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Neutrinos from Core Collapse Supernovae

Newborn Neutron Star

e

Proto-Neutron Star

P~ Ppyc =3 X 10% g cm™3
T~ 10 MeV

Georg Raffelt, MPI Physik, Miinchen

Gravitational binding energy
E, ¥ 3x10°3erg ~ 17% M, C?

Showing up as
99% Neutrinos
1% Kinetic energy of explosion
0.01% Photons, outshine host galaxy

Neutrino luminosity
L, ~ 10”3 erg/sec ~ 3 x 10%° L,

Vv

While it lasts, outshines the universe

Diffuse SN neutrino background (DSNB)

e Comparable to EBL

* 10% of cosmic radiation density

 Dominant cosmic neutrino radiation
(big bang nus are hot dark matter)

SN 1987A, 30 Years Later, 20-24 Feb 2017



Sun Glasses for Neutrinos?

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



Sun Glasses for Neutrinos?

Several light years of lead
needed to shield solar
neutrinos

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



Sun Glasses for Neutrinos?

8.3 light minutes

Several light years of lead
needed to shield solar
neutrinos

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



Georg Raffelt, MPI Physik, Miinchen

May There Be Light

Cherenkov Radiation ° |
Neutrim\& o Neutri nk

Charged particle with clection ©_° nudEUS?—O

“superluminal” speed

in a medium (water, air, ...)
e Directional information

muon or electron

Cherenkov light Cherenkov light

Scintillation Light

Charged particles excite certain
transparent materials

(e.g. organic compounds dissolved
in mineral oil — large volume)

e More light (lower threshold)

e No directional information

SN 1987A, 30 Years Later, 20—-24 Feb 2017



Irvine-Michigan-Brookhaven (IMB) Detector
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SN 1987A Event No.9 in Kamiokande

Kamiokande-Il Detector
(2140 tons of water)
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Hirata et al., PRD 38 (1988) 448

Georg Raffelt, MPI Physik, Miinchen

NUM 9
RUN 1892
EVENT 139372

TIME 2/23/87
16.35.37 JST

TOTAL ENERGY 19.8 MeV

TOTAL P.E. 51(0)
MAX PE. 4(0)
THRES P.E. 0.2(1.0)

KAMIOKANDE 2-P

NUM <.
RUN 1892
EVENT 139372

TIME 2/23/87
16:35:37 JST

TOTAL ENERGY 198MeV

TOTAL PE 51(0)
MAX PE. 4(0)
THRES P.E. 0.2(1.0)

SN 1987A, 30 Years Later, 20—-24 Feb 2017



Battle against Radon(1985 — )

222Rn — 218Pg — 214Pp — 214Bj —f (3.26MeV)
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ter
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Fresh water supply
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M.Nakahata’s notes after the analysis
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Kamioka Underground Today

KamLAND (Tohoku Univ.) fAe

Super-Kamiokande

Mt{— Ikeg ayama 1000 ton liquid scintillator detector g

Reactor, geo neutrinos
136Xe double beta decay

—
—
—
— —
—
i ——
[ - e
—
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—
—

50,000 ton water Cherenkov detector
| /| Atmospheric, solar, supernova neutrinos
" | Proton decay, indirect dark matter searc
Far detector for T2K

1000m|

Kamlokande

(CANDLES

CaF, scintillation detector | =S

for 48Ca double beta decay

WAND was here

Gravitational-wave

@® )Super-K dome

CLIO 100m x 100m prototype

1 Geo-physics 100m x 100m
i\ Laser strainmeter

XMASS

Direct dark matter

search experiment

EGADS ]
200t Gd test tank

: ?oogﬁk

Adapted from M. Nakahata (Tokyo, February 2017)

Atotsu
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Long-Baseline Neutrino Oscillation Projects (2025+)

Hyperk RO 0AB 2.5 at HK

Two Tanks? “7 *T7%
Each 220 kt

DUNE (Fermilab — Homestake in US), Liquid Argon Detector

Sanford Underground

Research Facility Fermilab

- e :;/(1:308: %{32-?;&%/:
Liquid Ar:

Measure v, *

from SN

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017




Operational Detectors for Supernova Neutrinos

Daya Bay @ Super-K (4000)
SNO+ (300) Borexino (100) (100) KamLAND (400)

(4000 + BKG) & ¢~ =77 ;

MicroBooNE 47« =
(17 v,)

+ Other small
detectors

i B In brackets events
with some \ct . :
SN sensitivity IceCube (106) for a “fiducial SN

at distance 10 kpc

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017
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The Red Superglant Betelgeuse (Alpha Orionis)

Size of Star
(W]
Size of Earth’s Orbit

L1
Size of Jupiter’s Orbit

Georg Raffelt, MPI Physik, Miinchen

First resolved

. image of a star
i other than Sun
+
i Distance
- - (Hipparcos)
ey 2 130 pc (425 lyr)

If Betelgeuse goes Supernova:
e 60 million neutrino events in Super-Kamiokande
¢ 2400 neutrons/day from Si burning phase
(few days warning!)
[Odrzywolek, Misiaszek & Kutschera, astro-ph/0311012]

SN 1987A, 30 Years Later, 20-24 Feb 2017



SuperNova Early Warning System (SNEWS)

Coincidence
Server @ BNL

Borexino

http://snews.bnl.gov

e Neutrinos arrive several hours before optical outburst
e [ssue alert to astronomical community

¢ Trigger to LIGO, NOvVA, GCN

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



Early Lightcurve of SN 1987A

AV
-

lIII|II[1..I|IIIII|IIIII|IIIII|IIIII|IIIII_ Expected bolometric
McNaught

plates . Expected visual

(o)}
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| —|

o] )]

:

s : X Zoltowski plate — ) ]

: ] brightness evolution

L =3 Jones limit .

5 8t @ —

a 2 3 o

-+ — Mm v @l

w108 o =

E -= 2| Neutrinos several .

12 Adapted from

hours before light
Arnett et al.,
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Day:Hour (UT) February 1987

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



May a Supernova Bang Twice?

L-layer horizontal chamber

49 U /

Fe(10cm) L-layer horizontal thambers

LSD (Liquid Scintillator Detector)
in the Mont Blanc Tunnel

(Oct. 1984 — March 1999)

Supernova monitor for our galaxy
90 tons scintillator

200 tons iron (support structure)

e Observed a 5-event cluster (7 sec)
4.72 hours before IMB/Kam-II

e Triggered autmatic SN alert

e Statistical fluctuation very unlikely

e No significant signal in IMB/Kam-II
at LSD time

e No significant LSD signal at IMB time

e One interpretation as “double bang”:
Huge v, flux (~ 40 MeV) at LSD time
e LSD signal caused by interactions
in iron of support structure
e Second bang ordinary multi-flavor
signal
(Imshennik & Ryazhskaya,
“A rotating collapsar and possible
interpretation of the LSD neutrino
signal from SN 1987A”, astro-ph/0401613)

Georg Raffelt, MPI Physik, Miinchen

SN 1987A, 30 Years Later, 20—-24 Feb 2017



SN 1987A Burst of Neutrino Papers

inSPIRE: Citations of the papers reporting the neutrino burst
140

Prompt Burst
4

d

120

100 -
Cooling Tail

y 4

/

80 -

60 -

After Glow
40 -

20 -

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



SN 1987A Burst of Neutrino Papers

inSPIRE: Citations of the papers reporting the neutrino burst

140

Prompt Burst
120

100 -

80 -

60 -

Ray Davis Jr.

40 - 4-2006)

Y “for pioneering contributions to
astrophysics, in particular for the
detection of cosmic neutrinos”

20 -

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



SN 1987A Burst of Neutrino Papers

inSPIRE: Citations of the papers reporting the neutrino burst
140

120

Paper trail bangs twice!

100

80

60

40

20

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



First Measurements of Solar Neutrinos

Inverse beta decay
of chlorine

600 tons of
Perchloroethylene

Homestake solar neutrino
observatory (1967-2002)

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



Results of Chlorine Experiment (Homestake)

1.4

1.2

0.6

37Ar production rate (Atoms/day)

0.0}
1970

Average (1970-1994) 2.56 £0.16 . 0.16,,, SNU
(SNU = Solar Neutrino Unit = 1 Absorption / sec / 103® Atoms)

Georg Raffelt, MPI Physik, Miinchen

1.0}

0.8 |

2
4 .
® ¢ 1 Rate
r 4

] (] LIPS
| hd |

04[]

0.2

i)

(1 FWHM Results) AplJ 496:505, 1998 g

1975 1980 1985 1990 1995

Year

SN 1987A, 30 Years Later, 20—-24 Feb 2017
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Results of Chlorine Experiment (Homestake)

1.4}

0.8

0.6

37Ar production rate (Atoms/day)

0.2

0.0}
1970

(1 FWHM Results)

~ ApJ 496:505, 1998

12§

1.0}

Rate

04[]

T

1980 1985

Year

1990 1995

Average (1970-1994) 2.56 £0.16 . 0.16,,, SNU
(SNU = Solar Neutrino Unit = 1 Absorption / sec / 103® Atoms)

Theoretical Prediction 6—9 SNU
“Solar Neutrino Problem” since 1968

Theoretical
Expectation

Georg Raffelt, MPI Physik, Miinchen

SN 1987A, 30 Years Later, 20—-24 Feb 2017
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n'Super-K since 1996
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Sun Shining Brighter at Night

g
fo)

Flux (x1 Oelcmzls)
N
(@)

{ Vg regeneration by propagating
Night flux of v, 1 through matter of Earth
is 3% larger :

f " Day- >Night
24l | [ 218

} _______________________________________________________ S

{ :HI """"""""""" .y
SinlE; |
D3 Night i \4 . Electron neutrino

i | i - Muon/Tau neutrino
37 E T R R L S e

2 FE1 0 1

z coso,
Zenith Angle of Sun

Renshaw et al. (Super-Kamiokande Collaboration), arXiv:1312.5176

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



WIMP Limits: Race to the Bottom

Searchig weakly interacting massive particles (~heavy neutrinos)
in direct detection experiments

1037 - _WIMP Limits circa 2016 ;-1
o \©
10738 | TN o\, {102
/ 5 L
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Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



Yesterday’s sensation

is today’s calibration’ —R.Feynman

... and tomorrow's background —V.7elegdi
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Atmospheric Neutrinos

Primary Cosmic Rays ; emﬂ\ an g(e deyendence )
: (Multi-GeV

- - Upilgomg
QAir Nucleus L

T. Kajita
Univ. Tokyo

Number of Events

2 Muon- X Up /Dow st. error for m-like
Neutrinos P/ n AR jb ~

- 'Hux caleulation -----
Prediction (”(m ssape EaeE,

Neutrino 1998 Data Energy alib. for 'N/
Takayama, Japan Non V Background --

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



Detection of First Atmospheric Neutrinos 1965

Chase-Witwatersrand-Irvine (CWI) Coll. Kolar Gold Field (KGF) Collaboration

Mine in South Africa, 8800 mwe (Japan-India-UK group), 7500 mwe
e Liquid scintillator e Plastic scintillator
e Horizontal tracks N7 e Flash tubes
/
neon ’
flash tubes plastic azimuthal
\s scintillators flash tubes
; Ik zenithal
i; ;’E flash tubes / |
UG P T [ —
'l TN I photomultipliers ] ’.I [
g JEU U i' plastic E
E. Ji_ 1 ; : 2 LU
2.5 cm lead iron 7.5cm =
telescopes 1 and 2 telescopes 3, 4 and §
(2m in line of sight) y (2 m in line of sight)

Slide adapted from Christian Spiering
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DETECTION OF THE FIRST NEUTRINO IN NAT[JRE
| ON

23R> FEBRUARY 1965
. IN
EAST RAND PROPRIETARY MINE

THIS DISCOVERY TOOK PLACE IN A LABORATORY SITUATED
TWO MILES BELOW THE SURFACE OF THE EARTH ON
76 LEVEL OF EAST RAND PROPRIETARY MINE, MANNED
BY A CROUP OF PHYSICISTS FROM THE CASE INSTITUTE OF TECHNOLOCY U.S :
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First Neutrino Sky Map

The first neutrino sky map with
the celestial coordinates of 18

Kolar Gold Field neutrino events
(Krishnaswamy et al. 1971)

Due to uncertainties in the azimuth, the
coordinates for some events are arcs
rather than points. The labels reflect the
numbers and registration mode of the
events (e.g. S for spectrograph). Only for
the ringed events the sense of the
direction of the registered muon is known.

Slide adapted from Christian Spiering

270°



IceCube (40 & 59 strings) Skymap

Atm. muons

Total events: 43339 (upgoing) and 64230 (downgoing)
Livetime: 348 days (IC59) and 375 days (1C40)

Georg Raffelt, MPI Physik, Miinchen SN 1987A, 30 Years Later, 20—-24 Feb 2017



IceCube Neutrino Telescope at the South Pole

lceCube completed December 2010
T L
som [ P ——
1400 m
The Eiffel Tower
356 m
|:A 2400m L 3 ‘! }(rrlg
e BOISHINGS
5)'16)0) 0)\Y/}s)

Georg Raffelt, MPI Physik, Miinchen

Idea for DUMAND under sea
Cherenkov detector (1978)
1.26 km?3, 22 698 Optical Modules

(discontinued [1995 after 1 string
pilot phase)

ceme e | i {

LAY
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Detection of The Year (2013)
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Published by %@ :
American Physical Society. physics Volume 111, Number 2 “ AAAS
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Diffuse Astrophysical High-Energy Neutrinos

III 1 1 IIIIlll L L IlIIIII

B Conv. atmospheric v, + 7, (best-fit)
B Prompt atmospheric v, + 7, (flux limit)
mm  Astrophysical v, + 7, (best-fit)

+++ HESE unfolding: PoS(ICRC2015)1081
Atmospheric Neutrinos
IceCube Data Astrophysical F
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IceCube Collaboration, arXiv:1702.05244

Georg Raffelt, MPI Physik, Miinchen
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IceCube as a Supernova Neutrino Detector

20 MeV 600 —mMm ——m————7—————

positrons : 1 SN signal at 10 kpc
()] [ ) . .
€ 500F Accretion i1 10.8 M, simulation
o 4005_ / of Bf:\sel group
% [ 1 [arXiv:0908.1871]
3 300F :
® ' ]
o 200f Cooling -
c [ ]
/-

roter 0.0 0.5 1.0 1.5

Time [ms]

e Each optical module (OM) picks up Cherenkov light from its neighborhood
e ~ 300 Cherenkov photons per OM from SN at 10 kpc, bkgd rate in one OM < 300 Hz
e SN appears as “correlated noise” in ~ 5000 OMs

e Significant energy information from time-correlated hits

Pryor, Roos & Webster, ApJ 329:355, 1988. Halzen, Jacobsen & Zas, astro-ph/9512080.
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SASI Mode in Neutrinos (3D Model)
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Tamborra, Hanke, Muller, Janka & Raffelt, arXiv:1307.7936
See also Lund, Marek, Lunardini, Janka & Raffelt, arXiv:1006.1889
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Many large detectors online for next decades
Every year a 3% chance
Optimistic to see more supernova neutrinos!






