honor of this conference’s multimessengers theme)

* Summary
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* CEVNS (Coherent Elastic v Nucleus Scattering)
* Whatis it?
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How to Detect a Neutrino

Inverse Beta Decay |
Outgoing neutron
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| Outgoing positron
O -

Neutrino Capture

Incoming neutrino Davis: Solar neutrino
problem at
Homestake, 378 kL

cdcl,

Transmuted
nucleus

Outgoing electron

Neutrino-electron elastic scattering

Incoming neutrino

Outgoing electron
o #

Outgoing neutrino

Graphics adapted from: V. Altounian, Science
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@ Coherent Elastic v-N Scattering
* CEVNS (pronounced “sevens”)

e Standard Model allowed process
* Predicted in 1974

 Not observed until 2017

Incoming neutrino Recoiling nucleus

.——*

Outgoing neutrino
Graphic: V. Altounian, Science

* v interacts coherently with the entire nucleus
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@ So Why Hadn’t We Seen It?

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.

- D.Z. Freedman, Phys. Rev. D 9 (1974) 1389

* Need E, < 50 MeV

* Detecting nuclear recoil is hard
* Tiny in energy, also quenched compared to electron recoils

* Cross section ~ 103°cm?

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

 Need lots of neutrinos

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

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

Y-R. Yen, NuTel '19, 20 March 2019 7
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+ Spallation Neutrerino Source (&)

* Proton beam at ~1 GeV
* 1.4 MW power
* 9.6 x 10*° p/s

* Compact liquid Hg target

* Pulsed beam allows background =

VSN ‘@3ssauua] ‘@3ply Meo

eiection Joalla’aon et
IM - ..,’f-f? Rldge Nattbmal Lab j? e
ercury
Cooling

Jacket

e Beam Pulse width: ~700 ns

* Repetition rate: 60 Hz
* Duty factor 2.28 x 10>

Stainless
Steel
Containment

=10
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' Backgrounds: The Usual Suspects el

Primary Cosmic Rays

* Cosmic rays

* (Very) modest 8 m.w.e. overburden
in basement hallway

* Scintillator panels around detectors
provide u veto

* Environmental radioactivity
* Steady-state

* Look for excess of beam-on
events over beam-off

Y-R. Yen, NuTel '19, 20 March 2019 11
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@ Backgrounds: Unusual Suspects (Cce S

* Prompt SNS neutrons
* 20-30 neutrons per proton on Hg target
e Detectors > 19 m, through shielding, from target

e Neutrino-induced neutrons

* vs should stimulate neutron emission from heavy nuclei in CC or NC
interactions e

Pb Bi
%‘

* 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

201 4 cost) N IR 2)? 1 2

dQ ~ 4ax2”

(spin-0 nucleus)

* Cross section goes
approximately as N?

 we can measure with
multiple targets!

* Csl, Ar, Nal detectors deployed o

e Gein the near future

e Shared backgrounds

4

small proton weak charge

—
o
w

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

2,
Illlll

Cross section (10 cm?)

Neutron number
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Hg TARGET

SHIELDING MONOLITH

CONCRETE AND GRAVEL

=

Pb Cube, Fe Cube, Nal 185kg

%
19.3m

Tl
o,
52
]

* Csl detector about to be
decommissioned

* Ge detector will be
added to the lineup soon

Neutrino- Approx v flux at CsI[Na] location
induced le7 v /cm? /s / flavor

Neutron
backgrounds neutrons

Y-R. Yen, NuTel '19, 20 March 2019 14
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e Csorlnucleus dislodged from
crystal lattice

* Secondary recoils from neighbors
* Detect scintillation light in PMT

10' 10° 10" 10" 10"
Time after interaction (ms)

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

Csl[Na]: 34 cm long,
14.57 kg

PMT: R877-100 PMT
by Hamamatsu

Pb, HDPE, H,0
shields

Muon veto
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CEVNS At Last

Akimov et al., Science 357, 1123 (2017)
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 Beam exposure: ¥6 GWhr, or ~1.4 x 1023
protons on target (0.22 grams of protons)
e Also analyzed as a simple counting

experiment:
* 136 + 31 counts

Dominant systematic

CE/NS counts uncertainties on predicted rates
_ Quenching factor 25%
Null case (no CEVNS ) rejected at 6.7 L flux 10%
Best fit: 132 + 22 events in 308 days G T iae o i
Analysis acceptance 5%

SM Prediction: 173 + 48 events in 308 days

Y-R. Yen, NuTel '19, 20 March 2019 17



Dinosaur heretic looks Increase inclusion to increase Fluorescent or magnetic
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SPOTTING

A compact detector spies
neutrinos scattering from nuclei
pp. 1098 & 1123

The CEvNS Heard ‘Round the World’

SCIENTIFIC
AMERICAN,

PHYSICS

Ever-Elusive Neutrinos Spotted Bouncing Off Nuclei for
the First Time

A new technology for detecting neutrinos represents a “monumental” advance for science
MIGEB Physicists Capture the Elusive Neutrino Smacking Into an Atom's
SOPHIA CHEN SCIENCE 08.03.17 02:00 PM

= PINSICISTS CAPTURE
HARE - THE ELUSIVE NEUTRINO
@ SMACKING INTO AN

Science

\
ATOM'S GORE
ja¥ 2017 BREAKTHROUGH OF THE YEAR

ars TGCHNICA = I . ’ ) ?osmicconvergence

Life at the atomic level
DID YOU FEEL SOMETHING? — A tiny detector for the shiest particles

Deeper roots for Homo sapiens
After 43 years’ gentl Pinpoint gene editing
Biology preprints take off

neutrino is finally ol

A new great ape species
We're actually able to detect a bump from th ZEIREUPAIEES R RN FTEEet
Gene therapy triumph

JOHN TIMMER - 8/3/2017, 3:10 PM
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system

vacuum
jacket

detector
chamber

;y PMTs

water
shield

|
|
|
f

Pb-Cu
Shield

R. Tayloe, JINST 13 2018

cryocooler

22 kg fiducial volume

* Wavelength-shifting via TPB coatings on
PMTs, Teflon lining

* Purification, recirculation of boiloff gas

Total PEs vs F90

* Pulse Shape Discrimination o
* Separate Nuclear Recoil vs. Electron Recoil -
Bands

* Upgraded configuration has 6.5 GWHr
of data (August 2017 — present)

Will have results soon!

Y-R. Yen, NuTel '19, 20 March 2019 20
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" Current CEVNS R&D: Nal[Tl] (NalvE prototyp6)

* Thallium doped sodium iodide scintillating inorganic crystals

* 23Na has 12 neutrons -- easy to separate CEVNS on Na from CEVNS on [!

e 2 tons of instrumented Nal[Tl] detectors (7.7 kg each) from
Department of Homeland Security

( \

‘ /\ . . Replacing PMT bases for higher gain needed
hu_h L - .-_ @ for CEVNS search

* Currently, 185 kg Nal[Tl] deployed in summer
2016
* Measuring backgrounds

* Measuring CC cross-section of [127

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



N2 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

L} (D) Fast Neutron

Spallation Neutrons} < — Lead

\ S
\ = /
& / el 2 -
Vi —, +, + Scintillator
A3 7~ /N / /
¢V AA /1 &
) g0, K /

e % Gd Paint

A 8.8 ¢
‘\\////,, / W'
e | ) *,T:l g g7 e % s s
KRy e Scintillator
/ // / // / / /
/ / 77X

/ /
//////
/////
///////

C. Roeckeretal. NIM A826 (2016) 21-30 Y-R. Yen, NuTel ‘19, 20 March 2019
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Photomultiplier tubes (PMTs) for liquid scintillator cells— N eUtrI no Cu bes (N U B ES) are LS
— Plastic scintilator panels detector surrounded by Pb or Fe

- targets.

N — R * Designed to measure neutrino-

il induced neutrons (NIN) for the
first time.

e Cslsaw hint of this (2.9 o).
* Eventually, in situ measurement
give rates limit.

Liquid —
scintillator cell

v+ ®Pb = 208gjx 4, (CC)
J
2m_ﬂﬁ+xy+yn.
NIN is also the detection method for the HALO supernova v, +2®Pb = 208ppxy )’ (NC)
observatory. I

08=Yph+ xy+yn.
Y-R. Yen, NuTel '19, 20 March 2019 23
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25% of the uncertainty! ((Cﬁk\@’@—%@s

* Quenching Factors

* Nuclear recoil energy collected less efficiently than other energy

deposits
14 ) 1 1 1] 1 ] I 1]
 Dedicated measurements
with TUNL neutron beam L * 1
* Smaller, sibling CsI[Na] E: 10} }+ + ++ m :
detector g | 5=
: s 8 29F _ 359 from spread I
* Angles of backing o ++ QF
. = 6t |
detectors give E,, S |
S 4 4 COHERENT (Duke) i
O 4 COHERENT (Chicago)
21 Park et al., Nucl. Instrum. Meth. A 491 (2002) -
4 Guo et al., Nucl. Instrum. Meth. A 818 (2016)
O | 1 L 1 1 ! | 1

0 10 20 30 40 50 60 70 80 90
Nuclear recoil energy (keV)

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

Y-R. Yen, NuTel '19, 20 March 2019 24




|}

Hg TARGET

SHIELDING MONOLITH * QOur collaboration always

E .
5 SRS ppra—— welcomes additions of

: “ new detectors! (if it can
Bz:mb — F‘ fitin a hallway, sorry
= IceCube)

DO NIN Cubes

Ge ARRAY ~MARS

Neutrino-
induced
neutrons

Neutron Neutrino
backgrounds Flux

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



“ Near Future CEVNS: Ge

* P-type point contact (PPC) Ge detectors
* 16 kg (two 8 kg arrays)
* High resolution and low threshold for precision measurements

Pb shield

* 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
CEVNS recoil threshold <2-2.5
keVnr

Polyethylene
Ge detectors
Copper shield

Support structure

Ge preamplifiers

Multi-port dewar

Muon veto ———>p-

Y-R. Yen, NuTel '19, 20 March 2019 26
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Future CEvNS LAr (CEN NS 750)

(41.14)

 Single-phase liquid
argon

* 612 kg of fiducial
volume

* Expect ~3000
events per SNS year

e Can also measure
CC v cross-section
on Ar for DUNE

(85.13)

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



e Two stacks of 144-166 (2 tonne)
sodium iodine scintillation crystal
detector arrays

» Detectors will be developed using
the experiences from the NalvE
prototype

* Data will also be improved from
guenching factor measurements

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



" Future Background: Heavy Water (v flux

2.5 m

¢
10% of the uncertainty! g@§
)((CQY\Y’ S

t Expected signal
CC »-0

i - CCv.-d

SIMULATION

8

Counts / (1.3-T D,O - MeV - 2 yrgxs)

0 10 2 %0 40 50 60
Reconstructed energy (MeV)

* Can use a heavy water (D,0) detector to
constrain this because the CC cross-section on
deuterium is well known theoretically [1] and
confirmed by measurements [2].

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

Y-R. Yen, NuTel '19, 20 March 2019 29
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* Background for next- a7 % €
generation WIMP 38 ' oo
searches 20 s

‘ 2
\ =
Solar v ZAILE
_42 7 B0 CDMS\\Ge
-43 %Be) = \‘ :— ol )(e(‘\on\o.«,g n:"ﬂ

-44 INeeutrinOS (%Sw;e,%

* Important for core-
collapse supernova

Logio of WIMP-N cross section/cm?
N
(9]

* Interferes with non- P e
. oliar v ‘% SNB N
standard neutrino 47 (°B) | eric AN D2 g
. . 48 BTN nos
interactions (NSI) . pTOSEa e
.5 [Background from CEVINS
1 10 100 1000 10000
WIMP Mass (GeV)

J. Billard, E. Figueroa-Feliciano, L. Strigari,
Phys. Rev. D 89 (2014) 023524
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Constraining Photon Portal Dark Matter with
TEXONO and COHERENT Data
0.5 Shao-Feng Ge *! and Ian M. Shoemaker 2
B 102 my = 3 my
r'; 10—29
23, 2107 Ge and Shoemaker,
w Y 107 .
8 10~
3 10
0.5 2 10°% Limits on light dark matter
s CHARM 2 107 . . . .
! S So interacting with SM via
| | —— COHERENT (Csl) § s . . ..
I £ 13 . kinetic mixing of dark and
| I 1 I 1 2 1 iE
1 205 O o0 SM photons
€ Z 10!
& -42 ' s : 1
COHERENT constraints to conventional and exotic neutrino physics 10 10~ 10° 10! 102 102

-~’ V
T.S. Kosmas ] and DK. Papoulias DM mgss, g [Me V]

' Theoretical Physics Section, University of loannina, GR-45110 Ioannina, Greece

) . * Non-standard interactions!
osmas and Papoulias,
arXiv:1711.09773 ° nght dark matter!

First limits on sterile

neutrinos from CEVNS (not ° Sterile nEUtrinOS!

yet competitive)

10% g T
COHERENT:
14.57 kg Csl

10' E

Am?,

10°F
E 90%C.L.

1=
107!
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. Core collapse supernova Supernova 1987A was “seen” by neutrino detectors

release a lot of detectable

50 1 T I T T I

neutrInOS 451 | | I | | I0 K'amio'kandu:
e CEvVNS interaction within a0t el
supernova may also change the B
supernova physics models. ;:z:
| j [] ! } -
15} ]
miEAE.
Infall Neut:ronization;Accretion: Cooling 5| e
2 F v - . T
310 z Timescale: prompt el
%o 1;r after core CO”apse’ Blum, Kfir et al. Astrophys.J. 828 (2016) no.1, 31 arXiv:1601.03422
= F overall At~10’s
0.1
2 of seconds

102 107

1
Time (seconds)
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Counts over threshold per ton

107"

Slide from K. Scholberg

Supernova neutrinos in ton-scale Dark Matter detectors

10 kpc — Argon
L=10°2 erg/s per flavor

A Eave (3(;02151; :5) MeV Germanium
- ,3,2.5) for
E (Ve; Ve-bar, Vx) — Xenon

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

T

IIIIlIIIlIIIIIIIIIIIIIII lIIIIlIIIIllIIIInIIlIIII

0 0.005 0.01 0.015 0.02 0.025 0.03 _0.035 0,04 .05
Fgecml energy t resholg (ﬁlle\?)

Y-R. Yen, NuTel '19, 20 March 2019
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e Dark Matter detectors examples: XENON/LZ/DARWIN aﬂ@@?’
(C

* Dual-phase xenon time projection chambers

High- vmngn ‘ Connection 1o crycgenics,
D

' lll ‘

TPC with
central dark
mattar targst

ll
l iﬁ\x

Bottom
photosansor

250F . .
+ 27 Mgyn, LS220 EoS ] 30+ 27 ghvbfézg JSOS
I 0 = 1pp=< 7[s]: 500 ms bins | — XENONn'IS/Lg(ﬂ)‘
__ 200¢ DARWIN (400) T : — XENONIT (21)
- —— XENONNT/LZ (7t) ] 2 ol
ke + 9 . e, o
£ 150¢ — XENONIT (29 < 5 Sensitivity to detect
3 | 1. Z S Supernovae from
2, i S " . :
o 100 g 3t & 8 ; outside our galaxy!
s | Ty | 31 0N
[ +~—{>—‘ ] It =: 2 3 3
ol = ] 0 20 20 60 80
0 | 2 | 4 5 6 7 SN distance [kpc]

) Lang et al.(2016). Physical Review D, 94(10), 103009. http://doi.org/10.1103/PhysRevD.94.103009
Post—Bounce Time [s]
Y-R. Yen, NuTel '19, 20 March 2019 34
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Slide from K. Scholberg
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The so-called “neutrino floor” for DM experiments

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

SN burst flux @ 10 kpc is

Mass [GeV /?]

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

L. Strigari
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9-10 orders of magnitude
greater than DSNB flux
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Slide from K. Scholberg

Cross section [cm?] (normalised to nucleon)
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Think of a SN burst as “the v floor coming up to meet you”

J. Billard, E. Figueroa-Feliciano, and L. Strigari, arXiv:1307.5458v2 (2013).
L. Strigari
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CEVNS is another detectable neutrino interaction

o
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COHERENT at SNS is a suite of detectors designed to do precision measurements of both CEVNS and
backgrounds in order to characterize this interaction

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

CEvNS from supernova neutrino may be detectable from ton-scale (dark matter or neutrino) detectors

* We are at the Dawn of CEVNS Astronomy?
* Astrophysics can be inferred from those results if we have better understanding of the CEVNS interaction

6
—— Beam Delivered

Neutron Scatter Camera (BG Neutrons)
LS in Csl Shield (NINs)

)]

N
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