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




2, 7 E < E1

3, 0 E1 < E < E2

2, 7 E > E2

1015 E1

1019 E2



log− log
E−3



z ≤ 0, 017

1019

1020

1020



10 12 14 16 18 20 22 24
-3

-2

-1

0

1

2

3

4

5

Infra-rouge

micro-onde

radio

paires micro-onde

z limite

L
og

 (d
is

ta
nc

e)
   

M
pc

Log(E) (eV)

Centre galactique

groupe local

Super-amas local
Markarian 421

3C279

e+ e−

z



∼ 5 × 1019

1020

B

rL = E/qBc

Emax = ZecBR

Emax = ZeBVcR Vc E = BVc

Γ E = ΓBVc

1020



100 103 106 109 1012 1015 1018 102110!9

10!6

10!3

100

103

106

109

1012

1015

Size [km]

M
ag

ne
tic

 fi
el

d 
str

en
gt

h 
[G

au
ss

]

100 103 106 109 1012 1015 1018 102110!9

10!6

10!3

100

103

106

109

1012

1015

Size [km]

M
ag

ne
tic

 fi
el

d 
str

en
gt

h 
[G

au
ss

]

100 103 106 109 1012 1015 1018 102110!9

10!6

10!3

100

103

106

109

1012

1015

Size [km]

M
ag

ne
tic

 fi
el

d 
str

en
gt

h 
[G

au
ss

]

Inter!planetary
     shocks

Gamma!ray
    bursts

AGN jets

Galaxy
clusters

Galactic halo

Neutron stars

White dwarfs

Supernova
shocks

Magnetic A
    stars

Sun
spots

Man
made

1020eV

1 TeV

1020

1020

p/A + p/γ −→ π0

↓
γ + γ

+ π+

↓
µ+ + νµ

↓
e+ + νe + νµ

+ π−

↓
µ− + νµ

↓
e− + νe + νµ

+ ...

π0



Energie

E   x dN/dE
2

Visible rayons X Gamma

Synchrotron induit
par électrons

Gamma
induits par
hadrons

Inverse
Compton

Intensités α B
2



1019

E2
p

dN

dEp dV dt
≈ 0.65 × 1044 φ(z) erg Mpc−3 an−1

φ(z) φ(0) = 1

E−2



E2
νφν < 2 × 10−8ξz

[
(E2

p
dN

dEp dV dt)z=0

1044 erg/Mpc3 an

]
GeV cm−2 s−1 sr−1

ξz

ξz ≈ 3

π0

∫
dNγ

dEγ
Eγ dEγ = η

∫
dNν

dEν
Eν dEν

η
pp π+, π−, π0

νµ + νµ γ
η = 1 pγ η ∼ 1/4
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MPR (tranparent)
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Atmosphériques

νµ + νµ

νe : νµ : ντ = 1 : 2 : 0

νe : νµ : ντ = 1 : 1 : 1
νµ + ν̄µ
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0.5π
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T(Emin, θ) l l = e, µ, τ

dN/dEν

T(Emin, θ) =

∫
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Pν→l(Eν , Emin)Ptrans(θ, Eν)
dN

dEν
dEν

Ptrans(θ, Eν)
Pν→l(Eν , Emin) Eν

Emin

Pν→l = N
∫ Eν

Emin

dEl
dσ

dEl
Rl(El, Emin)



N dσ
dEl

Rl(El, Emin)
l = µ

τ

∼ km3

νl (νl) + N
W±
−→ l−

(
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)

+ X

N N ≡ n+p
2 X

d2σ
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=

2G2
FmNEν

π

(
M2

W

Q2 + M2
W

)2 [
xq
(
x, Q2
)

+ xq
(
x, Q2
)
(1 − y)2]

• mN MW

• Q
• ν = Eν − El

• x = Q2

2mNν
• y = ν

Eν

νµ νµ

σ ∝ Eν Eν > 10 GeV

σ ∝ E0,4
ν Eν > 1 PeV

x < M2
W/2mNEν
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Rµ(Eµ, Emin)
Emin Eµ

〈
dE

dX

〉
≈ α(E) + β(E)E

α ≈ 2, 2 −1 2

β ≈ 4 × 10−6 −1 2

Rµ(Eµ, Emin) =

∫ Eµ

Emin

1〈
dE
dX

〉dE ≈ 1

β
ln

(α/β) + Eµ

(α/β) + Emin

Emin

θ

cos θ =
1

βn



Log(E! (GeV))

Pr
ob

ab
ili

té
 d

e 
dé

te
ct

er
 u

n 
µ

 a
ve

c 
E µ

 › 
E m

in

Emin = 1 TeV

Emin = 10 TeV

Emin = 100 TeV

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

Eν

Eµ > Emin

β = v/c n



cos#

d$
/d
%

 (c
m

-2
s-1

sr
-1

)

µATM

µ induits par !ATM (Eµ › 1 TeV)
µ induits par !ATM (Eµ › 10 TeV) Eµ › 1 TeV

Eµ › 10 TeV

10
-17

10
-16

10
-15

10
-14

10
-13

10
-12

10
-11

10
-10

10
-9

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

dN
dE ∝ E−3.7

dN
dE ∝ E−2





∼



× ∼ 3.0o

×

3 < 1.0o

× ∼ 3o

×
×

< 0.5o

×
×

×
3 ∼

dN
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1
λatt

= 1
λabs

+ 1
λdiff

)

λdiff,eff =
λdiff

1− < cos θ >

< cos θ >" 1
λdiff,eff → ∞

λdiff,eff " 265 m . λabs " 60 m (bleu)

λdiff,eff " 100 m . λabs " 26 m (UV)

λabs " 100
λdiff,eff " 25
λabs " 15

I(R) =
I0A

4πR2
e

−R

λeff
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I0 A
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Rc = Rd + L

= Rd + 2, 5 × λabs

Rd λabs ≈ 55

L



L L

L

L canette sol

   detecteur

#I?s 
41 40YZ 40Y8 40Y; 40Y2 0 0Y2 0Y; 0Y8 0YZ 10

0Y1

0Y2

0Y3

0Y;

0Y5

0Y8

0Y7

0YZ

0Y[

1

Ancienne Acceptance

Nouvelle Acceptance



1020 e± µ±

π K η

60◦ 60◦



h
θ m

χ2

ti

ti = t0 +
1

c

(
Li −

di

tan θC

)
+

1

vg

(
di

sin θC

)

c
vg

pα

θ φ
x y A

P



(xi, y i, z )i

t0

iL

θc

θc
di

iPM

Tcherenkov

θ

Muon

Front d’onde

A

Plan (P)

O

r

A
θ y

z

xφ

Muon

α i

t0 P

ti ti − t0 ≤ (di/vg + 100ns) t0
di



G(r) r

G =
∑

i

κ

(

−2

√
1 +

Air2
i

2

)

− (1 − κ)fang(αi)

Ai i ri = ti−tthi

(→
p,

→
d
)

tthi
fang

αi

κ = 0.05

|ri| < 150 Ai > 2.3 G

δti = ti−tthi

L

L =
n∏

i

pdf(δti, pα)

pdf
10

[−0.5R, R] R

1◦

Ncomp

±



Temps d’arrivee des photoelectrons (ns)

N
om

br
e 

de
 h

its
 r

el
at

if

10
-5

10
-4

10
-3

10
-2

10
-1

-10 0 10 20 30 40 50

4

2

Λ

log(L)/NDL

Ncomp

Λ ≡ log(L)

NDL
+ 0.1(Ncomp − 1)

Λ

χ2



χ2 par degré de liberté

χ2

χ2 =
N∑

i=1

[
1

σ2

(
tthi − ti

)2
+

q(qi)d(dfit)

〈q〉d0

]

qi

dfit

d0 = 〈q〉

q(qi)

d(dfit)

dmin =

χ2

q d =





R = 6368297.2



6.00 6.05 6.10 6.150 6.20 6.25

42.84

42.86

42.88

42.90

42.92

42.94

42.96

42.98

43.00

Longitude E (°)

Latitude N (°)

200m

2000m

ANTARES

-6000 -4000 -2000 0 2000 4000 6000 8000 1000012000
0

2000

4000

6000

8000

10000

12000

14000

16000

x (m)

y (m)

200m

2000m

ANTARES

95 < θzenith < 105 40 < E(GeV) < 10000

50

1

4

2

3

6

5

∼

ρ = 1.02 g cm−3

ρ = 2.6 g cm−3



ANTARES

Roche

Mer

Surface

Absorption 
possible du μ

μ(1)

(2)

(3)

(4)

(3)

(5)

80
−0.2 < cos θrec < −0.1

| φ |> 20

∼

σ

∼

∼



href30
Entries  6752
Mean   0.9245
RMS     17.37
Underflow   5.697
Overflow    4.744
Integral   458.6

 / ndf 2χ  2.475 / 26
Prob       1
p0        0.6743± 5.739 
p1        0.1368± 0.343 
p2        0.007326± 0.01505 
p3        0.0009679± -0.001492 

-30 -20 -10 0 10 20 300

2

4

6

8

10

Azimuth
Entries  6752
Mean   0.9245
RMS     17.37
Underflow   5.697
Overflow    4.744
Integral   458.6

 / ndf 2χ  2.475 / 26
Prob       1
p0        0.6743± 5.739 
p1        0.1368± 0.343 
p2        0.007326± 0.01505 
p3        0.0009679± -0.001492 

htem p
Entries  6752
Mean   0.07775
RMS     3.571
Underflow       0
Overflow        0
Integral   469.1

 / ndf 2χ  69.45 / 46
Prob   0.01433
Constant  18.15± 300.3 
Mean      0.03485± -0.1327 
Sigma     0.02417± 0.6761 

-40 -20 0 20 40 6 00

50

100

150

200

250

300 Delta_Azimtuh 
Entries  6752
Mean   0.07775
RMS     3.571
Underflow       0
Overflow        0
Integral   469.1

 / ndf 2χ  69.45 / 46
Prob   0.01433
Constant  18.15± 300.3 
Mean      0.03485± -0.1327 
Sigma     0.02417± 0.6761 

dN
/d
φ 

pa
r a

n

Angle azimuthal φ reconstruit (°).  0 <---> Nord φ reconstruit - φ simulé (°) 

dN
/d
φ 

pa
r a

n

−0.2 < cos θrec < −0.1

| φ |> 20

cos θ ≈ 0.1



F = dφ
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AnalysisChooser

+ choose() : string
+ mainLoop() : void

Character mode
interactive user
interface

AnalysisChooserGUI

+ choose() : string

AnalysisFramework

+ addNewAnalysis(newAnalysis : Analysis) : void
+ runAnalysis(analysisName : string) : void

AnalysisChooserChar

+ choose() : string

Graphical mode
interactive user
interface
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Ana_SpePedestal

+ run() : void

Ana_CalibMonitor

+ openFiles() : void
+ resetTreeReaders() : void
+ run() : void

{bind(SPE_TimeSlice)}

CalibMonitor
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1#dbConnect
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+ run() : void
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Connection to
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O bject

AnalysisFramework

+ addNewAnalysis( )
+ runAnalysis()

Analysis

+ Analysis()
+ ~Analysis()
+ run()
+ openFiles()
+ resetTreeReaders()
+ dbGetInfo()

PedestalFit

+ run() : void

instantiate

Ana_ThresholdScan

+ run() : void

PEpeak_XTalkFit

+ run() : void

Ana_SPE_PEpeak_XTalk

+ run() : void

Ana_PHY_PEpeak_XTalk

+ run() : void

TSZeroTrig0Finder

+ run() : void

Ana_SPE_TSzero

+  run() : void

Ana_PHY_TSzero

+  run() : void

CalibMonitorFrame
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