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Neutrino Astronomy: why?
The Cosmic ray connection

 Gamma and Proton 
Astronomy connections

Candidate sources
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Messengers from the Universe

1Mpc = 3.26 Mly = 3.1 1024 cm

Travel distance depends on interactions on radiation backgrounds 
once particles exit sources

absorption                           cut-off          mean free path
γ-rays:      γ + γ2.7k                      >1014eV                10 Mpc
proton:     p + γ2.7k→ π0 + X         >5.1019eV              50 Mpc
neutrinos: ν + ν1.95K → Z+X              >4.1022eV             (40 Gpc)

    neutrons decay: ϒct = E/m ct ~ 10 kpc  for E ~ 1018 eV

Galactic Centre                                    8 kpc
Local group (Andromeda M31)  0.725 Mpc  
Mrk 421                                        ~ 136 Mpc

Universe c/H0 = 13.7 billion yrs (WMAP) ~ 4000 Mpc



Photons, CRs and Neutrinos



1 TeV = 1.6 erg
1 EeV = 0.16 Joule

Cosmic Ray Spectrum

E-2.7

E-3.1

12 orders of magnitude
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Below the knee observed energy density of 
galactic CR: ρE ~10-12 erg/cm3

Power needed: ρE /τesc ≈10-26erg/cm3s
τesc ≈ 3x106 yrs escape time from Galaxy
1051 erg/SN every 30 years~10-25 erg/cm3 s
10% of SN provides the environment 
and energy to explain the galactic CRs!

galactic

extra-galactic

What sources for >1017 eV CRs?
observed energy density of extra-gal CRs:
~ 3 x 10-19 erg/cm3

~ 6 x1044 erg/yr/Mpc3 for 13.7 Gyrs
Gamma-Ray Bursts: 
2 x 1051 erg x 300/yr/Gpc3 = 6 x 1053 erg/yr/Gpc3

 ~ 6 x1044 ergs/yr/Mpc3 

Auger result: hint for closeby AGNs?



Proton Astronomy
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Protons of 300 EeV are deflected about 0.1o in 1 Mpc 
but uncertainties on magnetic fields are high

Astronomy messengers need to point back to their sources

Super-galactic plane

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

20/27 events with E>57 EeV correlate with 
an incomplete catalogue of 292 AGN (<71 
Mpc) within 3.1o.
Isotropy incompatible at 1% level. 

Pierre Auger Observatory Science, Nov 2007

Open problems:
Xmax hints for heavy composition > 2 EeV 
=> larger deflection in B fields
HiRes does not confirm (arXiv:0804.0382)
No events from Virgo while same number 
as from Cen A would be expected
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Neutrino fluxes

Response curves for different neutrino fluxes



The generic Neutrino source
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Berezinsky et al, 1985
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ν e :ν µ :ντ =1: 2 : 0 oscillations →    1:1:1

p+A→

2 photons with
For each gamma 2 
νµs with:

Eπ ~ Ep/3

pions share p 
energy

After oscillations: νµ/γ ~0.5      

Minimum proton energy fixed by threshold for π production (Γ =E/m is the Lorentz
factor of the p jet respect to the observer)

+++→+

++→+

π

π

nppp
pppp 0

Hence energy in photons and neutrinos is the same.
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K ≈ 2 after oscillations are 
accounted for

ambient
                            lightBR = 2/3BR = 2/3

BR = 1/3BR = 1/3

Enberg et al, 2008: 
include charm component

Gamma-Astronomy connection
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Neutrino Telescope Concept
Detectors: IceCube and 

ANTARES
Event Topologies
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Concept of Neutrino Detector
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Between 300-600 nm about 3.5 x 104 Cherenkov photons/m of a muon track 

β~1 and θc~41o

Natural radiator is low cost and 
allows huge instrumented regions
but it takes time to know it well!
Main systematic error source

wavefront

€ 

θ ≈
1.5deg
Eν (TeV )



Cherenkov
Neutrino Telescope Projects

NESTOR
 Pylos, Greece

            ANTARES
La-Seyne-sur-Mer, France

BAIKAL
    Russia

DUMAND
 Hawaii

 (cancelled 1995)

NEMO
Catania, Italy

     AMANDA, South Pole, Antarctica

KM3NeT



Full Sky Coverage with upgoing neutrinos

Cygnus

TeV sources from tevcat.uchicago.edu > 70 TeV sources

To cover better galactic sources we need Med detectors 

IceCube/AMANDA at 
South Pole

ANTARES 43o N
Galactic Centre 2/3 of day

Gal Centre



T. Montaruli   UW Madison

• Univ Alaska, Anchorage 
• UC Berkeley
• UC Irvine 
• Clark-Atlanta University
• U Delaware / Bartol Research Inst
• University of Kansas 
• Lawrence Berkeley National Lab
• University of Maryland
• Pennsylvania State University
• University of Wisconsin-Madison
• University of Wisconsin-RiverFalls
• Southern University, Baton Rouge

• Universität Mainz 
• Humboldt Univ., Berlin 
• DESY, Zeuthen
• Universität Dortmund
• Universität Wuppertal
• MPI Heidelberg 
• RWTH Aachen 

• Uppsala University
• Stockholm University

Chiba 
University

• Universite Libre de Bruxelles
• Vrije Universiteit Brussel
• Université de Mons-Hainaut
• Universiteit Gent 

 Univ. of Canterbury, Christchurch

• University of Oxford

 University Utrecht

About 250 physicists, 29 Institutions



Teresa Montaruli, 8 Dec 2006
Amundsen-Scott South Pole Station

South Pole
Dome

Summer camp
AMANDA

road to work

1500 m

2000 m

[not to scale]

IceCube

ANTARTICA

The SiteICL

Drilling Tower

Skiway

http://icecube.wisc.edu



Cosmic ray showers
from above

Neutrinos from all directions

surface 
(2.8km asl)

IceTop

AMANDA

Deep 
IceCube

-1.45 km

-2.45 km

AMANDA (1996-2009), completed in 2000

19 Strings

677 Modules, 8 inch PMTs

2005-2006: +8 Strings

IC9 proof of concept: 234 upgoing neutrino 
events in 137.4 d PRD76 (2007), point-source analysis 
(ICRC09)

2005: 1 string (Astrop. Phys 26 (2006)

2006-2007: +13 Strings

IC22 phys run May 31, 2007 - Apr 5, 2008

Results on point sources (paper in 

preparation)

2007-2008: + 18 strings 
IC40: 04/08 - 03/09 phys run
IC56: 2008-2009 => IC 56

IC80: 4800 optical modules on 60 
strings 
17 m between modules
125 m between strings
+ 6 strings for Deep Core
IceTop: 80 stations of 2 tanks with 2 
modules



Icetop tanks

Two DOMs per tank
Two tanks at the top of each string
Now 80 tanks and 160 DOMs taking 
physics data 

In-ice strings: now 2400 DOMs on 40 strings
taking physics data

 DOMs with problems ~3%

 Est. survival rate after 15 years: 95%

Time for a full hole and start a new 
one about 2 days: we can deploy 18 
strings /season!
About 0.5 TJ in each hole!

 + 3 new strings since Dec 6!!! 



PMT: 10 inch Hamamatsu
Power consumption: 3 W
Digitize at 300 MHz for 400 ns with 
custom chip
40 MHz for 6.4 µs with fast ADC
Dynamic  range 200pe/15 nsec

Send all data to surface over copper
2 sensors/twisted pair.
Flasherboard with 12 LEDs
Local HV

Clock stability: 10-10 ≈ 0.1 nsec / sec
Synchronized to GPS time every  ≈10 sec 
Time calibration resolution = 2 nsec 

Digital Optical Module (DOM)
LED 
flasher 
board

main 
board

Digitized Waveform

Daq paper: arXiv:0810.4930



Plans for Future Seasons

muon

neutrino

cl
ea

re
st

 ic
e

•08/09 season (just started!): 16-19 more strings 
and 19 IceTop stations, 1st deep core string with 
high QE PMTs (20%->40%) 
•IC56 science run start in April 09
•09/10 season: add 15+5 deep core strings 
•10/11 complete IceCube construction
•HE extension: up to 50% gain at >PeV energies 
with largely spaced 12 outer strings

Deep core uses IceCube as a VETO to 
identify low energy and downgoing νs



 CPPM, Marseille 
 DSM/IRFU/CEA, Saclay 
 APC Paris
 IPHC (IReS), Strasbourg
 Univ. de H.-A., Mulhouse
 IFREMER, Toulon/Brest
 C.O.M. Marseille
 LAM, Marseille
 GeoAzur Villefranche

 University/INFN of Bari 
 University/INFN of Bologna 
 University/INFN of Catania 
 LNS  – Catania
 University/INFN of Pisa
 University/INFN of Rome 
 University/INFN of Genova 

 IFIC, Valencia
 UPV, Valencia 

 NIKHEF, Amsterdam 
 KVI Groningen
 NIOZ Texel

 ITEP, Moscow

 University of  Erlangen 

 ISS, Bucharest

The ANTARES Collaboration

7 European countries
24 Institutions

The first undersea neutrino telescope is complete since May 08



• 12 lines
• 25 storeys / line
• 3 PMTs / storey
• 900 PMTs

~70 m

100 m

350 m

14.5 m

 Link cable

Junction
Box

cable to
shore

Anchor/line socket

2500m depth

ANTARES Detector

Calibration systems:
• Acoustic positioning
• Optical beacons

storey

45°



The ANTARES Site and Control Room

Toulon

La Seyne 

Shore Station

Submarine cable 
(45km)

~2475m deep



Line deployment:
2003-5 prototypes
2006 L1,2
2007 L3-10
2008 L11,12

storeys

Line bases

JB

ANTARES Construction



A flasher cascade-like event and muon in IC40

Flasher (12LEDs, 10ns pulse) in most transparent ice, 
light propagates even more than 600m!

We calibrate energy measurement with flashers



The biggest muon event in IC40 
and IceTop



Coincident muons
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Text

...but also an 
insidious background

Text

New events respect to 
AMANDA/ANTARES 
scale detectors!

Solution: use 
preselection of 
hits (topological 
trigger)
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Natural radiators: deep ice 
and sea water

28

We need transparent and dark media and deep detectors
Use Earth as a filter to detect neutrinos
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Getting to know the medium...
 Scattering is the main factor 
limiting the angular resolution 
together with PMT TTS and 
electronics resolution.scattabsatt λλλ

111
+=

Sea water: λatt ~ 50 m  λabs ~ 50-60 m λeffscatt > 200 m  @ 450 nm
Polar ice: λabs ~ 110 m λeff scat ~ 20 m  @ 400 nm

Light propagating in a medium is absorbed and scattered.

Muon ‘radiography’ of ice Ice scattering and absorption is depth dependent



7hr data

ANTARES

Depth Dependency and light scattering

Data/MC ratio ≈ 1.13

Flux reduction vs 
energy due to energy 
loss of muons.
Obtained after 
correcting for OM 
sensitivity coefficients 
calculated from 40K 
rates. 

dust 
layer

muon energy loss in 
the detector 

IceCube: Main uncertainty in ice 
due to depth dependence of ice 
absorption and scattering
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ANTARES noise rates

Ice is a quiet medium:
SN collapse search is 
possible!

Noise Rates, 100 microsecond deadtime
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IC22 Jun 2007 data

SN1987A σ=153

LMC σ=5.67

Strong correlation 
between burst rate 
and current
Seasonal dependent

Optical Noise in the sea and ice

With 10 lines 80% of time 
mean rate is 60 kHz
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Deep detectors

32

Million to 1 background to signal from above.  
 Use Earth as filter; look for neurtinos from below.

2.5km
6km
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Reconstruction

33

Quality cuts required to remove atmospheric muon  
background

True zenith dr from simulation Reconstructed
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All-sky muon flux 
with IC22
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1.5 km

2.5 km

muonsneutrinos

preliminary

SIBYLL hadronic 
model in MC

208 neutrinos

ANTARES 10 lines - multi line fit



Detector config    Phys run    Trigger rate   (8DOMs in 5 usec)
IC9                 137d              80 Hz
IC22               290d              670 Hz
IC40         May 08-Apr 09     1.1 kHz 

Atmospheric neutrinos and muons: charm component

First measurement above 50 GeV of nue atmospheric neutrinos possible: 1500 events/200 d
IceCube has access to prompt muon and neutrino region!

IC22

muon filter

30 TeV



Vela Pulsar Fermi Gamma Ray Space Telescope

Hadronic



Example of fluxes for discovery
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1erg=0.62 TeV

Milagro sources: 9 in the galactic plane
Halzen et al, astro-ph/0803.0314

a SNR at d = 1 kpc transfers W = 1050 erg
to cosmic rays interacting with molecular clouds

with density n = 1 cm-3

2
3502

1211 )
1
(

110
10~10

)1(

−−−=

=>

kpc
d

cm
n

erg
W

scm
photons

TeV
dE
dN

E γ

RX J1713.7-3946 
Berezhko & Völk, ICRC2007

Anchordoqui et al, PRD76 (2007)
MGRO 2019+37 with E-2.4 and Milagro flux at 
20TeV 5σ in 2 yrs for IceCube

Aharonian, Anchordoqui, Khangulyan, TM, astro-ph/0508658 

10-12-10-11 E-2 TeV-1 cm-2 s-1

LS5039

Halzen, arxiv:0809.1874



What fluxes accessible by experiments?

38

IC22 275.7d sensitivity

Interesting fluxes are between 10-11 and 10-12 TeV cm-2 s-1

AMANDA-II 7 yr paper 
submitted to PRLD
arXiv:0809.1646 

MACRO: ApJ 546, 2000
SK: Astrop. Phys 29, 2008
ANTARES, ICRC 2007
IC9, ICRC 2007
IC80, Astrop. Phys. 20, 2004

IC22 almost 10 times better than IC9 
IC22 factor of 3 better than AMANDA 7 yrs at the horizon



Standard candle: the moon shadow

4 sigma in 3 months of IC40 data (better ang res). 
Analysis still ongoing.

HESS
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Binned/Unbinned Methods

40

Optimization
Non
optimal

Optimal
size

Binomial statistics 
to get significance

Grid in the sky 

Clusters around fixed directions

Maximum LH ratio (Braun et al, 2008)  or Expectation Maximization pattern recognition method (Aguilars & Hernandez, 2008)

LH function = product of partial prob for each event

Signal pdf contains space and 
energy term that characterize 
the difference between signal 
and background

Backgr pdf is from data hence p-
values do not depend on 
simulation

used to determine significance of observed deviation from null hypothesis
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Effective area for neutrinos

Effective areas for muon neutrinos
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More powerful method

42

10 events from a source at 30o with 
E-2 for 5σ detection with 50% prob

+

-2, 30 events

ga
m

m
a

src events

1σ
2σ



Significance

3yr max significance:
      3.73σ  1.5σ

Max Significance
δ=54o, α=11.4h
           3.38σ

95 of 100 data sets randomized in RA have a significance ≥ 3.38σ

Selected Sources

0.008610.72Geminga
0.039.62LS I +61 303
0.222.97Mrk 501
0.820.67Mrk 421

0.0774.14MGRO J2019+37
0.104.62Crab

P-valueµ90Source

The probability of obtaining p ≤ 0.0086
for at least one of the 26 sources is 20%

arXiv:0809.16467yrs AMANDA result

6595 ev/3.8 yr

5686 events used for  testing atm nu 
calculations and VLI and decoherence



Oscillations: VLI
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IceCube 10 yrs

SK+K2K

Darkest to lightest Blue: allowed regions 
by AMANDA 90,95.99% cl

Oscillations sensitive to small energy shifts due to 
differences of neutrino speed compared to photon 
ones



Measurement of atmospheric neutrino fluxes 
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Bartol 90%,95%,
99% cl

Honda et al

More K+ needed in these calculations to account
for deep ice muons



filter level

IceCube point-source analysis 

46
Cuts and criteria to determine p-value are predefined according in a blind way

50% of events in 1.5o



233 in 137d, expected 227

presented at ICRC2007 and TAUP2007(deg)

(d
eg

)

Crab

IC9 Sky Map
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Max significance 3.35 sigma, 60% simulated background trials (data scrambled in right ascension), 
have this significance or greater.

26 candidate source list: largest deviation from background:  Crab 1.77 sigma, 65% of independent 
trials have this significance or greater.



IC22 Sky Map
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Max significance 3.35 sigma, 60% simulated background trials (data scrambled in right ascension), 
have this significance or greater.

26 candidate source list: largest deviation from background:  Crab 1.77 sigma, 65% of independent 
trials have this significance or greater.

IC9 1.7 neutrino events/day, 134.7 d, median ang res 2o

IC22: 20 events/day => 5114 at final cut level in 275.7d 
median ang res 1.5o

IC80: expect about 200 events/day, median and res 0.8o



IC22 unblinded Sky Map
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At hottest spot: est. nSrc events = 7.7 Est. gamma = -1.65 Est. pre-trial p-value: -log10(p) = 6.14
Post-trial p-value: 1.34% (out of 10,000 trials of scrambled data sets 0.67% have p-value of most 
significant spot more significant than what found in data and we include a trial factor of 2 for having 
performed an all-sky analysis and a source list one)
Not seen in analysis not using energy estimator
No evident candidate counterpart
Time dependent analysis of events contributing to hottest spot. Best fit to gaussian of any duration
+backg: wo energy best fit of 3.9d and with energy 71.2 d. Combined p-value = 0.6 (not significant)



Working on:
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IC40 data filtering 
IC40 has improved ang. res. and about 2 x IC22 
effective area

Use better track reconstruction for high NCh 
events (use all PE in DOMs not only first hit) 
Use energy estimator rather than NCh short direction = IC22

Long direction = IC80

dE/dx  
based on 
WF

IC22

density of 
photons 
along track

NCh



Summary
• IC22 Point-source analysis shows a 

hot spot at the level of 1%
• IC40 data are being filtered for 

physics streams and would allow to 
understand if it is a statistical 
fluctuation

• First IC56 string on Dec 6. Already 
4 installed. 

• ANTARES if taking data in its full 
configuration 

• Water is an ideal medium for photon 
propagation properties but is not a 
quiet environment as ice

51

some of the hot spot events

http://driller.icecube.wisc.edu/plots/
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Hottest spot events
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Est. Ang. 
res (deg)

Ang. dist. 
from best fit
 src (deg)

Dist. det. centre -
center of gravity of hits (m)

Hottest spot events are deep in the 
detector where the ice is more 
transparent and high NCh.
Signal NCh pdf affected by knowledge 
of ice properties but p-value extracted 
from data is solid.



Diffuse limits
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AMANDA data (ICRC2007)
MACRO, Astrop. Phys 19, 2003
IC80, Astrop. Phys. 20, 2004
AMANDA, PRD76, 2007
ANTARES, ICRC2003
IC9, TAUP2007Limits assume 1:1:1 flavor ratio

Waxman & Bahcall, 
PRD59,1999 (VERY 
CONSERVATIVE, Aharonian’s 
talk corresponds to about 50 
ev/yr/km2

IceCube can test Auger sources (all FRI have luminosities of Cen A and M87 with evolution 
~6 x 10-9 E-2 GeV-1 cm-2 s-1 sr-1). Halzen & O’Murchadha, 2008

Ahlers et al 2005

Extragal. p dominate at 108.6 
GeV rather than 1010 GeV
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• Consortium of 40 Institutions from 10 European countries in European Strategy Forum 
on Reasearch Infrustructures roadmap

• Propose a facility for Deep Sea Science

• Concept Design Report done

• Site decision still open

…



NESTOR and Baikal
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NT200 data sample: 372 neutrino 
events in 1038d

91-100 strings with 1300-1700 OMs
Volume for showers: 1km3 > 100 GeV

Platform for 
deployment 
almost ready

Deployment of 4 floors planned in 2009
Vision: towers with 12 floors,144 PMTs/foor, 32 

m diameter, 30 m between floors 

3.5 km deep

1.1 km deep



Data flow and filtering
Majority
Multi-directional

log10(Eν)

ef
fic

ie
nc

y

5 local coincidences 
or large pulses

Trigger rate: ~1 Hz (5 lines)
                     ~2-3 Hz (10 lines)

All data sent to shore through Gb links and 
filtered looking for casual connections 
compatible with a muon track

Trigger: ≥ 5 L1, causal connection between L1 
L1 = LC on OM triplet in 20 ns or a > 3 pe pulse

IC22 : 35 GB/d transmitted through satellite + offline 
filtering in physics streams

Detector config    Phys run    Trigger rate   Neutrinos/d           
                                     (8DOMs in 5μs)   (analysis level)

IC9                 137d         80 Hz           1.7
IC22               290d         670 Hz          20
IC40               May 08-     1.4 kHz         ~40

ANTARES

P. Berghaus’ talk
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The photon ⇔neutrino connection

2 photons with:

Hence energy in photons and gammas is the same.

Minimum proton energy fixed by threshold for π production (Γ =E/m is the Lorentz
factor of the p jet respect to the observer)

+++→+

++→+

π

π

nppp
pppp 0

Alvarez-Muniz and Halzen ApJ 576 (2002)

pp interactions

After oscillations: νµ/γ ~0.5      

€ 

p + A→π 0 + π + + π−

K~0.5

pions share p energy

For each gamma 2 muon 
neutrinos with:

Halzen and Hooper, astro-ph/0502449



BR = 2/3BR = 2/3
BR = 1/3BR = 1/3
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The photon ⇔neutrino connection

pγ interactions
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2 gammas with 2/3 x 0.1 Ep = 4/3 x 0.1 Ep
2 muon neutrinos (if muon decays) with 1/3 x 0.1Ep/2 =
1/3 x 0.1 Ep

K ≈ 2 after oscillations are 
accounted for
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Ep,thr = γ pmp =150MeV ×mp /εγ =
1MeV
εγ

 

 
  

 

 
  ×150GeV

Energy of gammas p rest frame

E of gammas in lab (p at rest)

Energy of gammas in CM
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ANTARES 10 line event

63
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Attenuation length in water

64

Measured attenuation lengths in water

Pylos >1000 m


