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Information is in the energy, flavor, time

S structure of the burst
%ﬁ/l What do you want in a detector?

Wishlist

Size ~kton detector mass per 100 events @ 10 kpc
Low energy threshold ~Few MeV if possible
Energy resolution Resolve features in spectrum
Angular resolution Point to the supernova!
(for directional interactions)
Timing resolution Follow the time evolution
Low background BG rate << rate in burst;

underground location usually excellent;
surface detectors conceivably sensitive

Flavor sensitivity Ability to tag flavor components
High up-time and Can’t miss a ~1/30 year spectacle!
longevity

Note that many detectors have a “day job”...
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Supernova-relevant neutrino interactions
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Supernova-relevant neutrino interactions
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IBD (electron antineutrinos) dominates for current detectors
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Supernova neutrino detector types

Water
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Super-Kamiokande

Mozumi, Japan
22.5 kton fid. volume (32 kton total)
~5-10K events @ 10 kpc
(mostly anti-v,)
~5° pointing @ 10 kpc
Future: SK-Gd

SUPERKAMIOKANDE  NSTITUTE FOR COSMIC RAY RESEARCH UNIVERSITY OF TOKYO

Hyper-Kamiokande

« staged 2-module, 374-kton fid.
water Cherenkov detector
* 1 module: 40% PMT coverage
w/double efficiency




Supernova signal in a water Cherenkov detector
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Pointing in Water Cherenkov: Super-K

K. Abe et al., Astropart. Phys. 81 (2016) 39-48

Harder when you don'’t
have the interaction truth!
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Neutron tagging in water Cherenkov detectors

b, D — €—|— _I_@ » detection of neutron tags

event as electron antineutrino

» especially useful for DSNB (which has low signal/bg)
* also useful for disentangling flavor content of a burst
(improves pointing, and physics extraction)

R. Tomas et al., PRD68 (2003) 093013
KS, J.Phys.Conf.Ser. 309 (2011) 012028; LBNE collab arXiv:1110.6249
R. Laha & J. Beacom, PRD89 (2014) 063007

SK collaboration, arXiv:1311.3738;

“Drug-free” neutron tagging

n+p—d+y(2.2 MeV)

~200 us thermalization & capture,
observe Cherenkov radiation from
vy Compton scatters
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Enhanced performance by doping!

use gadolinium to capture neutrons [N
J. Beacom & M. Vagins, PRL 93 (2004) 171101

Gd has a huge n capture cross-section:
49,000 barns, vs 0.3 b for free protons

n+Gd—~Gd — Gd+y M E, =8MeV

E=43=
0.1 MeV

About 4 MeV visible

energy per Capture H. Watanabe et al.,

Astropart. Phys. 31,
320-328 (2009)

il EGADS: test tank in the
Wil " Kamioka mine for R&D

M. Vagins talk SK-Gd now approved to go forward
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Long string water Cherenkov detectors

~kilometer long strings of PMTs
In very clear water or ice

Map overall

time structure
of burst

L. Koepke talk

DOM Hits (20ms binning)

(lceCube/PINGU, ANTARES)

Nominally multi-GeV energy
threshold... but, may see burst
of low energy v_'s as coincident
increase in single PMT count

rates (M_.~ 0.7 kton/PMT)

IceCube collaboration, A&A 535, A109 (2011)
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Scintillation detectors

PMT
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scintillator

- few 100 events/kton (IBD)

- low threshold,
good energy resolution

- little pointing capability
(light is ~isotropic)

Liquid scintillator (C H., )
volume surrounded by

photomultipliers
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Current and near-future scintillator detectors

KamLAND LVD
(Japan) (Italy)
1 kton 1 kton

Borexino SNO+
(Italy) (on surface, but
may be possible

to extract counts
for known burst)

0.33 kton

scimillator:

uuuuuuuu
08 P!

+ reactor expts




Future detector proposal
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Liquid argon time projection chambers

Anode wire plane

U N X
Bo Yu (BNL)  Liquid Argon TPC « fine-grained trackers
| ’  no Cherenkov threshold
* high v, cross section
Cathode / oty ‘|\
Plane \‘l Ve _I_ 40Ar s 6_ _I_ 4OK>|<
Edrift~500V/cm ﬂ. = )
ICARUS MicroBooNE SBND DUNE
(Italy...) (USA) (USA) (USA)

0.6 kton 0.2 kton 0.112 kton 40 kton




Cross sections in argon

(10°° cm?)
=)

Cross section
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Events per bin

Flavor composition
as a function of time

= Infall Neutronization Accretion Cooling

1'I'ime (seconds)

For 40 kton @ 10 kpc,
Garching model
(no oscillations)

Energy spectra
integrated over time
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Note that the neutronization burst gets

substantially suppressed with flavor transitions
40 kton argon, 10 kpc
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“New” NC channel in argon L A0A Ly 1 40 p

Cross section calculation from A. Hayes 40 * 40
SNOWGLOBES + LArSoft study by C. Nunez Ar® — 9.8 MeV v+ TAr
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: Sete e ‘% Detector
a10%y e " .
) _ signature: |
S cluster of blips
. : from Compton
107550 iz’o 0 40 S0 6 70 Eggm%o;})o _______ - : scatters
g 70
. . S 6ot S
Assuming drift 5 ¢ e
correction from s
“ aof- .
photons, o Preliminary
should be 3
observable in 3
10
the spectrum
L W S ST ST W | :
10 20 30 40 50 60 70 80 90 100

Energy (MeV)



How well can we fag interaction channels in argon”?

Charged-Current Neutral-Current Elastic Scatter
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The final state can be complicated...
some energy is lost

MARLEY sim MARLEY Smearing Matrix, Drift Corrected (Recob)
(see Alex Friedland’s talk)

100

Preliminary

=0.05

=10.04

0.03

Reconstructed Energy (MeV)
~
o

0.02

0.01
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E. Conley

0 10 20 30 40 50 60 70 80 90 100 v

Truth Neutrino Energy (MeV)

Modeling is improving, but still need
nuclear theory help !



Lead-based supernova detectors

v, +%%Pb — 20Bi* + e ccC

\ o Relative 1n/2n rates
Tn, 2n emission sharply dependent

on neutrino energy

+ 208 208ph* + = spectral
Vx Pb — \P b Vx NC sensitivity

1n, 2n, y emission

& 102
13 = v,-2*Pb 1n
80 = v.-®Pb 2n
-o 1OE ......... NC-v 2pp 1
z E e NC-v #*pp 2
e B "=+ NC-¥™Pb 1
o
b 1:5 o= NC-F 2'Pb 2
Q -
? 1L s
a 10 E . ‘.----"':\‘4‘3‘3"5'-'.-':7:“:‘::‘::l::': ...............
g - R St
102 TS i
E et o
= G N
= R 3
o -~
107 5
= >
: £ 4
104 ¢
L
-5 1
10° ¢
. QP ~ i £ :
; D) RS ! ) o -6 S '
P R AV (R G ) R 107 2 :
) \ <9 ' [./ ! LA /4 = > >
SN RS > “ 4 L S t
- 1 3
< - 10-711]111]' lllll lllllllIlllIlllllllllllllllllllllll

10 20 30 40 50 60 .‘Peutrin%oEnerggy (Me‘AOO

HALO at SNOLAB

SNO 3He counters + 79 tons of Pb: J. Rumleskie talk
~1-40 events @ 10 kpc



Coherent Elastic Neutrino Nucleus Scattering (CEVNS)

Vv, + A — v, + A C. Horowitz et al., PRD68 (2003) 023005

High x-scn but very low recoil energy (10's of keV)

= observable in dark matter detectors

10 kpc
- L=1052 erg/s per flavor — Argon
: Eayg = (10,14,15) MeV
a = (3,3,2.5) for Germanium

10

(Ve Vg-bar, v,)

— Xenon

Counts over threshold per ton

~ handful of events per tonne
@ 10 kpc: sensitive to

E|||||||||||||||||||||||| |||||||||||||||]||||||||
0 0005 001 0015 002 0025 0.03 0035 0.04 all flavor components of the flux

ecoil energy t 'reshglg‘t(glleo;os
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Now measured
w/ stopped-n v’'s

Beam ON

View looking
down “Neutrino Alley”




itivity

Galactic sens

Extragalactic

Summary of supernova neutrino detectors

Detector Type Location Mass Events Status
(kton) @ 10 kpc

Super-K Water Japan 32 8000 Running
LVD Scintillator Italy 1 300 Running
KamLAND Scintillator Japan 1 300 Running
Borexino Scintillator Italy 0.3 100 Running
IceCube Long string South Pole (600) (109) Running
Baksan Scintillator Russia 0.33 50 Running
HALO Lead Canada 0.079 20 Running
Daya Bay Scintillator China 0.33 100 Running
NOvA Scintillator USA 15 3000 Running
MicroBooNE Liquid argon USA 0.17 17 Running
SNO+ Scintillator Canada 1 300 Under construction
DUNE Liquid argon USA 40 3000 Future
Hyper-K Water Japan 540 110,000 Future
JUNO Scintillator China 20 6000 Future
PINGU/GEN-2 Long string South pole (600) (109) Future

plus reactor experiments, DM experiments...




For supernova neutrinos, the more
the merrier!




Comment #1
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Interactions with nuclei
(cross sections & products)
very poorly understood...

sparse theory & experiment
(only measurements at better
than ~50% level are for 12C)

Neutrinos from pion decay at rest have
spectrum overlapping with SN v spectrum,

"
*
*
*
+*
*
*

N
W
\
W\
W
\N
N\ [
'
\
W
\N
W
WV
\\

“
*
“
*

| IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIX

.
. \
. W
\\\\\\\\
R

% = 40

A. Bolozdynya et al., arXiv:1211.5199

¢
W '
\\\\\\\
\
W -
K
|
K
\
K
W
K

e.g., at ORNL Spallation Neutron Source
and far off-axis at the Fermilab BNB
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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)

~40"
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This is an excellent opportunity

to study poorly understood neutrino-nucleus
Interactions in the supernova energy range




Currently measuring neutrino-induced neutrons
in lead, (iron, copper), ...

gg 1.4:
s | — Pb v, NIN total
2 12 .--.Pbv, NIN 1n
208 208D * - LI S — Pb v, NIN 2n
Ve T Pb — B\I‘ te CC % T — Ge CEVNS
1n, 2n emission N
Vet 208ph — 208pp* + V. NC 0.65 ......
1n, 2n, y emission o2 L
Neutrino Energy (Mevis5
A non-negligible

background to CEVNS,
especially in lead shield




NIN measurement in SNS basement

Liquid scintillator surrounded by lead, iron
(swappable for other NIN targets)
Inside water shield

Plastic scintillator panels

Photomultiplier tubes (PMTs) for liquid scintillator cells
Total mass of 4 panels: 21.1 kg

"-OD threaded aluminum rod

PMTs for plastic
scintillator panels

Lead

Divided into 8 volumes
Modular water shielding Total mass: 895 kg
3.5-gallon "Waterbricks"
52 in design

Plastic mass: 59.4 kg

4.5"-diameter
9"-long
liquid scintillator cell

1 1/4" steel plate

P h | I Ba rbea U Supported by five 1"-OD steel rods



COHERENT Non-CEvNS Detectors (“In-COHERENT”)

Sandia Neutron
Scatter Camera

Multiplane liquid
scintillator

Neutron background

Deployed 2014-2016

SciBath WLS fiber + liquid Neutron background | Deployed 2015
scintillator
Nal[TI] Scintillating crystal v.CC High-threshold
deployment summer
2016
Lead Nube Pb + liquid NINs in lead Deployed 2016
scintillator
Iron Nube Fe + liquid NINs in iron Deployed 2017
scintillator
MARS Plastic scintillator Neutron background | Under deployment
and Gd sandwich
Mini-HALO Pb + NCDs NINs in lead In design

And many more ideas and activities for Neutrino Alley and beyond...

Inelastic CC and NC

in Ar, Pb, ...

Other crystal or scint deployments in Csl shield
Flux normalization using D,O (well known xscn)
Ancillary measurements: QF

Directional detectors




Comment #2:
we should be thinking about joint unfolding

We have tools (improving) to turn fluxes into estimated signals
(individual experiment MC, SNOwGLO0OBES)

physics signatures

Ccross- sections
for relevant
channels

spectral/time evolution w/ \

smearing matrix for

given detector config:
includes both interaction

product distributions
detector response

and

~
-~
’

use sim for
refined

post-

smearing
efficiency

estimate,

or simple resolutions

—

flux ® xscn ® detector response

interaction
rates, as a
function of
neutrino
energy

‘smeared’
rates as a
function of
detected
energy

\

are the
signatures
visible??




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




Subdominant channels are in the mix,
and not always easily taggable... how to disentangle?

i"mw ¢ g Accretion 4w Cooling o0 )
M Ve l 1 -
- h- :

002 0 002 0.04 0.06 0.08 01 02 03 04 05

| . .

<002 0 002 0.04 006 0.08

01 02 03 04 0S5

w

o |

002 0 002 004 0.06 008




Summary
e Vast information to be had from | ra ¥

a core-collapse burst!
- Need energy, flavor, time structure

Global detectors:
- currently ~Galactic sensitivity
(SK reaches barely to Andromeda)
- sensitive mainly to the v, component of
the SN flux
- excellent timing from IceCube
- next generation: v, + huge statistics

Future: IRCIETE 4 o
- we need to measure some x-scns! e i |
- we need nuclear physics! BRSO b S - <
- we need to understand how to disentangle 9 Ay '
the truth fluxes T oAk
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