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- Neutrinos from Core-Collapse Supernovae
- The nature of the signal and what it can tell us
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(CEVNS)
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- Neutrinos from Core-Collapse Supernovae
- The nature of the signal and what it can tell us
Detection of supernova neutrinos



The core-collapse neutrino signal

When a star's core collapses, ~99% of the
gravitational binding energy of the proto-nstar
goes into v's of all flavors with ~tens-of-MeV energies

(Energy can escape via v's)
Mostly v-v pairs from proto-nstar cooling

Timescale: prompt
after core collapse,
overall At~10’s

of seconds




Expected neutrino luminosity and average energy vs time

Vast information in the flavor-energy-time profile
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Generic feature: <El/e> < <Epe> < <Ey$>

(may or may not be robust)



Expected neutrino luminosity and average energy vs time

Vast information in the flavor-energy-time profile

Infall Neutronization Accretion Cooling
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The core-collapse
supernova explosion

is still not fully understood...
numerical study ongoing

Marek & Janka

Neutrinos are
intimately
iInvolved

Blondin, Mezzacappa, DeMarino




What can we learn from the next neutrino burst?

CORE input from
neutrino
?:%I}Ls‘?ggE experiments (RS,

\/

NEUTRINO and
OTHER PARTICLE
PHYSICS

v absolute mass (not competitive)
v mixing from spectra:
flavor conversion in SN/Earth

explosion mechanism

proto nstar cooling,
quark matter

black hole formation

accretion, SASI

nucleosynthesis

input from (mass hierarcr.\y). o
other v properties: sterile v's,
photon (GW) magnetic moment,...
observations axions, extra dimensions,
FCNC, ...

+ EARLY ALERT



Supernova-relevant neutrino interactions
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Supernova-relevant neutrino interactions

Electrons
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IBD (electron antineutrinos) dominates for current detectors




Neutrino interaction thresholds
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Supernova neutrino detector types

Water, long-string

<

Scintillator

4 ISR

<




For supernova neutrinos, the more
the merrier!
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What we want to measure
Neutrino fluxes vs E, t

Accretion ae o Cooling 0

| POV FYVIN VYW
01 02 03 04 0S5 123456789

1234567859

Ly ¢ hJ
002 0 002 004 0.06 0.08 01 02 03 04 05 123456789

Time (seconds)




What we want to measure What we can measure

Neutrino fluxes vs E. t Event rates in different
o, Neutron o Accretion - :,cm. - interaction channels vs E, t
%ﬁ | | (with imperfect tagging & resolution)
%0 0 0 —
- . ] - :jl » v, CC
. B 7.CC
10l ) — NC

Time (seconds)



Neutrino fluxes vs E, t Rtk Event rates vs E, t

channels
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Subdominant channels are in the mix too,
and not always easily taggable... may be hard to disentangle!
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Neutral-current SN events are especially valuable...

 Measure total flux, all flavors
« total energy in neutrinos
« improves flavor transition knowledge
« All-flavor spectral information also valuable



Neutral-current SN events are especially valuable...

 Measure total flux, all flavors
« total energy in neutrinos
« improves flavor transition knowledge
« All-flavor spectral information also valuable
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OUTLINE

- Coherent elastic neutrino-nucleus scattering
(CEVNS)

- The nature of the process
- Measurement status and prospects
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Coherent elastic
neutrino-nucleus scattering (CEVNS)

~

A neutrino smacks a nucleus : 70
via exchange of a Z, and the

nucleus recoils as a whole; A
coherent up to E ~ 50 MeV A A
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Coherent elastic
neutrino-nucleus scattering (CEVNS)

~

A neutrino smacks a nucleus
via exchange of a Z, and the
nucleus recoils as a whole;
coherent up to E ~ 50 MeV

70

)

A

Incoming neutrino Recoilin | :
, coifigginucleuss N.ucleon wavefunctions
in the target nucleus
Outgoing heutrino are in phase with each other
at low momentum transfer

For QR <<1 ,
[total xscn] ~ A? * [single constituent xscn]  A: no. of constituents

Image: J. Link Science Perspectives See also J. Newstead SlideS, NMNM 3



\begin{aside}
Literature has CNS, CNNS, CENNS, ...

- | prefer including “E” for “elastic”... otherwise it gets
frequently confused with coherent pion production
at ~GeV neutrino energies

- I’'m told “NN” means “nucleon-nucleon” to

nuclear types
-  CEvVNS is a possibility but those internal Greek

letters are annoying

QCEVNS, pronounced “sevens’...
spread the meme!

\end{aside}
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Large cross section (by neutrino standards) but hard to observe
due to tiny nuclear recoil energies:
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The On| Scatte.red
. Y 0 neutrino
experimental 7

signature: ’

. bogon nuclear
tiny energy recoil o
deposited | @
by nuclear /

recoils in the
target material

a A

secondary
recoils

//

deposited energy

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

32



Now, detecting the tiny kick of the neutrino...

This is just like the tiny thump of a WIMP;
we benefit from the last few decades of low-energy nuclear recoil detectors

= w

Cryogenic
Ge, Si

,Z-phase
noble liquid
lonization

phonons \/ R/ photons
(heat) < -
See a
feel a warm pulse flash
scintillating crystal
noble liquid

HPGe 33
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The COHERENT collaboration

http://sites.duke.edu/coherent
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Fluence at ~50 m from the stopped pion source

amounts to ~ a supernova a day!
(or 0.2 microsupernovae per pulse, 60 Hz of pulses)
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COHERENT CEVNS Detectors

Nuclear Technology Mass Distance Recoill
Target (kg) from source | threshold
(m) (keVr)
Csl[Na] |Scintillating P 14.6 19.3 6.5
crystal
Ge HPGe PPC zap 10 22 5
LAr Single-phase [ .qh 22 29 20
Nal[TIl] |Scintillating P . 185*/ 28 13
crystal 11 2000

Multiple detectors for N? dependence of the cross section

37




Siting for deployment in SNS basement View looking

(measured neutron backgrounds low,
~ 8 mwe overburden)

down “Neutrino Alley”

~ NEUTRINO SOURCE

Isotropic v glow from Hg SNS target



Expected recoil energy distribution
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First light at the SNS W|th 14 6- kg CsI[Na] detector
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Observation of coherent elastic neutrino-nucleus S J——
. CICINCE.=

scattering il

D. Akimov!?, J. B. Albert3, P. An?, C. Awe*?, P. S. Barbeau“?, B. Becker5, V. Belov!2, A. Brown*’, A. Bolozdy...

+ See all authors and affiliations SPOTTINGA

Science 03 Aug 2017 PN b GHOST 1

02200990 PR" Peer Reviewed

DOI: 10.1126/science.aa00990 mwfr’r

D. Akimov et al., Science, 2017
http://science.sciencemag.org/content/early/2017/08/02/science.aao0990 40




What’s Next for COHERENT?

See talk by I. Tolstukhin
Parallel 5, NMNM
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OUTLINE

- CEVNS and Supernovae
- CEVNS as a supernova process
- CEVNS as a supernova detection channel
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CEVNS in the supernova itself

Progress of Theoretical Physics, Vol. 54, No. 5, November 1975

Recognized early
- Supernova Explosion and Neutral Currents as a key process in

Katsuhiko SATO the core collapse and
Research Institute for Fundamental Physics explosion

Kyoto University, Kyoto

(Received May 12, 1975)
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Institute for Theoretical Physics, State University of New York at Stony Brook,
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Supernova detection with CEVNS:

. .

WIMPs and Neutrons and* neutrinos
scatter from the

Atomic Nucléus

Photons and Electrons
scatter from the
Atomic Electrqns

cdms.berkeley.edu



First SuggeStion . | PHYSICAL REVIEW D

VOLUME 30, NUMBER 11 1 DECEMBER 1984

Principles and applications of a neutral-current detector
for neutrino physics and astronomy

A. Drukier and L. Stodolsky

Max-Planck-Institut fiir Physik und Astrophysik, Werner-Heisenberg-Institut fur Physik,

Munich, Federal Republic of Germany
(Received 21 November 1983)

First exploration in modern context:

0.12
0.11
0.1
=009
< 0.08
Zo.
2 0.07
20.06

= 005

S
2 0.04
0.03
0.02
0.01

PHYSICAL REVIEW

Supernova observation via neutrino-nucleus elastic scattering in the CLEAN detector

C.J. Horowitz*
Nuclear Theory Center and Department of Physics, Indiana University, Bloomington, Indiana 47405, USA

K. J. Coakley
National Institute of Standards and Technology, Boulder, Colorado 80305, USA

D. N. McKinsey
Physics Department, Princeton University, Princeton, New Jersey 08544, USA
(Received 5 February 2003; published 28 July 2003)

D 68, 023005 (2003)

Ne

| ' |

«  WIMP DM detectors tend to be

low background, low threshold
(10’s of keV or less)

« Scalability to large mass is
desirable

100 45




Counts over threshold per ton

Supernova neutrinos in tonne-scale DM detectors

10 kpc
L=10%2 erg/s per flavor*10 s
Eayg = (10,14,15) MeV

o = (3,3,2.5) for

(Ve, Ve-bar, v,)

RN
o

— Argon
Germanium

— Xenon

@ 1

~ handful of events per tonne

0 kpc: sensitive to

all flavor components of the flux
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Differential Rate [count/tonne/ke V]

Information on the all-flavor neutrino flux,
and on the all-flavor neutrino spectrum,
In both integrated counts and recoil spectrum

N I I I ] 40
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Lang et al.(2016). Physical Review D, 94(10), 103009. http://doi.org/10.1103/PhysRevD.94.103009

Recoil energy distribution and counts vs time
for some specific models
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Detector example: XMASS

« tonne-scale single-phase xenon
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Abe et al. (2017). Astroparticle Physics. http://doi.org/10.1016/j.astropartphys.2017.01.006
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Detector example: XENON/LZ/DARWIN

« dual-phase xenon time projection chambers
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Mock Experiments

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



Example: PICO-500 1@?
« tonne-scale superheated-fluid bubble chamber

« <~10 keV threshold, high recoil event sample purity
« could see multiple bubbles if detector kept superheated over seconds

Preliminary

| — (C3Fg:1.0t, >2 keV ]
| —— CFsL: 1.2t, > 10 keV [

-------- VA 1.1t, >10keV  f ==
ceem 12Xe: 22, >10keV £

Y in PICO-500-si1zed detector

| L aauul Lo aauul L aauul Lo aauul 1

10-3 1072 10~ 10° 10
Post-bounce time 7, [S]

S. Fallows, T. Kozynets, C. Krauss, in preparation




The so-called “neutrino floor” for DM experiments

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

« Core-collapse supernova neutrinos:
 vast information in flavor-energy-time profile
 NC info is especially valuable! total energy,
all-flavor profile

« CEVNS:
 large cross section, but tiny recoils, o N2
« accessible w/low-energy threshold detectors, plus
extra oomph of stopped-pion neutrino source

* First light from COHERENT at the SNS

 Supernova neutrinos and CEVNS:
« CEVNS is an important process
inside the SN
« CEVNS is a supernova neutrino
burst detection channel w/
NC spectral info, tonne-scale
DM detectors can exploit
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