Supernova Neutrinos

Detection: a brief overview




Supernovae and Neutrinos

The relations between the most
w elusive particle and one of the most
“thundering” events of the
universe...
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PHYSICS MOTIVATIONS:

Astroparticle

* Use cosm

Physics

ic particles as probes of extreme

astrophysical environments

They
astro

Vv !
scape from innermost regions of
physical objects

(photon cross section is 20 x greater...)

* Better source knowledge: getting information
about the probe
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Overview

11.April.2011

Introductio
= Stellar evolution
= Supernova mechanism (type Il): gravitational collapse
= SN neutrinos: main features
SN 1987 A
= Detectio
= What we have learned
Neutrinos Telescopes
= Guidelines
= Techniques: Cherenkov, Scintillators

Current experimental scenario Thanks for M. Selvi,
) . LVD-Bologna,and
* Whois running W. Fulgione
* SNEWS LVD-Torino for many
Conclusion slides in this

presentation
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SN Classification

SN

- <

SN 1
Si

\ He dominant H dominant
yes o peculiar
>SN Ilpec
SN IIb linear plateau
SN Ia @
/ \ SN TIL

SN IIP

faint narrow lines
SN Ib SN Ic
SN IIF SN IIn
| |
THERMONUCLEAR CORE-COLLAPSE

From Giunti and Kim - Fundamentals on Neutrino Physics and Astrophysics
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Thermonuclear Evelution and
Stellar Structure

Thermonuclear reaction sequence:
Hﬁkﬁe—)C—)O(Ne)—)Si_»Fe

Since one light element is completely burned, the stellar core
contracts, the temperature increases, and the burning of the heavier

element in the sequnce is triggereg

The cycle is always shorter
CNO cycle:
He - C
30 —» C+y (~5x105y),
C-> Neand O
C+a - O+y~
Si (~ 1 ano)
Last stage: :
Si 2 Fe ("’ 1 day) " emperatura Gentral (x10°K)

Densidade Central (g/cm3)

(600y),
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= “Onion” configuration:

T=2x10"K
pla
p=10"g/cm?

Hydrogen

25 M

Carbon
Silicen
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Oxyygen
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. 9 Helium
T =4x10"K the Star

K
p=10 gicm?

Center of 25 Sclar Mass Star Late in its Life
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Physicalland Chemical Profiles:
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Physicalland Chemical Profiles:
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Explosion: |

Y trappiLg
p,~ 6x10 g/cm® -~ A
R.. ~ 100 km
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~ 1 km
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plosion: Il

“ Phase transitirn of nuclear matter

Central Density:
p. ~ 2,7/x10' g/cm?

P=kp’

change of pressure main contribution
P.;vy=4/3 - P,;y=5/3
stiffness of stellar core

BOUCING - EXPLOSION
(shock wave) (v re-heating)
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Explosion: Ili

Prompt explosion: pure hydrodinamical mechanism
®) T

Delayed explosion: shock is revitalized by neutrinos

R : distance to the center
T : temperature [MeV]

K: neutrino absortion coeficient

Lv : Nu flux luminosity.

® First term: energy gain;
® Second term: looses by emmision from neutrino capture;

® Net gain: where J;?

R ~ 150 km (out of neutrinospheres !)
® The power released by neutrinos (~ 50 MeV s / nucleon),
revival the shock after ~250 ms.
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Hydrodinamical mechanism

v, but l;m.r |:11
1n1un1n

Y TOIINent
“tuned” to the n
seen in our 11-M, simul
11a|.1 distribution of the

atural means ll*-r ‘.’rhlt 11 ’rht

t1ons
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SNIV*S spectrum: numerical simulations

Numerical integLration or Monte-Carlo using the
Boltzmann transport equation:

+5.V =k p(b—f)—f [ (1=f )oK (E,Q—E, Q)dh d’p

h3

10f
c Ot

+(1-f) [ f px (E,Q —E, Q)

First term : nu absortion and emmision by free nucleons, b is the
distribution function (similar to f) in the case of emmission.

Second and third terms: nu scattering (E, Q) = (E’, Q')
KS is the opacity

® Constraints on erticIe number:
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SNIVFS Spectrum: numerical simulations

® General behaviour obtained for neutrino fluxes (from
different groups!) can be reasonable described by the
function:

A — normalization factor |
TL energy boundary: E, ., ~ 3%x10% erg
X=E/ — spectral temperature ;

N — pseudo-degeneracy ,
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SN »'s spectrum

40 50 60 70 80 Q0

(MeV)
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features

The hierarchy of the temperatures: T <T-<T,..

Recent studies with an improved treatment of neutrino
transport, microphysics, the inclusion of nuclear
bremsstrahlung, and the energy transfer by recoils find
somewhat smaller differences between the v, and v, spectra

(see for example astro-ph/03032206).

The approximate equipartition of energy among flavors:
L. OL, OL,, OEg/6.

a binding energy of E;= 3 x 10°3 erg,

Ratios are
T./T,,~15,T./T-~08 andT_, ~ 3 MeV
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Luminosity,
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SN 1987A

from Shelton Supernova — SN 1987A, arrived on
Earth in Feb-ZB-;1 987, 07:35:35 UT

Kamiokande-l| 12

IMB 8
Baksan (?) 5
LSD (??) 5

10 12 14 16

t(s)
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Total Energy v
Duration

(SK, Icecube ?) .. open ..
4
Thermal characteristics (black body ??)
Temperatures v
- .. open ..
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Our handiful of events yet
Neutrino Properties

@ Delayed explosion 100x more probable than prompt explosion.
o Average energy (Ep,) = 15MeV.
o Neutrinos emitted N;, ~ 3-10°".

o Energy emitted E = 3-10°3 erg.

@ [ime scales

e accretion of mass At = 0.7s,
e cooling phase At =4s

Neutrino massLP:
Model independent
Model dependent
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Our handful of events
Neutrino Properties

Several other properties of neutrinos are constrained

e Lifetime of electron antineutrino

@ Number of flavours N,, < 6,

e Magnetic moment
g = 10712,

e Charge radius of right-handed neutrinos
<r2>R < 25 W en®
Electric charge of electron neutrino

10-g,
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Neutri

Why getting down on
Earth to see stars 777
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Neut}ino
Telescopes |

' The Baik
'Detector
Complex




SEOPESHENTMIMUIMNEYUIEIERLS

* Large Mass:
= due v small cross-section
—— 10 41 - 10 -44 Cm2
* Big Depth:
* Low radiation environments
= Shielding for cosmic radiation
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* Nv
*Ov
* F
*NA
*M, A

11.April.2011

. number of exTected events

: Cross section
- flux
: Avogadro’s number

. total mass ,

: number of targets

Typical Dimensions

molecular weight of the target

particles / molecule

E.K.-ANDES

* to have ~ 100 events via
Inverse B-decay in liquid
scintillator:

Ov =104 cm??,

F ~ 10 cm™
(collapse in the galactic center),

A =14 (CH2 scintillator),

N =2  (H protons),

M~ 1kton - 10 m
Size cube




Detector'additional requirements

Burrows’ prescrip}ions, 1992:

“Beyond material, mass and depth, a Supernova neutrino
telescope must have: ..”

° buffers adequate to handle high throughoutput
° short deadtime

o accurate absolute and relative timing

° good energy resolution

° low maintenance cost and a high duty cycle
Latter, consense adds :

® ability to distinguish among flavors
11.April.2011 E.K.-ANDES 28



Detectors for stellar collapse Vv

Experiment

Super-Kamiokande 32000 H,O Kamioka
Mines

SNO 1400, 1000 H,O0,D,0  Sudbury

LVD 1000 ‘H.C,..." LNGS

Kamland 1000 “HC,." Kamioka

MiniBoone “ " FermiLab

Russia

600 t of Lar

lcecube may observe a statistical enhance in the PM counting rate.
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Cherenkov:
+ ) direction and energy -) higher thresholds

Tanks
Ocean
Lake

- “v," sensitivity
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Cerenkov:
+ ) direction and energy / -) higher thresholds

17 .A[')rit2r51 1 ' I | 31



SN v Iinteractions In
Water Cerenkov

V,+p > n+et

15.4

121 AGH

11 4




SN v inte#actions In
heavy water Cerenkov

High statistic
sample of all-
flavors

Vi+ d-n+ p + Vi nheutrinos
NC

v.+d - p+pte



SN vV Interactions In

Liquid Scintillator

C,H,, volume surrounded by PMTs

(LENA, Kamland, LVD, Borexino,
MiniBoone, Baksan)

v+ p -n+e
— CC 1.8
Vtp -Vvtp

NC
vite svte
CC-NC
v+ 12C SN + e
— CC 17.3
Ve+ 12C _)128 + et
CC 14.4

scintillator




Scintillator

+) Energy resolution, lower threshold,
more target particles /| molecule,
time resolution

-) No direction

11.April.2011 E.K.-ANDES
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SN telecopes scenario

Table 1. Summary of nentrino detectors with supernova sensitivity. Neutrino event estimates
are approximate and have a fairly large uncertainty. See reference [1] for individual detector
references. Not included are are smaller detectors ( e.g. reactor neutrino scintillator experiments)
and detectors primarily sensitive to coherent elastic neutrino nuclens scattering,
Detector Type Mass (kton) Loeation Events at 8.5 kpe  Live period
Baksan CrHap .33 Caucasus () 1980-present

super-K H,0O 32 Japan S000 1996-present
LVD CnHap 1 Italy 300 1992-present;
KamLAND C,,Hy, 1 Japan 300 2002-present
MiniBooNE (C,Haz, (.7 J5A 200 2002-present
Borexino CnHap, (.3 Italy 100 2005-present

[ceCube Long string 0.4/PMT South Pole N/A 2007-present
SINO+ C,Hay, (.8 Canada 300 Near future
HALO Pb 0.07 Canada 80 Near future
Icarnus Ar 0.6 Italy 230 Near future
NOvrA CnHop 15 USA 3000 Near future
LBNE LAr Liquid argon 5 USA 1900 Future
LBNE WC H;0O 300 USA 78,000 Future
MEMPHYS H;0O 440 Europe 120,000 Future
Hyper-K Hz0O a0 Japan 130,000 Future
LENA CnHap, al) Europe 15,000 Future
GLACIER Ar 100 Europe A8.000 Future

11.April.2011
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Pulse Recognition
Cerenkov: Threshold and event topology
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Inverse beta decay (double signature)
Vv _+ - [ etH
" ¥

: : + +
1. Positron detection p - d
followed by ... 2. Gamma (2.2 MeV) from neutron
capture
(1= 185 ps)

nergy (MeV) Delay (ms)

Neutron capture efficiency = 60% (from 2>2Cf
E.K. measurement)
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Earth matter effects

If we consider the effect of Earth in the neutrino
path to the detector, we must replace, in the

detected flux estimation, U?_ with P_ (i=1,2), the
probability for the mass eigenstate v, to be detected
as v, after path in the Earth, which depends on the

solar oscillation parameters and on the travelled
density profile through the Earth.

Pe2 Pel

Fe — JIIl U7y FOq + Cuo vq>o FO),

Pel

F.=Py .. F% + (1-Py,

11.April.2011 E.K.-ANDES
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CC with 2C I

v, CC on "*C — Adiabatic Oscillations

[ [
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SN v oscillations and Earth matter effects

; e

(Dighe, Keil, Raffelt hep-ph/0304150)
NE

10

The modulation can be seen by one single detector only if the energy
resolution is good enough = scintillator detectors
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characteristics:

* 1 bunch each
20-30 years

* bunch duratio+|:

10-60s
. T, ?

High duty cicle
needed!

11.April.2011 E.K.-ANDES
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SNEWS

SUPERNOVA EARLY WARNING
SYSTEM

SK, LVD, Borexino, SNO, KamLAND,
have defined a common protocol
(SN candidates trigger rates)
to warn |IAU

11.April.2011 E.K.-ANDES
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SNEWS

Large Detectors for SN Neutrinos

LVD & Super-Kamiokande
Borexino & Kamland

Triangulation by arrival
4 time poor, cos(6) ~ 0.5
“| (Earth diameter ~ 42 ms)

| Asymmetric signal from
ve scattering: Pointing

=" accuracy ~ 5° (SuperK)
Amanda or ~ 20° (SNO) -
(Antarctic ice)




The SNEWS system

Every experiment looks
send alarm at average r

SK

N\

KAMIOKA
server

f?r SN burst and

ate of 1/week

Network as much as possible fault tolerant

Give prompt information to

astronomical comu

nity.

Doing online twofold coincidence
allows to send a prompt alarm and
to reduce to around zero fake

alarms!

Triangulation possible but 00 = 50%
E.K.-ANDES
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LVD

LNGS
{ server

Scientific

SNO comunit

(4A) [ensaqu|

Hexp = Tweek

Nb of active experiments



Future detection

Expected num

er of events:

O(1074) for a galactic collapse

Scale of the fu

ture experiments: MEGATONS

LENA, Hyper-K, DUSEL

Is better save

Neutrino oscill
Mass hierarch

ots of space in ANDES

tions (Theta — 13)

Supernova dynamics (acretion phase)
Supernova spectrum (blackbody ?)

11.April.2011
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Conclusions

& Supernov$ neutrinos are a rich probe for
particle physics and astrophysics

* Under

ground, water, ice experiments are
necessar

* Collaboration and coordination among
different experiments is a reality

* Southern hemisphere measuments
should be very interesting
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