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Astrophysics with

four MESSENGERS

© Neutrinos

© Photons |—

Essentially all the information
We have on the Universe around us
has been obtained with photons.

The history of Astrophysics is the
EXTENSION of the range of
wavelength available for observations

® Cosmic Rays (p,e, p,e’, ...)

© (Gravitational waves




Astrophysics with
four MESSENGERS

© Photons

A New Messenger
with very different properties

. that will allow to
O NQUtranS “SEE” the universe

in a profoundly different way

® Cosmic Rays (p,e, p,e’, ...)

© (Gravitational waves



Astrophysics with
four MESSENGERS

© Photons

Study the structure and
properties of the SOURCES

O Neutrinos Study properties of
the NEUTRINOS (oscillations,

decay...)

® Cosmic Rays (p,e, p,e’, ...)

© (Gravitational waves



Astrophysics with
four MESSENGERS

O Ph()t()ns Relation between
these fields

Observing same

@ Neutrinos Objects / Events

with ALL messengers
at the same time ....

® Cosmic Rays (p,e, p,e’, ...)

© (Gravitational waves



SPACE 1s
FULL of NEUTRINOS

that come from a

variety of sources

In a very broad
interval of energies




Natural

Neutrino
Fluxes
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Natural
Neutrino
Fluxes
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The Cross Section of the Neutrino
1Is VERY SMALL

PROBLEM :

Detection 1s Very Difficult
Require Very Large Detectors

OPPORTUNITY:

Neutrinos come from
DEEP INSIDE Astrophysical Objects



Possibility of
“Modifications” of the neutrino flux
during propagation.

Investigate :
Flavor Oscillations (with very long path-lengths)
Decay (with very long lifetimes)

Important difficulty:
Properties of the neutrinos at the source
must be sufficiently well understood.




What could one learn about the neutrino properties
When astrophysical neutrinos are finally detected ?

Extraordinary Long Baselines

Lgala,ctlc ~ 3 X 1022

Leviva >~ 1.3 x 10%° 2z cm

[Pseudo-Dirac neutrinos

Oscillations with very small Dm2  Mass doublet with tiny
Mass splitting]

2 —1 2
Am?* ~ 1071 eV
Neutrino decay (9 orders of magnitude improvement)

Neutrino cross sections at very high energy



Neutrino Astronomy (or Astrophysics)
has just been born at the end of
the last Century

TWO +1y ASTROPHYSICAL OBJECTS
have been “seen” 1n Neutrinos”

The SUN
SuperNova SN1987A

The Earth: Geophysical Neutrinos




SOLAR NEUTRINOS

Source of Energy of the SUN : Nuclear Fusiorn]
4p + 2¢~ — *He + 2v,

Energy Released per each Cyclel .
Q = 4m, +2m, — mg, = 26.73 MeV A 0% = .. i
Ve — IQU 108
I a% (Q —(Ev)) 3|
Py ~ 6 X 1019 (cm? s)~! R




VoLUME 12, NUMBER 11 PHYSICAL REVIEW LETTERS 16 MARCH 1964

SOLAR NEUTRINOS. II. EXPERIMENTAL*

Raymond Davis, Jr.
Chemistry Department, Brookhaven National Laboratory, Upton, New York
(Received 6 January 1964)

Ve+37Cl = 3"Ar + e~

On the other hand, if one wants to measure the
solar neutrino flux by this method one must use
a much larger amount of C,Cl,, so that the ex-
pected *"Ar production rate is well above the back-
ground of the counter, 0.2 count per day. Using
Bahcall's expression,

Ecpv(solar) B

aps

=(4+2)x107% sec~? (®’Cl atom)™?,

then the expected solar neutrino captures in
100 000 gallons of C,Cl, will be 4 to 11 per day,
which is an order of magnitude larger than the
counter background.




(1 FWHM Results)
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Super
Kamiokande
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NEUTRINOS
from
SUPERNOVAE
EXPLOSIONS

(Gravitational Collapse)

Energy 30 MeV




Neutrinos from Supernovae
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The neutrinos from SN ]. 9 8 7A

still the subject of many works every year !

IMB
4ATN 81TW

Kamiokands-l|
36N 137E

\\\\ neutrinos from SN1987A
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Kamiokande + IMB detection of SN1987A
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Onion Structure Collapse (Implosion) ‘

H

Degenerate iron core:
p =107 gems
T ~100K
Mpe e 1.5 My,
RFE ~ 8000 km

From Georg Raffelt



Explosion

Newborn Neutron Star
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Prote-Neutron Star
prp,..=3%10!% g cm?®

T = 30 MeV

From Georg Raffelt



Newborn Neutron Star ‘

Grayitational binding energy

Ep % 35 1093 erqg = 17% MEUMCE

: This shows up as
Neutrino 99% Neutrinos

: ., 1% Kinetic energy of explosion
Cooling (1% of this into cosmic m‘rs)
0.01% Photons, outshine host galaxy

Neutrine luminosity
L, = 3x10°° erg / 3 sec

Proto-Neutron Star s 3% 1077 Loy,
pa P = 3% 1014 g em® While it lasts, outshines the entire
T = 30 MeV visible universe

From Georg Raffelt



NEUTRON STAR STRUCTURE

qtuark—hybrid traditional neutron star
star - |

hyperon

star neutron star with

pion condensate

Fe
color-superconducting 6 3
strange quark matter 10~ g/em
(u,d,s quarks) 11 3
10 g/cm
ee  erL
CFL-K
HEF.  grL-i”
LOFF R Hydrogen/He
CFL-T o atxr{nos%here

strange star
nucleon star

Ao

R~ 10 km



23 tebruary 1987

.... 2D.D years ago
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We want a new close-by ' ' Super—Kam
(... but not too much..... ) ' '
Gravitational Collapse
Supernova

D = 10 kpc -
100 - = a7

Scientific Potential
(with the new detectors)
1S very important

Events [/0.01 sec]
o
o

D D 1 1 I 1 L L 1

0 056 1 15 R 5 10
Time [sec] Time [sec]




nature GEOPHYSICAL
(anti)-NEUTRINOS
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Spectrum [1/MeV/decay]
2

10 5
1 2 3 4
Energy [MeV]

22U — 2Ph + 8*He + 6e~ + 677, + 51.7 [MeV]

22T — “05Ph + 6*He + 4e™ + 417, + 42.7 [MeV]

VK OCa+t e + 17, + 1.311 [MeV]
89.28%

YK+ 6w —— PAr 4+ 1, 4 1.505 [MeV]
10.72%



152 events observed Geoneutrino results

“signal™ 25 17 s

Nature 436, 28 July 2005
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(march 2010)



Neutrinos
associlated to the

“High Energy Universe”




 Victor Hess
4 before the balloon flight of 1912

Cosmic Rays

Discovery of Cosmic Rays
beginning of
High Energy Astrophysics

Energies and rates of the cosmic-ray particles
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MILKY WAY

“Bubble” of cosmic rays

\’ generated in the Milky Way
LARGE MAGELLANIC CLOUD and contained by the

Galaxy magnetic field

Space extension and
properties of this “CR bubble”

A
« SMALL MAGELLANIC CLOUD remain very uncertain



Flux of Cosmic Rays

Cosmic Rays contained
In the Milky Way

N;(E) = Q;(E) x Tj(E)

p, nuclei(Z, A)

7 o~ ot
p?e?e

Different particles

Injection

of cosmic rays time

Containment




Injection

Containment

of cosmic rays time

N;(E) = Q;(E) x T;(E)

Lj = /dE EQ;(L)

Spectral Shape

LARGE Power
Requirement

~5x 10" Lg

| Dynamics of acceleration process]

Source
Identification

Key problem!



CR escape

Observable CR
populations:

nj(Ev Qa F)

Injection:

QJ(Ea F& t)

~ Propagation as
~ isotropic diffusion

D (p / Z ) F) Extra galactic
particle

\



Piece of extragalactic space: Non MilkyWay-like sources

QMilky Way (E)

oS
Qextra, galactic (E ) @

Extllagalactic CR &
Injection Power density AGN

& & o

& :
@ Milky Way
&
o ® Galaxy
Q@
o0 & Extragalactic

Magnetic Field




Intimate Relation between :
Cosmic Ray Physics

High Energy Gamma Astronomy

Neutrino Astronomy




"ASTROPHYSICAL”

NEUTRINOS

Astrophysical Object
contalning:

Populations of
relativistic protons, Nuclel
electrons/positrons

Emission of:
" aU | arays

Neutrinos

Cosmic Rays




CAS A _—
(1667) |




p + target — many particles

—pn)+7 +71 +7°

iu@ L@

“Hadronic Emission” |—> e

“Leptonic Emission”
6$ + B — €$ 'I'@(:hmtmﬂ P

+ F
e’ + Ysoft — € _I_@(‘:I"HD Compton




Relation between

PHOTONS and NEUTRINOS

Assuming HADRONIC production| for the photons:

In theabsence of photon absorption

One Photon ~ One Neutrino




y b, (E)

. neutron

Escaping QR | proton
[Source “dissolves” (like a SNR)]

Production of Cosmic Rays
versus neutrino/photon spectra




Foreground of

Atmospheric Neutrinos




Atmospheric
neutrinos

¢Ni (E, COS Qzenith) ¢,/j (E, COS Hzenith)
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7T+%/L+—|—VM

ut—=e +uv. 47,

Spectra of neutrinos —
generated in the o
chain decay of N
of a charged pion (pi+)

fr s u(y)




Contribution of Kaons
(very important for electron neutrinos)

K™ — u+u, (BR = 0.634)

Kt — 7°+e" 4+ (BR = 0.0482)
KT = 7°+u" +u, (BR = 0.0318)
K, — 7t +ef+u.(7) (BR = 0.194)

K, — 7 +p*+v,(7,) (BR = 0.135)



Interaction
VETI'SUS
Decay

for mesons




Particle | (m hg)/(em) (GeV) | B.R. | Decay Mode
mt 114 1 ut vy
T 114 1 T
K+ 844 0.634 | pt vy,
K+ 844 0.0487 | w° e™ v,
K+ 844 0.0327 | 7° ut v,
K~ 844 0.634 | p~ 7,
K~ 844 0.0487 | ° e~ T,
K~ 844 0.0327 | 7° pu~ 7,
K; 203 0194 | 7t e v, (7 et 1)
Ky, 203 0136 | 7t p~ v, (7= ptovy)
D+ 3.8 x 107 0172 | et v X (pt vy X)
D~ 3.8 x 107 0172 | e 7e X (u~ 7, X)
DY 9.6 x 107 0.0687 | et ve X (p v, X)
D’ 9.6 x 107 0.0687 | e 7e X (u~ Ty X)
A, 2.4 x 10° 0045 | et 7. X (ut v, X)
DY 8.5 x 107 0.064 | 77 vy
D7 8.5 x 107 0.064 | 7~ 7




[GeV!" /(ecm® s sr)]

(,f)(E) EZ.‘?

10—4

10~ 6

10— 8

“prompt muons”
from decay of
charmed particles




Relation between:
« Cosmic Rays in the source
« Photon, Neutrino Flux

— P |
Np(E) ~ K E r c.(i‘?/vsgplalfz\;tion

Photon, neutrino fluxes also power law with same esponent

O, (F) = K E™% X [0 CNtarget] X Zpu, (@)

Oy (E) =~ K E™% X |0pp CNtarget] X Zpy (@)




Neutrino advantages :
1. Straight line propagation
2. No absorption
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NT-200

Pioneering work
in Lake Baikal (Soviet Union)

- 4 cables x 4km to shore.
- 1070m depth




Amundsen-Scott South Pole station

/ “North”

South Pole
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lceCube Lab

IlceTo

81 Stations, each with

2 IceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors

SO0m[—

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

r
[} | :| :| I;' IlceCube Array
J

December, 2010: Project completed, 86 strings

125 m string separation
17 m between PMT's

1450 m

DeepCore

/"3 strings-spacing optimized for lower energies
*E 480 optical sensors

1 | Eiffel Tower
2 1324 m

-

2450 m
2820 m




Deployment of
the strings
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High-energy events in IceCube-40

~ EeV air shower

~100 TeV nm induced
muon

TR I

Run 110890 Ewver 1

CAP5-511 - Gaisser 88



More events

4 By 43
'; : - _::,-.:
- o
, ; }'i . ==
> }J =
L 3 - b4
= - * o 1
O ! 188
o

A cascade event, candidate for
a high energy ne ~50 TeV

RICAP 25-05-2011 Tom Gaisser 99



Detection

dFE E E Level
——s B i < — = (1+—)

dX A




IceCube Effective AREA (as a function of Neutrino Energy)

Ems i_ 1) zenith range (90°, 180°)
5 F 2) zenith range (90°, 120°)
1075 3) zenith range (120°, 150°)
103 4) zenith range (150°, 180°) 2
102 - 1
10 -
e
107 - 3
102 =
': A EEE ~ I (N O W N TR L R T TR AN S Rl ) P I SN N
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Neutrino source

See only
Y2 of the SKY



Neutrinos from
Cosmic Ray Sources

“Cosmogenic Neutrinos”

Neutrinos from DM annihilation




NEUTRINO
POINT SOURCES




Components of the Neutrino Flux

bv (B, Q) = m (B, Q) + P+ (E, Q)

atm

T qua]actic (E- Q) = (fﬁE:{tra Ga](E-; Q)

+ D 6i(B)dle-9

Galactic

+Z¢5k

Extra Gal




5 DETECTION PRINCIPLE

. atmospheric background

' atmospheric p -7

atmos vV

10|

¢, (em*sr's)

1u'";
10—11;
.Iu-'ll';
11:-'1*; =

1014
1°l1!i

v induced

II[:I--M.i

cOSMIC ra-y 1"-"'”-.1 0.8-0.6 0.4-0.2 0 0.2 0.4 0.6 0.8 1

cos 6,

Introduction | |C40+I1C59 Results | +=IC/79 Results | Conclusions
Juan Antonio Aguilar - NOW 2012



+/C79 SKYMAP

000060
U » Total events (IC40+IC59+IC79): 108317 (upgoing) + 146018 (downgoing)
»Livetime: 316 days (IC79) + 348 days (IC59) + 375 days (IC40)
w +85
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Juan Antonio Aguillar - NOW 2012



+1C/79 SKYMAP

» Total events (IC40+IC59+IC79): 108317 (upgoing) + 146018 (downgoing)
»Livetime: 316 days (IC79) + 348 days (IC59) + 375 days (1C40)

Atm. neutrinos

Atm. muons

+85

PRELIMINARY

0.0

0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0

Juan Antonio Aguillar - NOW 2012



IceCube selected sources
(13 galactic SNR etc, 30 extragalactic active galaxies, etc.)

No significant detections at this point

Source RA (deg) |Dec (deg) | Type Distance | P-value PKS 0135+164 3966 1663 LBL =094 018
Cyg OB2 308.08 41.51 LNID - - PKS 0528+134 | 82.73 1353 F5RQ) x = 2,060 .49
MGRO 2019437  |305.22 3¢6.83 PYWN - - PKS 1502+106 | 226.10 10.49 F5RQ 1 = 0.56/1.839 —
MGRD 1908+ | 28698 6.27 SR - 0.38 IC 173 I187.78 205 FSRO r=0,158 _
Cas A 35085 58.81 SNIR 34 lepe - NGC 1275 49.95 4151 Seyfert Galasy z = 0,017559 -
IC44) 94.18 21.53 SNIR 1.5 ke - CygA 299.67 4073 Radio-loud Galaxy = 0,056146 D44
Geminga 98.48 17.77 Pulsar 100 pe -
b Nl a3 T SNR ke - Sgr A 266.42 -29.01 Galactic Center 8.5 kpe 049
IES 19594650 300.00 6515 HBL z=0.048 - PKS 0537-44| BAT1 4409 LBL = 0.89% 044
IES 23444514 15677 5170 HRL 2= 044 -

Cen A 201.37 | -43.02 FRI 3.8 Mpc 0.14
JCHEA 35.67 43.04 B =044 0.42

amr 1 PKS (454-354 |224.36 | -35.65 FSRQ r= 1.42 0.14

H |426+438 217.14 4167 HBL z=0.129 -

PKS 2155-304 319.72 -30.23 HBL t=0.116 —
BL Lsc 330.68 4128 HBL z=0.069 0.4

PKS 1622-297 146.53 -29.86 F5RQQ 1 =0815 027
Mrk 501 253.47 39.76 HBL z=0.034 0.19

QSO 1730-130 | 263.26 -13.08 FSRQ £ = 0,902 -
Mrk 421 166.11 38.21 HBL z=0.3 -

PKS 1406-07¢ 212.24 787 FSRQY r = | 494 036
W Comae 145.38 2823 HBL z=0.1000 -
IES 0229+200 38.20 20.29 HBL z=0.139 0.39 QSO WN-077 | 30642 764 FSRQ =13 -
o pp— - . oo 03 ICI7Y 194.05 579 FSRO) r =053 045
55 07 16+71 11047 71.34 LBL 2> 0.3 0.49 TYCHO 6.36 64.18 SR 24 kpe
Mgy 14897 69.68 Sarbust | 386 Mpc - Crg %l R rnne L -
IC1230 6927 29.67 Fal 1038 Mpc - Cyg X-3 308.11 40.96 M50 9 kpc -
IC 4543 34349 16.15 FRO 2= 0359 0.48 LSl 303 40.13 6123 MQSO 1lkpc
4C 38.41 24851 38.13 FSRQ z= 1814 0.3 55413 167.96 4.98 MQ50 L5 kpc 048




#i  CONCLUSIONS

» No evidence of a neutrino point source has been found in the
combination of 3 datasets: |C/9+IC59+IC40

» The IC59 untriggered flare analysis have the most significant result but
still compatible with a background fluctuation.

» More analysis on the IC/9 dataset are still on-going: time-dependent
searches, stacking sources, extended sources skymaps.

» lceCube sensitivity Is getting In the region where a non-discovery from
a point-source Is becoming meaningful.

Juan Antonio Aguillar - NOW 2012



Prediction of the neutrino
Flux from the photon flux
'+ additional information]

Astrophysical
source

Multi-wavelength
observations




Astrophysical

~
Possible absorption in the source

Propagation effects (extragalatic)

gbleptonic( E) 1 qﬁgadronic( E)

source

Flavor oscillations
(good theoretical control)

ENERGY
EXTRAPOLATION
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Atmospheric Neutrinos

Thin lines : Atmospheric v
Integration Angle : 0.3°

Thick lines: ¢, = K E™**%
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IF TEV emission of the
Brightest TeV sources
is of hadronic nature

detection with neutrinos

is within reach

Few events / (km?2 yr)

...but

NOT EASY !




HE y-ray sources
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KM3NeT lay-out
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Optical Module (OM) = pressure resistant/tight sphere cointaining photo-multplier
Detection Unit (DU) = mechanical structure holding OMs, enviromental sensors,

/

Construction in several blocks => Multi-site option Piera Sapienza — NOW2@12
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*" Direction reconstruction using TDOA
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analysis in plane wave approximation
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INTERDISCIPLINARY studies



Gamma Ray Bursts
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Counts/sec

GRB : associated with a subset
of SN Stellar Gravitational Collapse

Progenitor ey
(masgve star) _ Shel_l?
External
Internal shocks

shocks . ‘\ Fe line
Fe line J. ANNAN
: A\CA - W
w ¥
e —— Q
- Je Y
TAVAVAY

\J
collapse . ¥ Fe line

Gamma-ray

Lt Afterglow




41 GRB used by AMANDA

Log,o[E (GeV)

Photon

: Neutrino assumed
detection

spectrum



EXTRA-GALACTIC NEUTRINOS

UNRESOLVED FLUX

Sum of all High Energy
Neutrino Sources

Individual Sources

AGN
GRB's




The 3-dimensional lampposts ensemble “paradox”
[Kepler - Olbers paradox].

Linear sequence of lampposts: 3D ensemble of lampposts:

[Euclidean static space]
Most of the light you receive

from the nearest lamppost Light diverges !



Homogeneous (in average) density of sources:
spherical shells between radii: 1, 2, 3, 4, ....

All spherical shells contribute equally.: DIVERGENCE!
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Homogeneous (in average) density of sources:
spherical shells between radii: 1, 2, 3, 4, ....

All spherical shells contribute equally.: DIVERGENCE!

Divergence cured
By cosmological effects

1 4
41 R* AR C
(4% R2> ( " ) Ruubble = — ~ 3 Gpce




[MonteCarlo] Energy Spectrum of Neutrinos
Observable in IceCube.
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A Search for a Diffuse Flux of Astrophysical Muon Neutrinos with the IceCube
40-String Detector
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The Event Selection

-~ channel # > 300

lag energy/GeV

Energy of incoming particle « Energy-losses in detector « number of photo electrons (NPE)
« Optimization based MC and MC verification based on 10% experimental ‘burn’ sample
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Two events passed the selection criteria

2 events / 672.7 days - background (atm. u + conventional atm. v) expectation 0.14 events
preliminary p-value: 0.0094 (2.360c)

Runi119316-Event36556705 Run118545-Event63733662

| Jan 314 2012 August o't 2011

NPE 9.628x104 NPE 6.9928x104

Number of Optical Sensors 312 Number of Optical Sensors 354

CC/NC interactions in the detector

m
il

v, (cascade) simulation




2 events with Large energy depositions
in IceCube (Neutrino 2012)

Event Brightness (NPE) Distributions 2010-2012
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“Cosmogenic Neutrinos”

“GZK (Greisen-Zatspin-Kuzmin) neutrinos”

Neutrinos generated by the interaction
of Ultra High Energy Cosmic Rays (E > 10" eV)
with the (2.7°) Cosmic Microwave Background Radiation
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Threshold for photon-hadronic interactions:

p+ v — p+ hadrons

Threshold for pion production
B2y —% P
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Interaction Length

int

AL = [y ny(p) (1 - cosby) 0y (s)

A

Qualitative analyisis
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Energy Loss Mechanisms for Protons:

low E photon
Greisen-Zatsepin- Kuzmin
//p/, (GZK) suppression
P e
T
y—ray
e
low E photon B
% %{V@/
\ //n//v ...p
P s

"' |NEUTRINO
~* |PRODUCTION




Proton Energy Evolution with Redshift
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- High Energy Proton Horizon

10.00
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1.00

0.50

Invisible in
High energy Photons

Invisible in Cosmic Rays _

“VISIBLE”
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Neutrino Astronomy:
beyond the
“KmJ3 concept”

Radio, Acoustig,.....




Radio Detection of neutrinos
ANITA-_II over

ANTA

FIG. 3: Events remaining after unblinding. The Vpol neutrino chan-
nel contains two surviving events. Three candidate UHECR events
remain in the Hpol channel Ice depths are from BEDMAP [12].

Vpol:1 neutrino

>/abs/1003.2961 candidate;
RICAP 25-05-2011 Tom Gaisser HPol:%251019 eV




RICE experiment architecture

* Antarctic ice is neutrino target

* |n-ice array of radio antennas
20 channels, 200-500 MHz

* Depths 100-300 meters

* Signal digitized at the surface

350 m

* Deployed near South Pole Station + I




107 to 10! GeV: Radio ice Cherenkov detection
Askaryan Radio Array (ARA)

- a very large radio neutrino detector at the South Pole

Poster session at this conference:

Ref: Allison et al., Astropart.Phys. 35 (2012) 457-477, —2 H. Landsman, ARA Design and Status
arXiv:1105.2854 (Design and performance paper) - . Davies, ARA prototype and first station

Scientific Goal: (? I ARA37
* Discover and determine the flux of ' ! = Cable runs
highest energy cosmic neutrinos. ®/\® &8 1® ® * Power Hubs

* Understanding of highest energy
cosmic rays, other phenomena at

highest energies.
Method:

Monitor the ice for radio pulses
generated by interactions of
cosmic neutrinos with nuclei of
the 2.8km thick ice sheet at the
South Pole

lceCube

Areal coverage: ~15Ukm™Z



(0o Tl L GeV: Radln ice Cherenknv detectlon

ARA field actlwtles on the |ce .

Status:
2010/11: Test detector deployed
2011/12 season: ARA prototype deployed.
2012/13: Plan for two more stations
r — 3 stations Comparable to sensitivity of
IceCube at 1E18eV

Goal for full array by 2016/17




107 to 1011 GeV: Radio ice Cherenkov detection
ARIANNA

- L. Gerhardt et al., Nucl.Instrum.Meth. A624
(2010) 85-91
- Poster 18-3: ). Tatar. S. Barwick

31x31 array S
[30 km x 30 km)] -

ARIANNA

US, 5. Korea, England,

New Zealand lce shelf

Barwick. astro-ph/0610631 Reflected Ray

44



DG v, interacting
in the mountains

——

Regular proton shower

Deep DG v shower

Muonie component of the shower

P A

E-M component of the shower

2

ing ES v _shower




Dark Matter

(in the form of WIMPSs)

Detection with
Neutrino Telescopes




Dark Matter detection
with neutrino telescopes.

neutrino-

telescope

- o
| e

XX— § e il
WWw”

Zl} zll]

Higgs +other particles

—Vv+V +other particles

Accretion of DM
Particles in the Sun (and Earth)




Number of neutrinos in the sun

dN

- C.—-C,N2—C.,N

dt

Capture Annihilation
Rate Rate

Evaporation
Rate

I'y(t) =7 / d*X (O annv) n°(t,X) = % N~
Sun




L _ (. —C,N?
dt
| C. t
N(t) — C_a taﬂh {T—C}
e = (C.Cq)™ /7
- & I = tQ — 46 Gy]f'
C& Te,® ~ 108 yrI

Fa(t) — % tanhz {i} t>>Tf Cc Annihilation

Tc 2 Rate




Sllper K&HliOkaIlde 50,000 tons of ultrapure water

detECtor 2 m of water = veto counter
= f ;‘“}:_:m__\\ Fiducial volume = 22,500 tons
— 17 Y 11,146 (20 inch) PMT's
- 3 | 1,885 veto PMT's
A S :
|

42 m




Number of events
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No excess from the sun direction (cos theta = 1)
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IceCube study DM
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* Data
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Neutrino 2012

New Preliminary SuperK 2012 Result

T. Tanaka ot al. Astrophys. J. V22, 78 (2011)

Antares reSU].t (green line) R. Abbasi ot al. Phys. Rev. D 85, 042002 (2012)

107 oy <ot CDMS(2010)+XENON100(2011) Super-K 2011, bb
Lq [ - IC/AMANDA 2001-2008, & Super-K 2011, W' W SKI-I
== |C/AMANDA 2001-2008, w*w (* -+ KIMS 2007
10 — - COUPP 2011 (2806d ays)
1ty for m_ < my 1
10.“ . J B FC |-ring e-like
i FC -1 ng m=like
-35 PC
10 ! Upmu
10.35 . o i ] = :
. N, N L PEPCE N | 0GeV b b-bar
~ ~ L : - p— ._r.-"f _j
_3]' B S - - ‘_'-_'_‘ — — _— - . :'lﬂ':..-!".'."-" OC -r. 'l
10 S o Fcspc
].U]E .-, = Wa® 50GeVY b b-bar

Prelim SuperK 2012 (bbj _ ..
10'39 " " & u = o »
Prelim SuperK 2012 (1) o & Sl
T N
- Energy / Angular Fit
104 L e — S — . s , Derive 90% Bayesian
10 10 10 ol limi Il d
WIMP mass (GeV) upper !mlt on allowe
WIMP induced

Significant improvement in low-mass WIMP region !
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..... Expect the unexpected ....

Francis Halzen: 1996

Table 1: New windows on the Universe

Telescope

Intended use

Actual results

optical (Galileo)

radio (Jansky)

optical (Hubble)

microwave (Penzias-Wilson)
X-ray (Giacconi.. . )

radio (Hewish, Bell)

v-ray (777)

navigation
noise
nebulae
noise
moon
scintillations
thermonuclear explosions

moons of Jupiter
radio galaxies
expanding Universe
3K cosmic background
neutron stars. ..
pulsars
v-ray bursts

Neutrino Telescopes

{SNR, AGN,...}

{272}
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