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Flux de neutrinos cosmiques
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Energie des neutrinos (eV)




Proprietes physiques du neutrinos

=> excellent vecteur de I'Univers lointain et profond

Neutrino - Electron
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log, Distance

Absorption (GZK effect)
Y-rays. Y+ Yo

proton: p+vy,,—~ n®+ X
neutrinos: v + v, oo, — Z+X

cut-off
>10eV

>5.101%V
>4,1022eV

mean free path
10 Mpc

50 Mpc
(40 Gpc)
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Opacités vis-a-vis des neutrinos
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Neutrinos Solaires




Neutrinos Solaires

4'H --->“‘He + 2y + 2e* +2v + 26.72 MeV

Nv~2.10% s

Total loss 2.3 %
T —



Solar neutrinos

ptp->*H+e +v. | (v,-pp) pte+p->’H+v,
<E_>=0.27 MeV / 0
99.6 % \ 04% (v, - pep)
*H +p ->°He+y E,=1.44 MeV

25 % /\ 2.10° %

‘He +*He -> “He + 2p ‘He +p->*He+e"+v,

15 %

0 - hep)
ppl loss~2% . e (V.
Ho v He> Sety E,=9.63 MeV
99.87 % / \ 0.13 %
(v.- 'Be) Be +e ->"Litv, ‘Be +p->B+y
}

E,=0.39, 0.86 MeV

Li +p->2“He ‘B ->®Be*+e"tv,| (v, -%B)

<E>=6.74 MeV

pp 1l loss 4% sBe* -> 2 “He

pp III loss 28%

Total loss 2.3 % Nv~2.103 st
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Temperature dependence of pp—chain and CNO—cycle
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Le Modeéele Solaire
SSM

H. Bethe, C. Weizsacker, . . ., J. Bahcall, S. Turk-Chieze

Description de ['équilibre hydrostatique des étoiles de la série principale
avec les données en température, densité, composition, ..., du Soleil

* Fusion H en He comme source d’énergie
- Sections efficaces fortement extrapoles : E ) ~ 10 keV

» Forte dépendance des parameétres : ®(v_2B) ~ (T.)®

Neutrinos Solaires => bonne connaissance de la machine « Soleil »

=> T.=15.7(1+1%) 10°K



Source | e BS05(ASG,0P) | BTCM98
(MeV) (em2 s71) (em2 s71)

p+p—2H4et+v 0.42 6.06 x 1010 5.98 x 1010

15N - 18C L et 4+ u 1.20 2.01x108 4.66x10%

B0 -5 BN - gbgop 1.73 1.45x108 3.97x 108

PRy Ty ghopyp 1.74 3.25x 106

ol P - PN I By ~ 15 4.51x106 4.82x 108

“He + p — ‘He + et +v 180T 8.25x10°

Be+e — Li4v 0.86 (90%) 4.34x10" 4.70x10°

0.38 (10%)
e s TH 1.44 1.45x 108 1.41x108




Spectre neutrinos dans le SSM

Flux (em 2 s 1)
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Evolution expérimentale

v.+(N,Z)> e +(N-1,Z+1) : CC

v.+e —>v_+e : CC+CN

Détection indirecte V. +(N.Z)—o v, +(N,Z) (N Détection directe
Radiochimie Cerenkov

Davis ~ 1970/ (*°Cl)
~ 850 keV | ®, =34%

Kamiokande (87) / Cerenkov(H,0)

Super-K (~90) ~5MeV /| P, =46%

SNO ~ 1990 / Cerenkov (D,0)
~2-8MeV | @, =35%et100%

GALEX - SAGE ~ 1990 / ("'Ga)
~230keV | ®, =59%




Solar v Problem

128 *9SNU 7.6*13SNU 5.1"19x10%cm®s

GALLEX
/GNO

Home Kamio
stake kande

Super-K SNO CC

SAGE

+6
5976% 55*89

46.4+179%

343 % 3572%

Ga Cl H,O D,O
B pp m 'Be pep CNO mm °B I Hep

Smaller then expected in wide range of neutrino energy



Détecteur SNO

2002 m 1o Surface

18 m Diameter

Support Structure
for 9500 PMTs,
60% coverage

1000 Tonnes D, 0O

12 m Diameter
Acrylic Vessel

1700 Tonnes Inner
Shielding H,0

5300 Tonnes Outer
Shield H,O

Urylon Liner and =~
Radon Seal

Oser ICHEP 2002

Départ 1999




v _ + d->p -+t p+te

Sensible uniquement a Ve

Faible sensibilite a la direction

E CC)~ 8.2 MeV

‘?’cr:: = ?51;2 ‘

seuil l:--

vt d->p-tFtn+t v,

Sensible aux 3 saveurs
Mesure du flux total du B

E.__ (NC)~22 MeV

‘seud

¢NC - ¢v€ + ¢v# + ¢vr

V. 4+ e -> v + e
X x

Sensible surtout a Ve

Directionnalite

E._ . (ES)~7.0 MeV

¢ES — ¢‘L«fé. +0.1 54(¢v# + ¢VE )

Neutrino Reactions on Deuterlum

Charged-Current

Ve ,,.—--"".
e n Cherenkov electron
neutrine deuteran \ ®
protons

Neutral-Current

[}

/' neutrino
'\-fn n
ol iR
(D\. ®
— neutron

neutrino deuteron @

proton
Elastic Scattering

@
.
." i Cherenkov electran
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neutrino election ™ @

neutrino




Solar v Problem

128 *9SNU 7.6%13 SNU 5.1"10x10%cm?s SNO NG
" T 101713%

GALLEX
SAGE /GNO

Home Kamio Super-K SNO CC
stake kande

Ga Cl H,O D,O
B pp m 'Be pep CNO mm °B I Hep

Smaller then expected in wide range of neutrino energy



Oscillations
des Neutrinos

Ve w‘%vu

Ve Vi Ve~ Z‘ka Vi
» k=1
v, |=U | v, . 3 e
A i P
Ve 4. 2 NUs| =1
k=1, )

Etats propres Etats propres
de saveur de masse

Pontecorvo-Maki-Nakagawa-Sakata

Probabilité d’oscillation
(cas simple)

2

P(V; _}V;): I—P(I’F >V F)

[1{, ] - [ cosf, sinb, ][1’1 }
Ve —smé, cos@, /\v,

P(V; >V F) — sin’ 26, si112(1 .2?5?1.*2L;’E)

—> m, #0
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Propagation des neutrinos dans la matiére => potentiel d interaction

n=1+V/p Vi=Ve=Vyc et Vo =Vye +Vec \/ \/

V : potentiel effectif d’interaction

n : indice de réfraction /\ /\
1 (4 0 i -
H:=H%+— A=2J2G.N
2p ( 0 0) el
.2
Ve _ COSQW Slngm Vlm sin2 28m = A S1n 282
V,u _Slngm COSHM Vam ( 5 = COS 29) '|'SiIl2 20
Am
—— Pv,— v, )ocsin®20, m.
& VE
> A2 ~0  => Oscillations dans le vide
m
> ﬁ >>1  => Pas d’oscillations Vi
m
> % ~cos” 0 => P ~1 (indépendant de 6 )
m

1}“’

a N
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Solutions possibles a l'aube du 21eme siécle
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Aujourd’hui

B KamLAND
B 95% C.L.
69% C.L.
e B 99.73% CL.
> 10—4— e  best fit
= 0 =
HEE B g
qg:j |
L N e 05% C.L.
“““ 69% C.L.
— 99 73% C.L.
@ = best fit
1 | 1 1 1 | O W | 1 1 1 1 1
107! 1
2
tan 812

[KamLAND, PRL 100(2008) |221803]




Neutrinos atmosphériques

Interaction des Rayons Cosmiques dans la haute atmospheére :

™ = U +V T e + VLtV - -
et I eV iy 2y, 29, 1V, 19,
y air nucleus Tt - IJ+ + iJ+ 25 gt g v, + ﬁp
\_ pions
"\a
G, Résultat W/V, ~ 1.36+0.08 aulieude 2
IJ'- :rx“-"ﬁ,.
i
vV, >V,
g ou dans I'atmosphere
] Vv, >V,




Neutrinos atmosphériques

Super -Famokande 888 days Freimihany

150

100 ~

multi-GeV e-like

| multi-GeV mu-like (FC+PC)

» Data

[] Predicted

—_— numu-mdey 05,

] L 1 i 1 L L 1

-1 =068 =0z D2 06 1 =1

cos( zenith angle) '

~0.6 -U.EI 0z 0.6 1
cosi zenith angle)

Tres faible dépendance avec 0

=> pas d’oscillation

Forte dépendance avec 0
=>d’oscillation

Am? (eV?)

10

10

-3

----- 9% CL.
— 90%CL
—— 68% C.L.

07 075 08

085 09 095
sin’26
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Neutrinos Atmosphériques et LBL

CERN to Gran Sasso Neutrino Beam

Mg tala oy
. b5 NearDetochnrs KEK C'_'_ 2
Super-Kamiokande — o P g




Solar
Ve = Uy, Vr

Reactor
V. disappearance

Atmospheric
Yy — Vr

Accelerator

v, disappearance

Homestake \
Kamiokande
GALLEX/GNO & SAGE

Super-Kamiokande
SNO

BOREXino /

(KamLAND)

Kamiokande \ 3
IMB

Super-Kamiokande
MACRO

Soudan-2 /

(K2K & MINOS)
.y

¥y

§ =5

Large mixings: datm ~ 457,

Amio ~ (7.6 £0.2) x 10 °eV?

tan’ 9¢oL ~ 0.47 + 0.06

Amary =~ (24 £0.1) x 102 eV?

sin> 9atm ~ 0.50 & 0.07

Two scales of Am?: Amity =~ 30 AmégL

FsoL ~ 34°



Nouvelle Génération

Cryu/TPC‘; CLEAN
>
Scintillator Era KamLAND
. »  BOREXINO
LENS
" Cherenkov Era N K. SK. SNO

JRadiochemical Era Cl, Galex, Sage, GNO

1990s | 2000s] 20105 ] 20205 2030







« Ce qui reste a faire »

* Mesures du spectre de neutrinos tout entier (pp, pep, 7Be, CNO)
-> mesures directes (®B, E > 4.5 MeV) ~103 % du total

* Etudier le « Patern » d’oscillation de maniére precise
-> Oscillations MSW dominant @ E > 3 MeV
-> Oscillations vide dominant @ E < 0.5 MeV

* Mesures précises des sections efficaces
* Controverse métallicite ( A> 4 ) => mesure du CNO

-> Heliosismologie (1998 ) accord avec SSM @ 0.5%
-> Heliosismologie (2006) facteur 2 de difféerence

* Nouvelle physique cachée a basse energie (MaVaN, u,, ...)
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New Results: 192 Days

10°
10 — Fit: y?/NDF = 185/174
— 'Be: 49+3 cpd/100 tons
— 210Bi +CNO: 23%2 cpd/100 tons
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Solutions non standard

Moment magnétique

- m
m #£0= 2 ~3x10" e . .
W, leV Spin-flavor precession
) Ve, Ve,
d v#;_ 2l HL BM? My
i (v, | [BM Hy | |v.,
vf‘l ‘P‘u‘
Am’ 3 Am? .
- 'E sin“6+a, 4E sin26 y st
L= | am? . T, Tl o
L
oE sin26 2g 0P 6+a, "

Marciano, Lim and Akhmedov




Diffusion v-e

a - N I
_ _ N - _
C Z Ve B © C Y ? Ve
T \\Y + @
N A YRR Ve
weak magn
do _ Gm, | EXg,-g) Hg, +g)XE,-T) +mT (g gﬁ)}
dr, 2B/

weak
(o2, H)( 1-T/E)
+ m? T

_ (] (] M

magn

Borexino |uv| < 0.84 x 10~ uB



Non Standard Interaction s
& MavaN ‘ Possible new physics
Vacuum oscillation
1-Sin208/2
9 Wo(x) [;,-:I r) VA ] Vela)
Eﬁ E ‘ = ; Adiabatic matter osc.
= | MGl VA —plz) | W (x) | Sin26
=,
Solar Neutrino Survival Probability
C 00 emeeea- MSW-LMA Prediction
oo T, o s B e NSI : Non Standard Neutrino Interactions
6.0 Friedland et al. hep-ph/0402266
bessesin., Miranda et al. hep-ph/0406280
n'ﬁ:_:::hv_____-h_h MaVaN : Mass Varying Neutrinos
8- R Fardon et al. astro-ph/0309800
o.ab e Barger et al. hep/-ph/0502196
e R
'D.EZ : bt I . e
1 10



Solar Neutrino Survival Probability
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Au-dela de la sequence principale

Sun's Post-Main Sequence Evolutionary Track
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Refroidissement de I’étoile

Refroidissement par photons : important dans la zone non dégénérée en
dessous de 10°erg/ g/ s/

Refroidissement classique par neutrinos :

Classique (SM)

" I
Photoproduction Y ¢ €V VY 'L-\_H %_
7
i GF P
f 1
Création de paires e‘e—= vv E
.
f |“'
il I
Décroissance : F A
de plasmon Sl VWV N
l\'\. f"J ﬁ”\ P




Refroidissement de I’étoile

Refroidissement par photons : important dans la zone non dégénérée en
dessous de 10°erg/ g/ s/

Refroidissement classique par neutrinos et avec moment magnétique :

Classique (SM) Electromagnetiguement
- induit
i V " f.“
Photoproduction G & oWy L L. Wy, =
LL‘ v - 'ﬁ!’
i " ..
’ G e { i
f 7, e IV
Création de paires e‘e—= vv
Gy ™

de plasmon VvV WA
\_ /6

" 2 ”
Décroissance Jf' \ /
PN P
.,




Non-degenerate
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temperature [K]
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temperature [K]
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1)

Conséquences p, « grand »

A. Friedland et al. astro-ph/08094703

I‘*"" 19_-13 !«l&




2) Dirac neutrinos Barbieri & G. Fiorentini (1988)
Bell et al. (2005)

Hu < 9 1{]_15 (ﬁ?ﬂ-y ) ( 1 TE‘VT)E
g~ == 1) Q)
\  Nouvelle physique

Bell et al. (2006)
Davidson et al. (2005):

.l.’.'t,lﬂ 6?11“ = 1 T "ib.f 2
ue 54xlﬂ‘“([ ]rﬁ)( e)
LB 1 e\ A -

Majorana neutrinos {




Neutrinos des Supernovae
Au delade 8 -10 M, — noyau de Fe => collapse gravitationnel

2 30 MILLEON KILOMETERS & 500,000 KILOMETERS £ 0,000 EILOMETER! ) &
1 20 MALLICH DELREES K £ 50 EGREES K F BILLEON DEGEEES B
| GEAM FER CUBIC CEMTIMETER AN | MILLMON CGRAMS PER
JLUBIC CENTIMETER
: I o

Ea&DIATION / Y HELUTRENOS

18 SOLAR MASSES 6.0 SHAR MASSES 4.9 SUHAR MASLES

; - . 4=
e +p—n+v, Refroidissement

+ - — . — Af - - - -
e te 2VYV, V\V . V.V, Diminution pression électronique

. %Fe +y --> 13%He + 4n;
Par ailleurs “He + y  -—> 2p +2n




o~ 10" g/ cm?3

Proto EN 5
A \ FHJ Diffusion cohérente des v
"y M~ 1/po ~ 300 cm
~10km | nn oo Temps de diffusiont, ~ 1 s

Temps d’effondrement : ~ 0.1 s

\4

f LL& iﬁ Piégeage dynamique des neutrinos

Spheére neutrino

=> Sphere de neutrinos

Burst de neutrino lors de « I'explosion »

Précurseur optique => alerte



Distribution en temps et en énergie

Prompt v,

deleptonization
burst
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Supernova 1987A

Feb.23. 1987 at 7:35UT

® Kam-Il (11 evts.)

o IMB-3 (8 evts.)

A Baksan (5 evis.)
24 events total
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0 2 4 6 8 10 12 : N Obsarva
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V+p—o n+te

Neutrino Visible

* Confirmation du mécanisme des SN ; 10° erg (99% neutrinos, <E >~ 10 MeV,
précurseur optique, ...)
* Limites sur la physique du neutrino: m_, u,, T,, ....

 Limites sur I'existence d'axions, v, Majorons, ...
* Confirmation de l'effet Shapiro, ....



* Oscillations des neutrinos dans SN1987A

Total Binding Energy
E, [10% erg]

30 L L LI I 1 LI I LIELEL L I L L Jeger.lehner’
- 4 | Neubig & Raffelt,
i i PRD 54 (1996) 1194
| KAM IMB Il
i 95 % CL i
L Contours J
[ 1111 | L1 1 1 I I. 1 1 1 l L1 1 1 3

1 2 3 4 5 6 o 2
Kamiokande Lunardini & Smirnov
T, [MeV] N = hep-ph/0009356

Spectral v, Temperature 4 _ cos(20) = 0.5

o

/ = Am? = 2.75x10"5ev2
2! ’ T(Ve) = 3.5 MeV

4 T(Vy) =7.0 MeV

|MB . 8583 km 10 20 30 40 50 Only events up 6.5 s
K-1l:4363 km

Oscillation only
in supernova

Include Earth
effect

No oscillations

mallll




Supernova abhondance

Table 1. Estimated rate of galactic core-collapse SNe per century.

Method Rate Authors Refs.
Scaling from external galaxies 25409 van den Bergh & McClure [14, 17]
(1994)
1.8+ 1.2 Cappellaro & Turatto [15, 16]
(2000)
Gamma-rays from galactic Al 1.9+ 1:1 Diehl et al. (2006) [17]
Historical galactic SNe (all types) 5.7+ 1.7 Strom (1994) [18]
3.94+1.7 Tammann et al. (1994) [19]
No neutrino burst in 25 years” < 9.2 (90% CL) Alekseev & Alekseeva [20]
(2002)

“We have scaled the limit of Ref. [20] to 25 vears of neutrino sky coverage.



S. Ando, J. F. Beacom and H.Yuksel,
astro-ph/05033217

I. I T F
f
r
0.8 =]
L¥
=
N = _
— J
o & Galaxy
B BB o] = Catalog
T(5
S L |
= B LJ E
v ={Z)=
= 0.4 - S =
e ST o
I 5 = t 23
Py p= ¥ _“Er 1 S
0.2~ = v " EE
¥ o =
5 — P S : o .
_~ Continuum
' - Limit
ﬂ 1 — =—|-" . I | 1 |-
0 2 e | 6 = 1(
Distance D [Mpc]
Exceptions :

M83 (SN 1923A, 1945B, 1950B, 1957D, 1968L, 1983N)
NGC6946 ( SN 1917A, 1939C, 1948B, 1968D, 1969P, 1980K, 2002hh, 2004et)




* Localisation galactique

c 0.08 1 — t=4, u=1.25 kpc |
E ''''' Type la
*:’:r.. 0.06 |
Etude des pulsars, SNR, zone de 2
. ry _ E 0.04
formation étoiles,.. => 3
<
ﬁ 0.02
=> ~ 10kpc du centre galactique. A
p g q Dﬂ 5 10 15 20 25 30
d (kpc)




events/32 kton

Détection des neutrinos des SN

1987A > v +p—> n+e’

L o(1) ~ 40 o(ve -> ve )

Kamiokande
(B '1) » ~ 10 événements
( 50 kpc)

o
D w
gf‘_': E% O =
S5 S8 35 =
8 i, TR B
10 r N E N S - S
10 = B S, O T TN ...... e e
4 e .
e 3 NG
"‘l O ; 6"’ e TR 110 PR . L
2 TN
‘I -1 .....
1 0 -”".-“"“ " a ™ | & 2 &
-1 2 3
10 1 10 10 10

distance(kpc)

H,O Cerenkov

~7,300 V_+p events
~300 v+e events
‘ ~360 150 NC vy events

~100 %O CC events
(with 5MeV thr.)

for 10 kpc supernova




* Scintillateur liquide :
(1000 t)

m Inverse beta( v.tp—e*+n): ~300 events
Spectrum measurement with good energy resolution, e.g. for
spectrum distortion of earth matter effect.

m CC on °C (v.+'?°C—e+'°N("?B)) : ~30 events
Tagged by '2N('?B) beta decay

m Electron scattering (vte— v+e’): ~20 events

m NC v from 2C (v+12C—v+12C+y): ~ 60 events
Total neutrino flux, 15.11MeV mono-energetic gamma

m v+p scattering( v+p— v+p): ~300 events

Spectrum measurement of higher energy component.
Independent from neutrino oscillation.

SN @ ~ 10 kpc



Projets d’avenir

H,O Cerenkov ( 0.5 -> 1 Mton)

Present Tunnel

Present Laboratory

Future Laboratory
with Water Cerenkov Detectars

MEMPHYS

TITITITIN Liquid scintillator . ——=
fu/’ > 50 kton .~ |

\ -.-1-‘.\."{\“]"q.ﬁhm-.‘ i I

GLACIER : 10 -> 100 kton . B p—




Table 1. Summary of current and proposed detectors.

Detector Type Mass (kton) Location Events at 8.5 kpe Status
Super-K[22] HaO 32 Japan 7000 Running
SNO[41] D20 1 (D2O) Canada 400 Running until
1.4 (Hy0) 450 end 2006
LVDI[17] C,Ha, 1 Italy 200 Running
KamLAND[18] C,Hap, 1 Japan 300 Running
Borexino[20] Cr.Ha, 0.3 Italy 100 200x
Baksan[15] Cp,Ha, 0.33 Russia 50 Running
Mini-BooNE[12] C,Ha, 0.7 USA 200 Running
AMANDA/ Long string 0.4/PMT South Pole N/A Running
IceCube[28] Running
ANTARES Long string Mediterranean -
SAGE[42] Ga Russia 0.06 few Running
Iearus(31] LAr 2.4 Italy 200 200x
Daya Bay[43| C.Hay, 0.3 China 100 Proposed
SNO+[44] C,.Ha, 1 Canada 300 Proposed
CLEAN[40] Ne Ar 0.01 Canada/USA? 30 Proposed
HALOI[37] Ph 0.1 Canada 40 Proposed
MOON[45] 1000\ [0 0.03 ? 20 Proposed
NOvA[46] C.Hs, 20 USA 4000 Proposed
OMNIS|[29] Ph 23 USA? =1000 Proposed
LANNDD[32] LAr 70 USA? 6000 Proposed
MEMPHYS[49] H20 440 Europe =100,000 Proposed
UNO[48] HaO 500 USA =100,000 Proposed
Hyper-K[47] HoO 500 Japan =100,000 Proposed
LENA[50] CnHap 60 Europe 18.000 Proposed

HSD[51] Cp.Hap, 100 USA 30,000 Proposed




* Positionnement angulaire

Détection diffusion élastique :

v+e oV +e => cone Cerenkov ---> SK : 8

50 Ener'gy =510 MaV |

wvents/bin

[ Energy = 10-20 MeV/

V+p—on+e

.

addition Gd dans H,O

Positron and gamma ray
vertices are within ~50cm.




* H,0,SK (- extrapolable pour Megatonne)

Time variation of event rate Time variation of mean energy

i Tnm ot al. (1998)

- | Thompson et al. (2003)
[ | Buras ef al (2006) s112_128 {

0 0.05 0.1 045 0.2 0.25 0.3 12 0 0.05 01041502 02503

Time (sec) Time (sec)

Sensibilité a difféerents modeéles
de SN



Résonances H et L pour I’effet MSW

Normal mass hierarchy

| Ve~ | | "
Resonance : :

density for : |
_ _ AmGem n; 0 M
I ﬂ ._ - - e — ‘:1 _I r.-'—.'_F.-J e — D —
el i \‘\"—' density for
10 zt}'

1 N | Ve

100 103 104 10°

R (km)

. . : Survival probability
Case | Mass ordering sinZ(20@,3)
p (for v.) P (for v.)

| A || Normal | e | o ||cos?(@,;)~0.7
[ B | vertea || = [Sin2(©42)~0.3 ], o |
| c || any | =105  |[sin2(®,;)~0.3][cos?(@,;)~0.7




Effect of neutrino oscillations

: - SN at 10kpc
Time profile Neutrino flux and spectrum from Livermore simulation
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P,,: crossing probability at H resonance
(P,=0: adiabatic)

4 Dot: Inverted hierarchy (P,=0)

Solid: No oscillation

Dash: Nomal, Inv.(Py=1)
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—
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Neutrino oscillation increase number of events
by 10~30 %.




Neutronization burst (e+p>n+v,)

Number of events from 20msec to 0.1 sec SN at 10kpc

Neutrino flux and spectrum from Livermore simulation

Events/10msec
—
o

10

TN 4p

Osc. Inv. P,=0
No oscillatitn

No oscillation

.. Osc. Nor. P;=0

S o *
Fa00 K
af &
& 2 *
£ of =
- Es

Osc. Inv. P'=1, Nor.

Neutronization v+e”

Fit _Osc. Nor. P=1, Inv.

- Event rate o Rae

e

0.02

004 006 0.08

0.1

Time (sec)

nts

{1;
{1}

: Event rate of neutronization burst
| (forward peaked v+e scattering events)
|~ Nooscilation

Normal P,=1 or
Inverted hierarchy

_—— Normal hierarchy P =0

P.: crossing probability at H resonance
(P,=0: adiabatic)

Number of events from neutronization burst is 0.7~5 event for SN@ 10kpc.
V.p events during this 10msec is about 5 - 20 events




Oscillations collectives de neutrinos

Prés de la sphéere de neutrinos (~ 103° cm?3)
=> interaction neutrino — neutrino importante
=> effet de matiere entre neutrinos

Oscillations dans le vide => =Am2/2E

Oscillations dans la matiere => A=

Oscillations entre neutrinos => W >\

10— T T ;
Mr) =v2 Gpn, (1)
— 10%E - _ _
T 7  u=2GN, ., (0+N,,, ()
. OF \ E
- K ]
1 : : =
; synch bipolar split 7
10" II 5IOI IIII 160 IIII 15IU o IZUO

r (km)



Initial neutrino and antineutrino fluxes
10— T S L BN B B

0 I”1O 20 30 40 50 O . 10 “20 30I 40 50
E (MeV) E (MeV)

* Hiérarchie inverse
0,, >0

- =

Final fluxes in inverted hierarchy (multi-angle)
1071 71— T TR ] P T RLT TR T [ L] Lt




| Fond neutrino des SN « déja explosées » |

Number Flux [em™2% s~1 MeV-1]

lﬂﬁ E- | '| I | [ ] I
10" ¢ (a)
10° & — SEN

BN — . °B Solar v,
10°% & —— hep Solar v,

almospheric ¥
.—..reactor v_

.\-

19-2

l 1 Jln L | |-‘. 1

Number Flux [em 2 s ! MeV!]

o 10 20 30 40 50 60
Neutrino Energy [MeV]
0 20 40 60 80 100
Neutrino Energy [MeV|]
SK: @ (E>19.3MeV) <1.2cm?s"

===> Taux d’explosion dans la galaxie



Astrophysique avec des Neutrinos de Trés Haute Energie
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\Y, atrpo_sphériques
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The UHECR Sky is anisotropic

E>510"eV

Veron — Cetty catalogue



Implications pour I’Astronomie Neutrino

* Observation de la coupure GZK
= existence obligée de neutrinos cosmique UHE

Py Ao p + 0’
—n+ma”

n— p+e
ﬂ:—i—_)u—l—

M+_>e+

+ V:

+Vu

v, TV,

}

GZK Neutrinos




GZK neutrinos garantis mais modéle dépendant

En(B (m2.sr'.sh

1010

10!

10—12

10713

10

10717

101¢

strong evolution model charm decay

Pure Proton B=2.4 E,, =10""7 eV
= = -Mixed p=2.1 E,, (p)=10°"° eV
—— Mixed p=2.1 E,,_ (p)=10%'" eV

12 13 14 15 16 17 18 19 20
log, E(eV)

Allard, Ave et al, JCAP 0609 (2006



Astronomie gamma et neutrino intimement lies si
processus hadronique

[ T "
1 directional

i beam

magnetic
fields




Astronomie gamma et neutrino intimement liées si
processus hadronique

[ — .
1 directional
i beam

magnetic
fields




Sources v

Dense
molecular
cloud

Supernova
remnant

Compreésed
shell of hot gas

Inverse Compton
scattering— y-rays




Sources v

HESS gamma flux




Very High Energy Gamma sources

+ 8-15 add. sources
in galactic plane.
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T Mrk501 o D
---------------- ’PSRB1259.1ESH.,1

SNR G09 RXJ 1713 RXJ 0852

LS 5039 \‘ FANS l'"A. ---------------------------------- ----------- 100

Vefa X Crab

MSH 15 52

.........................

PR 2005

-90

B Pulsar Nebula € AGN

A SNR @ Other, UNID R.A.Ong
Aug 2005



Sources a Jets cosmiques

L~ Radio. X-rays . '~ Radio, X-rays

Companion

A-TAYS,
star Y3

visible,
Relativistic jet ! then radio

UV and

Stellar-mass Supermassive J Stallar-mass
black hote : « black hole ! / black hole

N cretion disk
b (100 km)
~ Accretion disk —

Accretion disk {1 billion km)

{1,000 km diameter)

-
5
-Lny
o |

\

Ho 51;‘ galaxy

Microquasar Quasar Collapsar

17 Microblazar 1? Blazar L“/ Gamma ray burst

GRB: 1020L, ,
AGN: 10% L
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I\/IBHN1 I\/Isun’
Mg,~10°M
Mg ~1M
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M ~1M,, yr, ' ~10"
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Active galaxies

Core of Galaxy NGC4261

Hubble Space Telescope

’ Wide Field/Planetary Camera
* Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk
]
B A
Y &
‘ [ ]
-
Fd
- = o —————
380 Arc Seconds 17 Are Seconds
88 000 LIGHT-YEARS 400 LIGHT-YEARS

.



Quelques prédictions

... _pour la découverte de neutrinos extraterrestres
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Fireball Model: long GRBs

Extermal Shock

The Flow decelerating into
Intemal ShOCk the surrounding medium

Collisions betw. diff.
parts of theflow

Meszaros (2001)

Production de vy

I3

Ene'rgie '



- Photonuclear p~ — A

= Nucleon-nucleon pp/pn

+w production channels

ﬂ\ftelrg low

>10"%cm

TeV neutrinos PeV neutrinos EeV neutrinos
_ from inside the star from internal shocks from external shocks
MeV neutrmo?Meszaros & Waxman 2001) HL GRBs (Waxman & Bahcall 2000)
at collapse ) (Waxman & Bahcall 1997) (Dermer 2002)
(Schneider et al. 02) LL GRBs

( Razzaque et al. 2003)



Quelques prédictions

... _pour la découverte de neutrinos extraterrestres
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" temps

Détection en coincidence

Coincidence dans I’espace et dans le temps
= > BdF ~0




Trigger y

SWIFT, INTEGRAL, Fermi alerts reception
P Ex : ANTARES

— redshift ~1---------- GRB

Continuous data
acquisition

TimeSlices

GRB data storage
during 2 minutes
without filtering




Trigger v

Trigger: multiple / HE single
Reconstruction “on-line” (<10ms)
Alert message

Telescope TAROT
Real time

Y Y

Télescope v Télescope optique



Détection de neutrinos haute énergie

Flux trés faibles => trés grand volumes => milieu naturel

Mer Glace



Principe de detection
R 3D PMT
array

Cherenkov = -
light from u Yc

1
1
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Quelques résultats

v, EZ flux limits (90% c.l.)
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AMANDA + ICE CUBE

Fhe i

Preliminary 5=90° Max Significance
_ _ 5=54°, a=11.4h

1x significance
30 - 1.50

Significance

5 yr max significance
3.740 - 280



Avenir : détecteur kilométrique

Km3 lceCube

En preparation En construction
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