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Last time | probably bit
off a bit more than
| can chew...




Lecture Overview

Neutrino interactions with matter
General principles of particle detection
Survey of neutrino detection techniques

Specific astrophysical detectors,
organized by energy range

- few to few tens of MeV:
core-collapse supernova, solar

- few hundred MeV to TeV
atmospheric v's

- TeV to EeV +
AGNs, GRBs, mergers, ...

as far
as we
get....



Lecture Overview

Tue

- few to few tens of MeV: _
core-collapse supernova, solar ]'



What can we learn from the next neutrino burst?

CORE input from
COLLAPSE neutrino
PHYSICS experiments JEEEEESEY

N/

NEUTRINO and
OTHER PARTICLE
PHYSICS

explosion mechanism

proto nstar cooling,
quark matter

black hole formation

accretion, SASI

nucleosynthesis

v absolute mass (not competitive)
v mixing from spectra:

flavor conversion in SN/Earth
(mass hierarchy)

: other v properties: sterile v's,
Input from magnetic moment,...
photon (GW) axions, extra dimensions,
observations FCNC, ...

+ EARLY ALERT



What do you want in a detector for
a supernova burst?




§% Information is in the energy, flavor, time
= structure of the supernova burst

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”...



Neutrino interactions in the ~10 MeV range

Electrons
Elastic scattering
v+e —v+e
Charged
current [;]e _______ e
e
e
Neutral Voasenans s
current
Useful
for pointing




Neutrino interactions in the ~10 MeV range

Electrons

Protons

Charged
current

Neutral
current

Elastic scattering

Vyr+e —v+e

r\/ ------- }‘
e
e
Voasnnnns p&
Useful

for pointing

-V“

Inverse beta
decay

Ve +D — et +n
bt
™™\ Y
AR

€

Elastic
scattering

very low energy
recoils




Neutrino interactions in the ~10 MeV range

Electrons

Protons

Nuclei

Charged
current

Neutral
current

Elastic scattering

Inverse beta

ve+ (N, Z) —»e +(N—-1,Z+1)

_ decay+ Ve+ (N, Z) — et +(N+1,Z —1)
v+e —svte | Vetp—e€e +n
-] h
Ve ------- »‘ B e \ Y
e] Ve
Various
n \Y possible
ejecta and
- - deexcitation
e Elastic oroducts
scattering
Vaesnuns o p . R
NI .Q/'
Useful very low energy Venns
recoils Coherent
for pointing v+ A—=v+A  gastic (CEVNS)




Neutrino interactions in the ~10 MeV range

Electrons

Protons

Nuclei

Charged
current

Neutral
current

Elastic scattering

Inverse beta

ve+ (N, Z) —»e +(N—-1,Z+1)

_ decay+ Ve +(N,Z) = e" +(N+1,Z~1)
v+e —suv4e | VetpPp—e +n
-] &
Ve ------- »‘ B e \ Y
el Ve
Various
4 \Y possible
ejecta and
= i deexcitation ||
e Elastl_c oroducts
scattering
Vaesnuns o p . R
NI .Q/'
Useful very low energy Venns
recoils Coherent
for pointing v+ A—=v+A  gastic (CEWNS)

IBD (electron antineutrinos) dominates for current detectors




Cross-sections in this energy range
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Of these, only IBD and ES on electrons well understood
theoretically (or experimentally)...
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Current main supernova neutrino detector types

Water Scintillator

+ some others (e.g. DM detectors)



Water Cherenkov detectors

Inverse Beta Decay (CC)

>

>

_ . - <
vV +p — e"+n dominates
e E, =1.8 MeV ultrapure water
0.511 MeV charged
e \ particle
- Y 0.511 MeV
AN At
Cuenens )
’ eV, 0 . e
vas neutrino
n =
Y <l
2.2 MeV

See Cherenkov light from the positron (~positron is isotropic)

Can’t see 0.511 MeV y’s (why not?)
More on neutron detection in a bit

Limited by photocoverage (SK: ~40% = ~6 pe/MeV)



Super-Kamiokande

Water Cherenkov detector
in Mozumi, Japan

Ny . |50 kton of |
S 1 ultrapure |
% e RIS <\ water

. photomultiplier [
40 m high, Q) ;i

i

~ - tubes
17 m radius st :

e

T

SUPERKAMIOKANDE

INSTITUTE FOR COSMIC RAY RESEARCH UNIVERSITY OF TOKYO

NIKKEN SEKKEI



Supernova signal in a water Cherenkov detector

Events seen, as a function of observed energy
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v. t+e —v_ _+

e,X e,X
Pointing from
neutrino-
electron elastic
scattering
G. Raffelt
30°
5(6)) ~ degraded by
/N isotropic IBD



Entries/bin Entries/bin

Entries/bin

Declination (deg.)

Pointing in Water Cherenkov: Super-K

Right ascension (deg.)

50 < 100
sF (a) £'%F ()
§59% 10<E<15 MeV
25 < SF
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cosflg,

Fit to ES+ mildly anisotropic IBD (+1°0)

cosflg,

K. A

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

Harder when you don'’t
have the interaction truth!
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Neutrino Count

o =RV Inner Detector
CR% |

500 other

Outer Detector

Energy Spectrum Neutrino Direction

4w: - e e ® @ W e . PN PP ew B . - > - w-. ¢ - - e :
g %80 :
350 |
soi 60 !
| 40 ;
250 20 5
200} 0 |
150| -2( |
100/ -4( ;
50 -64 5
E -84 |

% 10 20 30 a0 50 60 "-150 -100 -% O S50 100 150

Energy(MeV)

http://snews.bnl.gov/snmovie.html



Neutron tagging in water Cherenkov detectors

— -+ detection of neutron tags
Ve +D— € ‘|‘@ » 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)

o
o
(=]

Am/Be data in SK

(=
o
TTTTTY

~200 us thermalization & capture, 5 7%
1 . @ 600F

observe Cherenkov radiation from E ool
vy Compton scatters zmi

300f

= with SK-1V electronics, 200,

100F

~18% n tagging efficiency

100 200 300 400 500 600 700 800
AT (us)




Enhanced performance by doping!

use gadolinium to capture NeutroNs |
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 EE},=8M€V

About 4 MeV visible
energy per capture

E=43=
£ 0.1 MeV

P : H. Watanabe et al.,
S o Astropart. Phys. 31,
320-328 (2009)

Number of Events
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01 2 3 456178 91
Energy [MeV]

o o § EGADS: test tank in the
i Kamioka mine for R&D

il

SK-Gd going ahead, starting this summer



SK-Gd schedule

* Detailed schedule planning is on-going taking into account
T2K beam availability.
* Earliest possible Gd in Super-K would be in late 2019.

2018

20XX__ 120XX __ 120XX [20XX

T, SK tank refurbishment (Right now!!)

- Water filling T1 = dissolving ~¥10 t of Gd,(SO,),

& purification

0.02% concentration

Normal runz i i
T, = dissolving 90t of Gd,(SO,),

0.2% concentration

] Nor?al run )

Normal run after water
transparency gets stable ~———2==% Normal run

* TO: Start date the Super-K tank refurbishment (May 31,2018).
* T1: First Gd loading ; 0.02% of Gd,(SO,), 8H,0 (~ 50% cap. Eff)
* T2:Final Gd loading; 0.2% of Gd,(SO,), 8H,0 M. Ikeda, Neutrino 2018



No core collapses allowed for the next ~six months!!

To progenitors of the Galaxy: you must hold it in!




Next generation: Hyper-Kamiokande

B

:

Water Depth 60m

-
L—1
|

=
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Long string water Cherenkov detectors

~kilometer long
strings of PMTs
! B in very clear water
., l!l | Or ice (IceCube, ANTARES)

.n.- -~

- \4#/

No?nlnally Mwev energy old...

but, may see burst of low energy (anti- v,sas

coincident increase in single PMT count rate =~

Map overall time structure of burst by tracking
the single-PMT h|t glow

-

0}.
43

.
LL LRt




DOM Hits (20ms binning)

42000

40000

38000

36000

34000

32000

30000

28000

Long string water Cherenkov detectors
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IceCube collaboration, A&A 535, A109 (2011)

Map overall time structure of burst



Scintillation detectors

Many examples worldwide
of current and future detectors

Liquid hydrocarbon (C H, )
that emits (lots of) photons
when charged particles lose

energy in it

Will see supernova
electron antineutrinos,

with good energy resolution




Scintillation detectors

PMT

S
\%\v

€

scinfillator

- lots of photons:
few 100 pe/MeV
=>low threshold,
good energy
resolution

- little pointing capability

(light is ~isotropic

even if interaction were

directional...)
- can also dope with Gd

Liquid scintillator (C_H. )

n "2n

volume surrounded by

photomultipliers

0.511 MeV

e \\Y 0.511 MeV

.

0

ﬁ
l."

n "\

2.2 MeV

retrieve

the energy
of the
n-capture
and
annihilation

Y'S




Interaction channels in scintillator

é’ 10°
R = -~ Total
= - £  nssess S
s L = I I\,B.gac
U) B ..z o';;..“‘.‘., ----- -120
E ..o ..... . Nc 12c
g 102 == . ‘.‘o
I.I.I — . '.o. ‘o‘.
5 . _/_ IBD (anti-v,)
‘0 dominant
-
::O
1 “'d"._‘
10-1 L I LA 1.1 I L1 | L1 11 I l‘l.'.l 1 I L1 11 I || I‘T'J | l L1 |’T‘.l ||
10 20 30 40 50 60 70 80 90 100
Energy (MeV)

50 kt @ 10 kpc



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




Future detector proposals

IR
LTINS

iR
uammmmn |
[ S N

AN N TR~ INL
”n NS LIS LB
AT quw

JUNO Jinping
(China) (China) THEIA
20 kton 2 kton (TBD)

50-100 kton
WDbLS



Liquid argon time projection chambers

Anode wire plane

Bo Yu (BNL) Liquid Argon TPC kil ﬁne'grained traCkerS
sensitive to electron neutrinos
(as opposed to antineutrinos)
Cathode ’, uashe \
Plane Vi \‘l Ve _I_ 4OAI. s 6_ _I_ 4OK>|<
Edrift~500V/cm L
ICARUS MicroBooNE SBND DUNE
(Italy>USA) (USA) (USA) (USA)

0.6 kton 0.2 kton 0.112 kton 40 kton




Low energy neutrino interactions in argon

Charged-current absorption

R e Dominant.

v_+4Ar — et +40C|*

Neutral-current excitation | ess
40 40 N\ »* information
v, +TAr — v +PAr in literature

Elastic scattering

Can use for
pointing

Ve,x+e %Ve,x-l- c I

In principle can tag modes with

deexcitation gammas (or lack thereof)...




(10°° cm?)
=)

Cross section

Cross sections in argon
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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

Events per 0.5 MeV
N w w
G R-TR

N
o

=Y
(=]
T

v, “ar
40

| bbb
10 15 20 25 30 35 40
Observed energy (MeV)



Note that the neutronization burst gets

substantially suppressed with flavor transitions

40 kton argon, 10 kpc

80

nfall

70
60

Events per bin

50
40
30

20
10

"_llllllll|IIII|IIII|Illllllll'llllllll_].l

Neutronization Accretion Cooling
—+— No oscillations
—+— Normal ordering
—+— Inverted ordering
: |
| e e i z
T el -
L A —+
| o
1 1 l 1 1 L 1 l 1 1 l 1 i 1
0.1 0.15 0.2 0.25

Simple MSW assumption (assume OK at early times)

NMO:
IMO:

)
E/' = Es.r
B, = sin’ 0121:;9’ + cos? 912173r

Time (seconds)

(a robust mass ordering signature!)



Deep Underground Neutrino Experiment (DUNE)

4800 mwe undergound in South Dakota

70 kton LAr (40 kton fiducial, 4x10 kton)

1.2 MW beam from FNAL for long-baseline osc
first module in 2024, beam in 2026

\ ENSTING PROTOR
ACCELERATOR

= mass ordering & CPV
= supernova burst
" nucleon decay




4 x 10 kton DUNE LAr modules

- single-phase and dual-phase TPC designs
- prototypes for both @ CERN test beam



DUNE Single Phase TPC

horizontal charge drift, collection on wire planes

ﬁ\ﬁxﬂﬁﬁﬁﬁ-\ \‘
-~s-»1--q NS

<
B o e S S S S

-~

Liquid Argon TPC .~ | Anode Wire
: Planes

+photon
detectors

Also: photon detectors
inserted in anode planes for

fast event timing using
argon scintillation light

drift time —

rn reyverereves —.-v-y-vwv] o = & =
L

\, -‘
¢
[ -
1

wire niimber —




DUNE Dual Phase TPC

vertical charge drift, charge amplification
at top liquid-gas interface

Concept of double-phase LAr TPC (Not to scale)
Multilayer PCB anode

Anode 0V
- induction 5 kV/em I
» m mm “Vm mpma"on 30kV/cm tl )
......e&....-....l.ll -
cm Extraction field 2kV/cm ,
Vapor
extraction 2 kV/em
drift 0.5 kV/iem \.
Extraction grid
J

photomultipliers on bottom



Can we tag v, CC interactions in argon
using nuclear deexcitation y's?

v, + VAr — e + PK*

m E T
3;T (MeV) (nsec)
:‘ ©° 0’;2

’ ¢
»

4.38

1.65
209

Q (MeV)
5.885

24
T2

1.64 480

1.96
1.45
65
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— 0
40

Q.K

_— ~

['|TmTrn'r['|11T|Tr|1]1Trr|T|1T|Tn1Trrn'|]:: MR B A |IIII:I:IIIITIIlI:I:IIII:I:IIIITIIII:I:IIIITIIIIT [|'|Trr[rrn]1Trr|'rrr|]1111]1111'|1Trr|1111]Trrr|'n:E L A A _\
| ® |
UL ||| | | ||| 9 |IIII|IIII|II]I|IIII[IIIIlIIIIlIIII|III]| |||||||| ||||||||

AM=1.5 MeV

[ NS | D |

En
L

2800

40
Ar,

MicroBooNE geometry (LArSoft) (9364 %)

20 MeV v,, 14.1 MeV e, simple model based on R. Raghavan, PRD 34 (1986) 2088



| MARLEY (Model of Argon Reaction

_Low-Energy Yields)

. WK ‘"K EA'.
« Event generator for low energy v,CC neutrino
interactions on “°Ar with realistic final state
particles
« Lack of precision models of low-E neutrino
argon interactions E B B
. . . ‘ 4 N
« Transition levels are determined by observing
de-excitation (gammas and nucleons) n k S,
\j
At least 25 transitions / Reconstructing true neutrino energy:
have been observed / Q is determined by measuring de-
indirectly excitation gammas and nucleons
Energy Recosl Energy
Outgoing  donated to of Nucleus
(g.s.tog.s.is ¢ Inergy  ransition (negligible)
3" forbidden 1125 E, = E. + Q + Kiecon
transition)

« Large uncertainties in nuclear data and
models complicate energy reconstruction

S. Gardiner, marleygen.org



he final state can be complicated...
some energy is lost

?‘\‘t‘ V. +10Ar oy = + 40K

E,=16.3 MeV

e deposited 4.5 MeV

* NuUCch

& positrons

ys from n-capture
7.6 MeV

Total visible
Energy = 12.2 MeV

Visible event
radius = 144 cm

30cm



How well can we fag interaction channels in
argon?

ve +*0Ar — e~ + 10K* v+ OAr v AO0A vr+e —vV+e
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Lead-based supernova detectors

v, +%Pb — 209Bi* + e

\ Relative 1n/2n rates
1n, 2n emission sharply dependent
on neutrino energy
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3SHe counters for neutron detection

»L SHe + n—p + t + 764 keV

Mickel Counter Body —»

< by
|

curn H_" proportional counter P

Pinch-Off Tube ’ | & . . . — i

" measures ionization NYS\ A -l
, ‘?.Jr ... deposition by p, t final — =

i 1] state charged particles

Acrylic Anchor Ball —= ! ; _' ______________ | | u l [ [ 3

; | gl o B
0 200 400 600 800 1000 1200 1400 1600 1800
Total event energy (keV)



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

Recoiling nucleus Nucleon wavefunctions

T in the target nucleus
are in phase with each other
Outgoing neutrino at low momentum transfer

Incoming neutrino

For QR << 1 _ |
[total xscn] ~ A2 * [single constituent Xxscn]  A: no. of constituents

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



Cross-section (10°° cm?)
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Large cross section (b neutrino standaras) but hard to observe
due to tiny nuclear recoil energies:

x10°
’?: 140k Nuclear recoil energy spectrum in Ge for 30 MeV v
Y - 2 2
£ 120 do GFMQWFZ(Q) PR
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S 100
o B
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E 80 .
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- energy is ~2E /M
40r- (25 keV for Ge)
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scatte.red
neutrino

The only
experimental
sighature:

tiny energy recoil
deposited -
by nuclear
recoils in the
target
material

4

deposited energy

secondary
recoils

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



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

see a
scintillating crystal
noble liquid

Cryogenic ,
Ge, Si 2-phase
. . . noble liquid
lonization

HPGe

http://dmrc.snu.ac.kr/english/intro/intro1.html



Now measured
w/ stopped-n v’s

Beam ON

View looking
down “Neutrino Alley”




Expected recoll energy distribution
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What’s Next for COHERENT?

See talk by I. Tolstukhin
Parallel 5, NMNM
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One measurement
so far! Want to map
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Detector example: XENON/LZ/DARWIN

* dual-phase xenon time projection chambers

" Connection to crycgenics,
purification, cata acquisition

) : ;' ‘ _.‘9 ‘ ST | " Anode
W=t
O T,
A ,t‘ 1 matter target
250 T T T T T
; 27 Mgy, LS220 EoS . .
+ 0 = =< 7[s]: 500 ms bins | 30t 27 Mgy, LS220 EoS
200+ —— DARWIN (401)
—_ i —  DARWIN (401) — XENONNT/LZ (71) |
E —— XENONNT/LZ (7t) | B — XENONIT (2
Z 150L —— XENONIT (2y) ] 2 ol
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= 100} 1 25 :
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Post—Bounce Time [s] SN distance [kpc]

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



Mock Experiments

What will be learned?

27 Msun, LS220 EoS: 0 = 1 = 7[5]
lor intervals
==
__—1__
DARWIN (40t)  —J=
=
__—_L
—_—t—
XENONNT/LZ (1) =
s Sl
1 —
XENONIT 2t) ———f——
——F
= truevalue ——"= ...

Total Energy Emitted Into Neutrinos [10°? erg]

Neutrino Flux Amplitude A7 [10" ecm™]

"
o

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

|V true values
L ML reconstruction

..................................

27 Msun, LS220 EoS
0.1 =tpp= 1.0[s]

1o~ contours
— XENONIT (2t)

—— DARWIN (40t)

—— XENONnNT/LZ (7t) |

Average Neutrino Energy (E7) [MeV]

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



The so-called “neutrino floor” for DM experiments

Cross section [cm?] (normalised to nucleon)
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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).
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sitivity

Galactic sen

Extragalactic

Summary of supernova neutrino detectors

Detector Type Location Mass Events Status
(kton) @ 10 kpc
Super-K Water Japan 32 8000 Running (SK 1V)
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
Mini- Scintillator USA 0.7 200 (Running)
BooNE
HALO Lead Canada 0.079 20 Running
Daya Bay Scintillator China 0.33 100 Running
NOvA Scintillator USA 15 3000 Running
SNO+ Scintillator Canada 1 300 (Running)
MicroBooNE Liquid argon USA 0.17 17 Running
DUNE Liquid argon USA 40 3000 Proposed
Hyper-K Water Japan 540 110,000 Proposed
JUNO Scintillator China 20 6000 Proposed
PINGU Long string South pole (600) (109) Proposed

plus reactor experiments, DM experiments...




Example
signals

in future
detectors

Infall

Neutronization Accretion COOIIng
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An example of a robust MO signature: the neutronization burst

80
70
60
50

Events per bin

40
30
20
10

40 kton LAr

374 kton water 20 kton scint

— - . 900 —— 70
—in fall ' Neutronization Hnfall!  Neutronization :Infall: Neutronization :
= | 8005_ v, from ES . 60 !y fromES :
= 1/ . 700F on e - one; '
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—+— Normal ordering
—+— Inverted ordering

suppression for IMO,

stronger suppression for NMO




Distance reach for future detectors
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SK will see ~1 event from Andromeda; HK will get a ~dozen



For supernova neutrinos, the more, the merrier!




SNEWS: SuperNova Early Warning System

- Neutrinos (and GW) precede em radiation
by hours or even days

- For promptness, require coincidence to
suppress false alerts

snews.bnl.gov

Coincidence
experiment g Server at BNL alert to

UT time
significance ggi rf;‘;%r:]ie astronomers
by UT time

stamp

- Running smoothly for more than 10 years, automated since 2005




SNEWS: SuperNova

Early Warning System
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Sociological comments...

level of sustained
human interest

importance of catching every
ast bit of data

Everybody’s hungry for data...

1/century
7\




The neutrinos are coming!

Far side of the Milky Way is ~650 light-centuries away...
... ~2000 core collapses have happened already....

¢

(Figure from Sky&Telescope magazine)




And going even farther out: we are awash in a
sea of ‘relic’ or diffuse SN v's (DSNB),
from ancient SNae ...

®/cm>MeV s

it's all about e backgromss
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for decent signal/bg

(no burst,
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optical SNae...)

Number of events per 0.5 MeV per year
-
o

11— Scint, 20 kt (V)

Window with
low v bg,
20-40 MeV

~few events
per year in SK

-
J

Water, 560 kt (v,)

--------
,,,,,,,,
' ..

g Argon, 40 kt (v,)

T T A A

- No oscillations

===« MSW, NH

35 40 45 0
Energy (MeV?



Y +
In water: Ve+pe e’ +n

E 14 + SK | ) Michel electrons
2 o from decays of
S + sub-Cherenkov
?§ 10 - g threshold muons
2 el | ;
5 g o / - Worst background is from
6 decaying 'invisible muons’
from atmospheric neutrinos
4 +i+ — reduce by tagging
2 T T electron antineutrinos with Gd
,,,,,, - Underway for SK!
0 -20. l310. B .4I0l - l510l B IGIOMM I7|0. B I8|0
Energy (MeV)
n
LAr? Electron flavor, N g et
but low rate... bg unknown TR @ Y
Scintillator? b
@ 8 MeV cascade

Good IBD tagging, but NC bg... -



We may get there eventually!

Hyper-Kamiokande (Gd) JUNO
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\begin{aside}

Interactions with nuclel

(cross sections & products)

—h
(=]
o

very poorly understood...

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

A. Bolozdynya et al., arXiv:1211.5199

0
(MeV)

Neutrinos from pion decay at rest have
spectrum overlapping with SN v
spectrum, e.g., at ORNL Spallation
Neutron Source




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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This is an excellent opportunity

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




Currently measuring neutrino-induced neutrons
in lead, (iron, copper), ...
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s | — Pb v, NIN total
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Summary & Prospects
" Vast information to be had from . ' o

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

" Current & near future detectors:
- ~Galactic sensitivity
(SK reaches barely to Andromeda)
- sensitive mainly to the v, component of
the SN flux
- excellent timing from IceCube
- early alert network is waiting

Future detectors
- huge statistics: extragalactic reach
- richer flavor sensitivity (e.g. v, in LAr!)
- multimessenger prospects
- DSNB prospects improving
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