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SN neutrino burst



Importance of Supernova Neutrino Detection

How do core-collapse supernovae explode?
How do they form neutron stars and black holes?
What are the nucleosynthesis products of supernovae?
What are the actions and properties of neutrinos?
What is the cosmic rate of black hole formation?
Which supernova-like events make neutrinos?
What else is out there that makes neutrinos?

We cannot solve key problems without detecting supernova neutrinos

Only neutrinos can reveal the interior conditions of collapsing stars
Detecting even a few neutrinos could often give decisive answers

Will open new frontiers in observational neutrino astrophysics

John Beacom, Ohio State University Meutrino 2012, Kyoto, lapan, lune 2012

J. Beacom, nu2012



Core-collapse supernova

Standard scenario of the core-collapse supernova

Core-collapse Neutrino trapping Core bounce

Supernova burst Shock wave propagation Shock wave at core
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Summary of supernova neutrino detectors

Galactic sensitivity

Extragalactic

Detector Type Location Mass Events Status

{kton) @ 8 kpc
Super-K Water Japan 32 8000 Funning (SK IV)
LVD Scintillator Italy 1 300 Running
Kaml AND Scintillator Japan 1 300 Funmng
Borexino Scintillator Italy 03 100 Running
[ceCube Long string South Pole (6007 (10%) Running
Baksan Scintillator Fussia 0.33 50 Running
Mimi- Scintillator USA 0.7 200 Funning
BOONE
Icarus Liguid argon Italy 0.6 60 Bunming
HALO Lead Canada 0.079 20 Under construction
NOvA Scintillator USA 15 3000 Construction started
SNO+ Scintillator Canada 1 300 Under construction
LEBMNE LAr Liguid argon USA 4 3000 Proposed
LBNE WC Water USA 200 44.000 Proposed
MEMPHYS Water Europe 440 88,000 Proposed
Hyper-K Water Japan 540 110,000 Proposed
LENA Scintillator Europe 30 15,000 Proposed
GLACIER Liguid argon Europe 100 2000 Proposed

plus reactor experiments, DM experiments...

K. Scholberg, Lownu 11
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signal & i, t - 3BEDTAVART—D

— [GWWF A=y P (>2000pC)
H. Nishino et al., NIMA 610, 710 (2009)
« NATSANIE

— multi-hit TDC (AMT3)

— FPGA

CItlon Pulser . A—HRyRBEAHL
5. . 60MHzZL RTLAHO99 AT

ik ATy
- TDC  FPGA .+ EMBE N (<1W/ch)



SK-1, I, ITHT—RYRE
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event window
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Neutrino interactions in the few-tens-of-MeV range

Inverse Beta Decay (CC)

-~ +
v.+p— e'+n

In any detector with lots of free protons

(e.g. water, scint) this dominates

R
+
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¥aw 2
N ‘o
.

Elastic scattering
on atomic electrons

ve}x CCCCCCTCTTTITITRTTITE e_

VE,X te — VE,}{ T e

(useful for pointing)

CC and NC interactions
on nuclei

v+ (NZ) = (N-1,Z+1) + e
v, +(N,2) - (N+1,2Z-1) + e*
v, +(AZ) = (A1,Z) +n+v,
v, +(A2Z) —(AZ) +v,

L. (A,Z) +v

+ NC coherent scattering

K. Scholberg, Lownu 11
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V,tp->et+n
—— v te >V te
_______ 7e+e' >V e
—— v+e >V +e
"""" v te >V te
— Vv +1%0->e+X

------- v, +160->e+X

v+160->v+p+N’
------- V+160->v+p+N’

v+160->v+n+0’

------- V+160->v+n+0’

NC cross sections are tentative.
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7e+p ->e*+n
7536 events
v+e ->v+e”
404 events
v +1°0->e+X
12 events

_______ ve+160_>e++x
89 events

v+1°0->v+p(n)+X
1329 events

the NC interactions do not
always generate gammaf(s).
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events/bin

10

one SN MC sample for a 10kpc SN

M

i

10 1 10
time {s)

V.+p->et+n
7589 events
v+e -> v+e”
380 events

Vo+160->e+X

99 events

NC on Oxygen
595 events



events Sbin
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d=10kpc w/o nu osc. gdn>0.4 and fid. cuts are applied

- |C 303
— Emtries 5956
i - Mean 19.51
I m &IE 4151
- /MeV

I inv. beta: 5198

i elastic: 282
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I —L N.C. on Oxygen: 407
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reconstructed electron total energy ( MeV)



method
a likelihood function is defined as L=exp (Z fo)H Ll.
where L; = Zprr (Ei’ai;&SN) “r i
r=v.p,veandv.e
k =1~5 energy binning
1 = event index

. . k k
we impose a condition N, = ZA "N
m

The matrix A and the p.d.f.s are obtained using a large SN MC
sample. Note that this sample is NOT used for the pointing study.

We search for the values of N ¥ and d, that maximize the likelihood
function, where the following condition is satisfied:

OL oL

_ — 0 Intotal, 12 parameters
kK~ ~3 :
ON od g are varied.




fit result for one sample of 10kpc SN MC w/o nu osc.
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fit results of 1000 MC samples w/o nu. osc. true direction

I¥ 100
Entries 1 GG
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a fit using a function
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6, =—0.09+0.06 deg.

no bias in the direction
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A.S. Dighe and A. Y. Smirnov PRD 62, 033007 (2000)
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A.S. Dighe and A. Y. Smirnov PRD 62, 033007 (2000)
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A.S. Dighe and A. Y. Smirnov PRD 62, 033007 (2000)

F,=pF+(1—p)F".
F,+F.=(1—p)F’+(1+p)F°.

F;=pF+(1-p)F?.
Fit+Fr=(1=p)F+(1+p)F?

P p
LMA Normal sin“#oPy cos” g

Inverted  sin’fg cos’OoPy



Num. of evt. per sec

w/ neutrino oscillations
normal hierarchy P =1

w/ neutrino oscillations
normal hierarchy P,=0

Num. of evi. per sec

10° 102 10'1| 1 10 10 e e e
Time () 10 10 10 1 10
— — Time {s)
V.+p -> e’ +n —— Vtp->e'+n
8152 events 8192 events
v+e -> v+e —_— V+e -> v+e

399 events 455 events



Num. of evt. per sec

w/ neutrino oscillations w/ neutrino oscillations
inverted hierarchy P,=0 inverted hierarchy P =1

Num. of evt. per sec

_‘l- 10 Lol

10 g e e 10° 07 10 1 10
107 10 10 1 10 _ Time {s)
Vtp->et+n Time {s) — V tp->e*+n
9754 events 8214 events
vt+e ->v+e’ — Vi€ -> Vvte

458 events 429 events
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pointing accuracy (deg.)
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1000 SN MC simulations for each point
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Signal for Supernova »,, and », Neutrinos in Water Cerenkov Detectors

K. Langanke, P. Vogel and E. Kobe, Phys. Rev. Lett. 76 (1996) 2629

[ I I _
T=8 (5)MeV, p=0 for v, (v,).
—— ~360 ev @ 10kpC
= 2
97
— 1 >
|, =
' _ L P
PN+p - /
(v.) ; J d
20 1 | | |
- B | T=6.26 (4)MeV, u=3T for v, (V).
FIG. 1. Schematic illustration of the detection scheme for O ~190 ev @10kpC '
supernova ¥, and v, neutrinos in water Cerenkov detectors. - 2 -
D
)
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event cluster is found!

l No .

cluster size > 100 ? — cluster size > 25 ? 2N
l YeS l YeS event vertices
f
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mean
l nCo

Rimean OK? |\ NG Rmean OK? K g NO

l Yes l Yes \
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AMANDA/IceCube as MeV v detector

...first proposed by Halzen, Jacobsen & Zas, astro-ph/9512080

20 MeV
@ positrons

== ice uniformly illuminated

= detect correlated rate increase
on top of PMT noise e




DOM Hits (50ms binning)

lceCube IZBITASNFEHIZaL— 32

10 IceCube collaboration A&A 535, A109 (2011)
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<4 | Possible detection of supernova neutrinos with KamLAND
A ~am—
B CcC Ve +p— et +n ~300 events

CC/INC  v(i)+ 2C— 2N, 2p, 2
—

a handful of events

~60 events

CC+NC v+e —rv+e ~20events

NC v+p—rv+p  ~300 events

K. Inoue
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Differential cross section

proton recoil favors the maximum energy (2E,2/M,). (good for E, measurement)
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FIG. 1. The differential cross section as a function of T, for
fixed E,. Note the nisc at large T, , indicating that large kinctic
energies are preferred. From left to right, the lines are for E =20,
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My topic: future ~ 50 kt liquid
scintillator detector

Emphasize LENA (low energy neutrino astronomy) —
scintillator detector of the European LAGUNA-LBNO

consortium
- Solar
2 reutrnes Neutrino Sources Rates
s Supernova
» "'{E;“g;"-‘ " Galactic Supernova neutrinos 10°/SN
r u
_E_ Geo = Diffuse Supernova neutrinos  10/yr
3 - "% Solar neutrinos 10%/d
10
Resctor ™ Geoneutrinos 103/yr
] = Reactor neutrinos 1034/yr
Supernova
J neutrinos ® Neutrino oscillometry 104/Mci
(diffuse)
0 1, | | | | " Pion decay-at-rest beam
A rubinn arorey (R " Indirect dark matter search

“Neutrino energy (MeV)
5

Lothar Oberauer, nu2012



LENA and a galactic supernova

@ 8 M. (3-10° erg) at D = 10 kpc (center of our galaxy)
In LENA detector: ~15000 events

Possible reactions in liquid scintillator

1@Vet+tp—n+e;n+p—d+n ~7 000 - 13800
2 @ .+ 12C—-"TBret: 2B 121 e~ 1w, ~150-610
3@ e+ 12C—e +1°N: "N —-"2C+et+1v, ~200-690
4 @ vy +12C — 12C* 41y, 2¢* —="2C+4  ~680-2070
Se 1, +te — Uy + € (elaslic scaltering) ~700

6@ 1y +p—1xtpP (asicscateing  ~1500-5700

Diploma thesis by J MA. Winter (TU Manchen) 8

Lothar Oberauer, nu2012



Hyper-Kamiokande YPER

——

N =< | i
-'.:“‘3

EP. - /’”" Duble caverns
.L'; ' ¢ ~ 7f ﬁw
Y 247 5 e Total mass: 0.99 Mton
48m" > 2" 2M  oFiducial: 0.56Mton

) 54m T

Each cavity separated into five X25 Super-K
eEach volume ~twice of Super-K
ePhoto-sensors on separation walls
— Performance equivalent to Super-K Baseline design
*|D: 20% photo-coverage (=SK-Il)
©99,000 20” PMT
*OD (2m) :25,000 8" PMT
Technically feasible design established

Masashi Yokoyama (U.Tokyo) Future water Cherenkov detectors 18
Y. Yokoyama, nu2012
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Detection Probability
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(Left) cumulative calculated supernova rate versus distance for supernovae in nearby

galaxies from ref.[100]. (Right) Detection probability of supernova neutrinos versus distance at

Hyper-K assuming 0.56 Mton fiducial volume and 10 MeV threshold for this analysis. Black, green

and blue curves show the detection efficiency requiring at least or equal to one, two and three events

per burst, respectively. Solid, dotted and dashed curves are for neutrino oscillation scenarios of no

oscillation, N.H. and I.H., respectively.
[100] S. Ando, J. F. Beacom, and H. Yiiksel, Phys. Rev. Lett. 95, 171101 (2005), arXiv:astro-

ph/0503321.
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SN relic neutrino search
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Theoretical Framework

l_ Signal rate spectrum in detector in terms of measured energy

dN,

a5 (Be) = Nyo(Ey) /D N [(1 +2) p[Eu (1 +_g;;]] [ Rsn (E;,] [iff d]
| |

Third ingredient: Detector Capabilities Second ingredient: Supernova Rate
(well understood) (formerly very uncertain, but now
known with good precision)

First ingredient: Neutrino spectrum
(this is now the unknown)

Cosmology? Solved. Oscillations? Included. Backgrounds? See below.

- P =1k e = bl Kl =1 i rim T 3 = e ¥
O acom, Ohio State University dJeutring 2012, Kyoto, Japan, June 2012

J. Beacom, nu2012
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Low angle events Signal region Isotropic region

T~ W
! v
O L. / reconstructed
N (invisible) % angle near 90°
SK-1/11l combined final data sample MC (decay electron channel not shown)
120 /717 R D
signal region i;oérolpic.region - signal region isotropic region
100 1 (NC elastic) (NC elastic)
go | low region " low region
(n/n) - (n/n)

60 | v, CC
[ I n/mn
40 NC elastic
20
%0 10 20 30 40 50 60 70 80 90 0O 10 20 30 40 50 60 70 80 90

Cherenkov angle distribution degrees



40

35

30

25

20

15

10

K. Bays et al. Phys. Rev. D 85, 052007 (2012).
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K. Bays et al. Phys. Rev. D 85, 052007 (2012).

TABLE V.

90% C.L. flux limit (? cm ™ %s™ 1), E, > 17.3 MeV.

Model SK-1  SK-II SK-III All Predicted
Gas infall (97) <21 <75 <7.8 <28 0.3
Chemical (97) <22 <72 <78 <28 0.6
=t Heavy metal (00) <22 <74 <78 <28 <1.8
F LMA (03) <25 <77 <80 <29 1.7
e * . Failed SN (09) <24 <8.0 <84 <3.0 0.7
. 6 MeV (09) <27 <74 <87 <3.1 1.5
= = 0L N A S
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Mumber of events
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K. Bay et al., PRD 85, 052007 (2012)
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neutron tagging with Gd



week ending
VOLUME 93, NUMBER 17 PHYSICAL REVIEW LETTERS 22 OCTOBER. 2004

Antineutrino Spectroscopy with Large Water Cerenkov Detectors

John E Beacom' and Mark R. "'np"'lg,n:ilw.2

'NASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, [llinois 60510-0500, USA

Df;:rarrmfm of Physics and Astronomy, 4129 Reines Hall, University of California, Irvine, California 92697, USA
(Received 25 September 2003: published 20 October 2004)

We propose modifying |large water Cerenkov_detectors by the addition of 0.2% ga:-:lolinim
trichloride, which is highly soluble, newly inexpensive, and transparent in solution. Since Gd has an
enormous cross section for radiative neutron capture, with > E, = 8 MeV, this would make neutrons
visible for the first time in such detectors, allowing antineutrino tagging by the coincidence detection
reaction ¥, + p— e* +n (similarly for #,). Taking Super-Kamiokande as a working example,
dramatic consequences for reactor neutrino measurements, first observation of the diffuse supernova
neutrino background. galactic supernova detection, and other topics are discussed.

large water Cerenkov detectors by the addition of 0.2% gadolinium




Gd A UJSK (GADZOOKS!)

n — = -~
V ~0 . SKTGIEF-T.[BEFLEE
e\P 27\ Ho<IZEBA(L I TUR

@ * J.F. Beacom and M.R. Vagins,
o Gd \y\A PRL 93, 171101 (2004).
/ e 6~49000barn (0.3barn for p).

o GAAHEFZERINT S, 3-4
BEt8MeVD A TiEERE,

o SKTGIZEANDZEIZEKY SERTSRNDEGHIFEIZE
= A] HE,
* spallationERDINFHIIZLY. 10MeVIZEHEZ T IF45Z&
75\_.|-ﬁl$o
e TBZGWSa—H2]

||In|

3‘%7&1/5‘ Té; 75\_.[ Hl:.o



Gd it&%
 Gdcompound | corrosion | light attenuation
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inilum’s Action on Detector Systems
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Gdz(SO4)3 9 2 Gd3+ X 3 (804)2‘

Microfiltration

1,000 — 100,000 angstroms
membrane pore size
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logLikelihood

0
-0.2 /
0.4 SK-I/I!/III
combined
-0.6 likelihood
0.8 . combined
1 90% c.l.
L
1.2 :
1.4
1.6
-1.8
2 1| 2 3 4 5 6 I7

Combined Fit

ev/yr interacting in 22.5 ktons

combined 90% c.l.:

<5.1ev/yr/22.5 ktons interacting
< 2.7 /cm?/s (>16 MeV)
< 1.9 /cm?/s (scaled to >18 MeV)

Comparison to Published /cm?/s
>18 MeV

Published limit

cross section update to
Strumia-Vissani

Gaussian statistics =
Poissonian statistics in fit

New SK-I Analysis:

E presy 18 2 16 MeV
£=52% 278 %

(small statistical correlation
in samples)

improved fitting method
takes into account NC

New SK-1/11/1ll combined fit

1.2

1.2>1.4

1.4->1.9

1.9->1.6

1.6 > 1.9



Predictions from Cosmic Star Formation Rate

Total star formation rate
deduced from massive stars
using initial mass function (IMF)

Impressive agreement among
results from different groups,
techniques, and wavelengths

—
o’

Integral of R, agrees with EBL

Hopkins & Beacom (Z006)
Rujopakam et al. (2000)

LEG: Reddy & Steidel (200499

LEG: Bouwens et al. (2008) integrated
LEC: Yerma et al, (2007)
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Horiuchi, Beacom (2010); .
see also Hopkins, Beacom (2006) IMF uncertalntv on RSN small
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Measured Cosmic Supernova Rate

Measured cosmic supernova
rate is half as big as expected,
a greater deviation than
allowed by uncertainties

Why?

There must be missing
Lietal (2010b)

e negesn LMl  supernovae — are they faint,
Botticella et al. (2008)
_ et AN obscured, or truly dark?
£ mean li_gal SFR, Bazin et al. (2009)
(see Figure ) Diahlen et al. (2004)

0 02 04 06 08 il Preliminary Dahlen (2010)

Redshift z . -
points near solid line, below
Horiuchi et al. (2011); L.
see also Hopkins, Beacom (2006), prellmlnarv Dahlen (2008)

Botticella et al. (2008),
Mattila et al. (2012) (Horiuchi poster)

John Beacom, Ohio State University
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