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MESSENGERS FROM [HE UNIVERSE

protens E>10" eV (10 Mpc )

~gammas (z<1)

protons E<10" eV _
J cosmic

accelerator

protons/nuclei:  deviated by magnetic fields, absorbed on radiation (GZK)
Discovery messengers: Neutrinos and Gravitational \WWaves




OBSERVABLE UNIVERSE

Reference values:
1Mpc = 3.26 Mly = 3.1 102 cm

Galactic Centre 8 kpc
Local group (Andromeda M31) 0.725 Mpc g S B L B
Mrk 421 ~ 136 Mpc = . E
Universe ¢/Hp = 13.7 billion yrs § r ]
(for a reference scale: eg z=1 ~ 6.6 Gpc) % al -
= Infra Red ]
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Interaction on cosmological backgrounds: E E
Interactions on threshold mean free path - -
cosmic backgrounds o ]
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proton: p + y, 54— 7%+ X >5.10%%V 50 Mpc AL 7
neutrinos: v + v, g5k — Z+X V2 16V B ]
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GZK horizon: o | | I
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The neutrino horizon is comparable to the universe!

1 1 T. J. Weiler, Phys. Rev. Lett. 49, 234 (1982)
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SIS BIRTH OF NEUTRINO ASTRGIN NS

First extra-terrestrial neutrino signals (~ 10 MeV range)

R. Davis

solar neutrinos (Haxton'’s Lectures)

i ¢
A

M. Koshiba

SN1987A (Mezzacappa's Lectures)




_ under- optical: - air showers
l Lot : Cosmological v ground - deep water - radio
s L - deep ice - acoustics
T Solar v
D : Supernova burst (1987A)
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. . . . Neutrino energy .
Fermi acceleration predicts dN/dE~E2 CRs undergo interactions during propagation
resulting in softer spectra while neutrinos preserve this dependency.
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CRsources: Hillas plot
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Cosmic Ray Spectrum

Luminosity of the CR beam
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For LHC: Ecpr = 14 TeV, my ~ 1 GeV — Epqp ~ 1017 eV




FOVER OF SOURCES OF CRS AND v aERISlRINE

energy density flux = velocity x density
47 f dE(E — £ " C Pg
Extragalactic
Galactic 9
Above the ankle:
|galactic CR: pe ~1012 erg/lcm? ele dNecr) 3 x 10" GeV
Power needed: pe /Tesc =102%erg/cm?’s dE [ T (100cm?)(3 x 107s) sr

Tesc = 3x10° yrs escape time from Galaxy 10-7 GeV cm—25~" ar

105! erg/SN every 30 years ~1025 erglcm® s ' o ) - .
or Galactic disk volume 1067 cm? Energy density in extra-galactic CRs:

—1

PE = 4% / %TdE@_3 10—193%
Enin
Emax/Emin ~ 103
1934 Baade and Zwicky _
Acc mechanism then proposed Power needed by a population of sources
.. prop of p with E-2 to generate pe over the
by Fermi in 1949 Hubble time = 101° yrs =104 erg Mpc=3 yr

3 x 1939 erg/s per galaxy

3 x 102 erg/s per cluster of galaxies
2 x 10* erg/s per AGN

2 x 10°2 erg per cosmological GRB.

According to this reasoning W&B produced an upper limit to extragalactic
neutrino fluxes http://arxiv.org/abs/hep-ph/9807282




Neutrino - Pierre-Auger UHECR

Pierre Auger Observatory Science, Nov 2007

Doublet from Centaurus A
(nearest AGN at ~4 Mpc)

Cosmogenic neutrino fluxes from a population
of AGNs with strong source evolution «(1+2z)°
Green curves: cosmogenic neutrinos with Emax

between 108-10'2 GeV. Solid red curves:
protons producing the neutrinos. Red dashed
curve = proton envelope

(Ahlers et al, 2009).
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P. Auger hybrid events

FIG. 3: (Xmax) and RMS(X,ax) compared with air shower simulations [20] using different hadronic interaction models|21].

Fe (Aint ~2.3 g/cm?) interacts before in the atmosphere than p (Aint ~90 g/cm?)
Superposition principle: A nucleons sharing primary energy Eo/A

Shower maximum depth and magnitude of the shower-to-shower fluctuations of the
maximum depth which is expected to decrease with the number of primary nucleons A and to
increase with the interaction length of the primary particle.

Less cosmogenic neutrinos if UHECR are nuclei

http://arxiv.org/pdf/1002.0699v1




ARE THERE NEUTRINOS IN
UHECR DIRECTIONS?

56 1) 22 P.Auger + 13 HiReS events in IceCube-22 string FoV; similar
search in ANTARES

% 2) UHECR deflections with respect to neutrino sources unknown:
assume gaussian smear with sigma= 3 deg R. Lauer PhD Thesis

IceCube Coll, Vulcano 2010
IceCube-22 events: & i@

and Neutrino 2010
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UHE-NEUTRINO-GAMMA CONNECTION

UHECR interactions on CMB produce neutrinos and gammas. Gammas cascade
down unlike neutrinos. Fermi-LAT extra-galactic diffuse bound ( arXiv:1002:3603)
limits the energy density in cascades which in turn limits the expected UHE neutrino
flux (Berezinski et al., arXiv:1003.4959). This excludes most models with strong

evolution detectable by present experiments.

Atmospheric v v, max Rice 854 d
Atmospheric v +v_ min s HiIR@S V +V
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iEiE GENERIC NEUTRINO SOUREE

Beam Dump model: the cosmic-ray - gamma - neutrino connection

Ve VyuVe = 1:2:0 | At source.

After propagation:
Ve + Uy i 7 NI

Y proton
accelerator P

target

v/y after oscillations ~ 0.5

pared

directional
beam

o
a
I
Cr T ié------

magnetic
fields




SINIRCEIEAN DIUIMIE

~_modified from Felix Aharonian Nature 416, 797-798 (25 April 2002)
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R BRONIC [EPTONIC SCENARIOS: RXJFIISEESESE

Morlino et al CANGAROQO: hadronic model preferred
http://arxiv.org/abs/0810.0094v | (Nature 2002)
HESS spectrum harder (A&A 464(2007) 235)
P T
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X-ray (Chandra, Suzaku)




NECTRING EVENTS FRONMECRIES

Neutrino-gamma fluxes can be estimated using measured y fluxes.

Neutrino and y-Ray Spectra for RX J1713.7-3946 (SNR)
gamma absorption often

N'g - \\ = H.E.5.5.data
- fitted vy spectrum
;10 [ ] . \\ calculated v spectrum n eg' eCted
é : \\ — — mean atm. v spectrum
3 L N
= Phenng N i measured
Wognke 1 TRy y-ray flux
— .}/ (HE.S.S.)
102 ® Alvarez-Muniz & Halzen 2002 >50GeV
5 expected | Alvarez-Muniz & Halzen 2002 >1 TeV
i neutrino flux Fy Vissani & Constantini 2005 > 50 GeV
1o . 40 o0y Vissani 2006 exp cut-off
Ty 1 10 102 ¥ Vissani 2006 broken PL
E (Tev) 35 v Vissani & Villante 2008 >50GeV
9 Vissani & Villante 2008 > 1 TeV
30 PN Kappes et al. 2006
O Morlino et al., 2009

oscill+HESS HESS

20
data 2003-4 data 2003-5

Muon neutrino events [km‘2 yr]
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At higher energies . Neutrino- Gamma-Astronomy connection
than pp: ambient

Dp+y —=A = pr’ light /' L
2)p+y%A+%mr+ BR =1/3

. Y

V E S, - Kf E .f"i o

By ydE Eym 4 T

K = 2 after oscnlatlons are
accounted for

rotating

Alvarez-Muniz and Halzen ApJ 576 (2002)
black hole




@EIRRENETEVES Qe

More than |00 sources

®PWN

:Starburst

@ HBL, IBL, FRI, FSRQ, LBL

®uQuasar, Cat. Var., BIN, WR
: ' ®shell

http://tevcat.uchicago.edu/ D Ofer

® XRB, PSR, Gamma BIN




NEEAERING OSCIELATIONFREMINIEISS

Conversion probability (3 neutrino flavors and in vacuum):

P(vo — vg; L) = 8ap — 3 Us;UsUaiUsy. (1 — e 0E1E) Langacker’s lectures
J#k
Where the mixing matrix is:
solar U,,, U, <0,, CHOOZ U_, <=0,
ik
U Uz [Ues 1213 ) $12C13 ST’
U= Un Usp [Ud | = —si2c2s — cias13503¢"  c1a023 — s125135036”  c13503
Uri Urz [Uszs $12523 — €12513C23€"  —C12823 — 5125130236 13023
atmospheric Uy <=8, U 3,U 3 <= 6,5 |
$i; = sinb;, ¢;; = cos ;.
Observed values of oscillation parameters -
= sin?(fy3) < 0.032 at 95% confidence level (f;; < 10.39® ~ CHOOZ
u — +0. 0+2.4% g [6]
tan (012) 0.45 Ay 09 This corresponds to fio = O = 33.9 Ay 20(‘so| stands for solar) i
= sin (2023) = 1 T o.p coresponding to oz = B¢, = 45 4= 7° ("atm" for atmospheric)” hierarchy
_ — 80106, 105 V2
+0.6 -3 1727 v _ . V.
|Am,,1| ~ |Am;2| = Amatm =24%,5-10"eV Am?,, = 24708 . 107%V? "
) ) l
\'
v
. . Am?, =8.070%. 10 %V?
direct hierarchy v,




EOITROPHYSICAL NEUTRINO OSCIEEATRICHINES

In the limit L — oo, we have

P(I/a—il/‘.g;LZQO):(Su‘g ZLULJJ ukLJK E'bul |LJJ|2
JFk

average over rapid oscillations

Vﬂ_>1/3’ Z|Lnt| |L"’iz
Py, v, =E,|U€,. (10 B0 F+1U,F+1U =082 4057 +0=0.56
Plv,~v,)= Ewa. |2 U, P, FIU P 41U, U, F 41U, FIU, F=0827+047+0.57-0.58°+0=022

P, >v)= 10, 10, PU, PIU, F 410, FIU P 410 PIU, P=082-047+ 0570584 0=022

At source: Ve :Vy :Vp ~1:2:0

60% of ve survive and 2x20% come from
2xvy = 100%

2x40%=80% of 2xv, survive and 20% come
from ve= 100%

20% of v; come from veand 2 x 40%

from vy= 100%

At Earth: 1: 1: 1
http://arXiv.org/pdf/hep-ph/0005 | 04




ECAREIERE ARECAVIESEN

1) In come (galactic) sources n decay contributes
2) Kashti & Waxman (PRL 95, 2005) pointed out that muons may sto decaying for
extragalactic sources where the energy of p is very high

(C) Vu(r):Ve On Earth

Ratio becomes 1:1.8:1.8 @ > 100 TeV

0.01 0.1 1 10
Ev/€o,u

€, = energy at which  Tycool = T decay | Muon neutrinos+antineutrinos

- 10"
3) charm production is normally § 100
neglected but at high energy it can % 183
dominate due to prompt decays. This is W 10° ¢
also a source of V. Iy

http://arxiv.org/abs/0808.280/v |
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...a long march
which has not
yet reached

its end.

[t originated from ideas in the 60s




Ann.Rev.Nucl.Sci COSMIC RAY SHOWERS!

By KENNETH GREISEN
Laboratory of Nudear Studies, Cornell University, Ithaca, N. Y.

I J | 1 IJUV ) UJ
N ———— e

Let us now consider the feasibility of detecting the neutrino flux. As a
detector, we propose a large Cherenkov counter, about 15 m. in diameter,
located in a mine far underground. The counter should be surrounded with
photomultipliers to detect the events, and enclosed in a shell of scintillating
material to distinguish neutrino events from those caused by p mesons.
Such a detector would be rather expensive, but not as much as modern ac-
celerators and large radio telescopes. The mass of sensitive detector could
be about 3000 tons of inexpensive liquid. According to a straightforward

For example, from the Crab nebula the neutrino energy emission is ex-
pected to be three times the rate of energy dissipation by the electrons, lead-
ing to a flux of 6- 10™* Bev/cm.?/sec. at the earth. In the detector described

above, the counting rate would be one count every three years with the lower
of the theoretical cross sections—rather marginal, though the background
from other particles than neutrinos can be made just as small. The detector
has the virtue of good angular resolution to assist in distinguishing rare
events having unique directions.

Fanciful though this proposal seems, we suspect that within the next
decade, cosmic ray neutrino detection will become one of the tools of both

physics and astronomy:.




Ann.Rev.Nucl.

By FrEpERICK REINES?

NEUTRINO INTERACTIONS'

Physics Department, Case Institute of Technology, Cleveland, Ohio

IV. COSMIC AND COSMIC RAY NEUTRINOS

As we have seen, interactions of high-energy particles with matter pro-
duce neutrinos (and antineutrinos). The question naturally arises whether
the neutrinos produced extraterrestrially (cosmic) and in theearth’s atmos-
phere (cosmic ray) can be detected and studied. Interest in these possibili-
ties stems from the weak interaction of neutrinos with matter, which means
that they propagate essentially unchanged in direction and energy from
their point of origin (except for the gravitational interaction with bulk mat-
ter, as in the case of light passing by a star) and so carry information which
may be unique in character. For example, cosmic neutrinos can reach us from
other galaxies whereas the charged cosmic ray primaries reaching us may be
largely constrained by the galactic magnetic field and so must perforce be
from our own galaxy. Our more usual source of astronomical information,
the photon, can be absorbed by cosmic matter such as dust. At present no
acceptable theory of the origin and extraterrestrial diffusion of cosmic rays
exists so that the cosmic neutrino flux can not be usefully predicted. An ob-
servation of these neutrinos would provide new information as to what may
be one of the principal carriers of energy in intergalactic space.

The situation is somewhat simpler in_the case of cosmic-ray neutrinos:
they are both more predictable and of less intrinsic interest. Cosmic-ray




Moisej Markov o Bruno Pontecorvo

M.Markov,1 960
<

~WWe propose to install detectors deep in a lake or in the sea and ==
to determine the direction of charged particles with the help i |
of Cherenkov radlatlon“ Proc 1960 ICHEP, Rochester P. 578.
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in 1965 detection of nearly
horizontal atmospheric
neutrinos
by F. Reines in a South African
Gold mine.

CASE %
F.R.P.M.

DETECTION OF THE FIRST NEUTRINO IN NATURE
ON

23> FEBRUARY 1965

IN
EAST RAND PROPRIETARY MINE

THIS DISCOVERY TOOK PLACE IN A LABCRATORY SITUATED
TWO MILES BFLOW THF SURFACE OF THE EARTH ON
76 LEVEL Ol EAST RANL PROPRIFTARY MINT, MANNED
Y A CROUP OF PHYSICISTS FRCM THE CASE INSTITUTE OF TECHNOLOCY U.S
AND THI UNIVERSITY OF THE WITWATERSRAND JOHANNESBURC.

http://www.ps.uci.edu/physics/reinesphotos.html




-energy neutrino
astronomy: a personal history of the DUMAND project,
Rev. Mod. Phys. 64 (1992) 259.

= The name: DUMAND (Deep Underwater Muon And
Neutrino Detector), proposed by Fred Reines

= 1975: First DUMAND Workshop in Washington
State College

= DUMAND Steering Committee, chaired by F.Reines,
J. Learned, A.Roberts
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2 A_ngular resolution of 1°
possible -
astrononomy

= Energy resolution for
muons is 50% at best,
for 1 km track length
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Concept of Neutrino

B~1 and B,~41°

nuclear
3D lattice of PMTs reaction

_ 1.5deg

O_—"""5
\E, (TeV)

Between 300-600 nm about 3.5 x 10 Cherenkov photons/m of a muon track \’
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After the successful measurement of the
test string, in 1993 the shore cable is laid
and the 1st string is deployed and
connected to the junction box.

Failure due to a water leak...

1995 DUMAND is terminated.
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Dark and transparent media for Cherenkov detection
Atmospheric neutrinos are a background and a signal themselves for NTs!
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u flux~10°°

atmospheric
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(from Northern sky) (from Southern sky)

http://lanl.arxiv.org/abs/0906.2634v1




|deal/Real life

Quality cuts required to remove atmospheric muon
background

atmospheric u
atmospheric v

Atmosphere

Cosmic v

Reconstructed

Reconstructed Zenith Angle (24h 1C22) ‘
107

True Zenith Angle (24h 1C22) |
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G. Domogatsky

Largest fresh water reservoir in the world
Deepest Lake (1.7 km)
1981: first site explorations & R&D

Choosen site 3.6 km from shore, 1.3 km
depth
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Various configurations until they reached NT200+

NT200

VAl construction
— 1993-1998

>
> D
A
do
gg o) oo
o 140 m
O 4o
@ SRR B
o 4




396 v candidates =

Atmospheric neutrinos

WIMP search R
Diffuse neutrino fluxes i

Skymap: 372 neutrino event
in 1038 d

GRB coincidences
= Magnetic monopoles




Proposal of Gigaton Volume

\
12 clusters of strings

NT1000: top view

Sacrifice low energies (muon threshold ~ 10 TeV)
Protoype strings being tested

Modular clusters, stepwise installation > 2012

~ 2000 optical modules (conventional PMs)




The 80’s and 90’

Deep underground detectors (Kolar Gold Field, Bakdan,
Frejus, Soudan, IMB, Kamiokande = Super-
Kamiokande, MACRO) reached their full blossom:

- solar neutrino oscillations

- atmospheric neutrino oscillations
- supernova neutrinos

- proton decay and monopoles

- skymaps

Super-Kamiokande

MACRO




Neutrino Astronomy with MACRC
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3134 neutrino events between Apr. 96-Aug. 07 (2623 d) Eth = 1.6 GeV

non showering muons

showering muons o |l £ — Showering

[P Non-showering

Stopping

dN/d(logE)

5000 |-

1 10 10 10 10 10
E, (GeV)

5 events around RXJ 1713.7-3946 = probability that the background can
produce this signature is 2.5% (after trials)

One upgoing muon 411 s after GRB 991004D (34 s) in 8°search cone =
probability that the background can produce this signature is 4.7%

Astrophys.J.704:503-512,2009




Vision: towers with 12 floors,144 PMTs/foor,

BUOYS 168 PMTs (facing up & down)

32 m diameter, 30 m between floors

32 m diameter
30 m between floors

20.000m’

Effective Area

for E>10TeV

Electro-optical cable
30km to shore station
———————




B e T TR "
E. Zeller (Kansas) suggests to F. Halzen radio detectic
Antarctic ice .

Jan. 89, ICRC, Adelaide: Decide to propose AMANDA (B. Pri
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S. W. Barwickt, F. Halzeni & R. Morse:

Observation of muons using |
the polar ice cap as a LH A ot
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SOIRONOMY IN ANTARCHGES

US-Amundsen-Scott Soth Pole
Station (1957) 2,835 m asl
Named after

N
&
¥ U
{ +
s
@

“L“ROBERT F. SCOTI

ROALD AMUNDSEN

DECEMBER 14, 1911

flag at the geogrd
South Poie

vl

] o

q,,w”‘“ o

Neumayer " rowre .
e M

7/ A0 C Syowa
W-9p =i RPomer
. AT Vg
tE Hallcy X~ i
§ bl
Palmer M (55 ! X Dgme F % Musion
Rothera oy T A
W B Ronney 5 Tt .
2oatth ) N fog 1 g Zheagshan
b 1ol Bk o R 1 X Duvis
7 g s A :s‘}’\;l)nm\' A \ v
SLrW A 3 [ P
1 . X Dome B
a9 N Voetok X o 5
- . i)
By 7
& e 4 e
D3 Ine L X Dome'C “V‘afl X Cusey
b Bhdl 3

R EMando M

K Masio Zuchelli ¢
é"_\ 2me=X Dumont
ey - : d* Urvilke
o
&
15 wﬁ‘p

The new station

http://arxiv.org/pdf/ 1007.2225v |




ANDA

: us delays of photons instead
rings 20 m away

eper! bubbles disappear with depth

NDA B-4 between 1450-1950 m = 96/97
= AMANDA-II
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Depth

AMANDA Sky map

AMANDA (1996-2009),completed in 2000
19 Strings,677 Modules, 8 inch PMTs

top view

200m
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Skymap from 7years AMANDA: no significant excess

significance




— Barr et al. 103
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— Barr et al.
------- Honda et al. (2006)
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