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cosmic rays interact with the 

microwave background

0g ++→+ + pandnp

TeV102E 6

cosmic rays disappear, neutrinos with

EeV (1018 eV) energy appear

 

 →  +  →{e +  + e} + 

1 event per cubic kilometer per year

...but it points at its source!



cosmic rays

neutrinos produced in

interactions with

microwave photons

~1 event per year in

IceCube, PAO and ARA
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the sun constructs an accelerator

coronal mass

ejection

09 Mar 2000



Hillas formula :

• dimensional analysis, difficult to satisfy

• accelerator must contain the particles



T

R2
 v →

pulsar

Rotationsakse

Straling

Straling

Magnetfelt



ms-pulsar Fermilab

R 10 km km

B 108 Tesla Tesla

T-1 103 105 (#rev/s)

E 107 TeV 1012 eV

= 1 TeV !

still a very open problem…
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galactic 

cosmic rays
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410 photons

of 2.7 K per cm3

or 

10-12 erg cm-3 

~ 0.5 eV cm-3 

galactic 

cosmic rays

10-12 erg cm-3 

extragalactic 

cosmic rays

3x10-19 erg cm-3 



supernova

remnants



cassiopeia A supernova remnant in X-rays

gravitational energy

released is trans-

formed into

acceleration

→

E-2 spectrum

acceleration when

particles cross

high B-fields



neutrinos

from 

supernova

remnants :

molecular

clouds in star-

forming 

regions where 

super-nova 

explode: beam 

dumps!



Galactic plane in 10 TeV gamma rays :

supernova remnants in star forming regions

Southern 

Hemisphere

Sky
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Cygnus region : Milagro

translation of

TeV gamma rays

into

TeV neutrinos :

3 ± 1 n per year in IceCube per source





supernova

remnants



…and if the star collapses to

a black hole…

gamma ray burst

✓ happens in seconds

not thousands of year

✓ beamed along the spin

axis of the black hole

✓ simulation not image



collapse of massive

star produces a

gamma ray

burst

neutrinos are

produced in the

interactions of 

fireball protons

(cosmic rays)

with synchrotron

photons

spinning black hole



decays to PeV neutrino

decays to cosmic ray

• one neutrino per cosmic ray observed

• ruled out by IceCube

GRB fireball model



active galaxy

particle flows near

supermassive

black hole





parameters:

energy electron

beam:

ge 
max

magnetic field B 

Doppler factor g



Galactic:

supernova 

remnants?

extragalactic:

• gamma ray

bursts??

• active

galaxies?

sources accommodating the observed energy budget



Cosmic Rays & SNRs

supernova remnants: 

1050 ergs every 30 years

~10-12 erg/cm3

for steady state of CR

with lifetime 106 years

SNRs provide the environment and energy

to explain the galactic cosmic rays!

observed energy 

density of galactic CR:

~ 10-12 erg/cm3

galactic
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ergTeV 6.11 



300 GRB per Gigaparsec3 per year

for 1010 years (Hubble time)

2´1051erg´
300

Gpc3 yr
´1010 yr = 3´10-19 erg

cm3

yearstimeHubblecmGpc 103823 10109.21 ==

• correct cosmology: same answer

• Fermi: photon (electron) energy less than this ?

• challenged by IceCube limits



Cosmic Rays & GRBs

Extragalactic

Gamma-Ray Bursts: 

2x1051 ergs x 300/Gpc3

x 1010 yr

~ 10-19 erg / cm3

GRBs provide environment and energy

to explain the extragalactic cosmic rays!

observed energy 

density of 

extragalactic CR:

~ 10-19 erg / cm3



Cosmic Rays & SNRs

supernova remnants: 

1050 ergs every 30 years

~10-12 erg/cm3

for steady state of CR

with lifetime 106 years

SNRs provide the environment and energy

to explain the galactic cosmic rays!

observed energy 

density of galactic CR:

~ 10-12 erg/cm3

galactic
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radiation
and dust

black hole

→ p + 0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH

Neutrino Beams: Heaven & Earth

p + g→ n + +

~ cosmic ray + neutrino

n and g beams : heaven and earth
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cosmic ray



59 strings, 1 year

•sensitivity

•“limit”

before

AMANDA



IceCube 59: the last limit ?

Sterile neutrinos? More about neutrino physics later
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M. Markov

1960

B. Pontecorvo

M.Markov :

we propose to install detectors 

deep in a lake or in the sea and 

to determine the direction of 

charged particles with the help 

of Cherenkov radiation.





• lattice of photomultipliers

• shielded and optically

transparent medium

n

n

n



n 



RnP ==→



photomultiplier

tube





93 TeV muon



energy measurement ( > 1 TeV )

convert the amount of light emitted

to measurement of the muon

energy (number of optical modules,

number of photons, dE/dx, …)



improving angular and energy resolution 



why did it take so long ?



Amundsen-Scott south pole station

South Pole
Dome

1500 m

2000 m

[not to scale]

AMANDA

south pole 2000



IceCube / Deep Core

Digital Optical Module (DOM)

• 5160 optical sensors

between 1.5 ~ 2.5 km

• 10 GeV to infinity

• < 0.5 degree on-line

< 0.3 degree off line

for muons

(10~15 degrees for

showers)

• < 15% energy resolution

completed December 2010



2 days per hole

3.5 cm/second

drilling and deployment

51





IceCube Site

nozzle delivers →

• 200 gallons per minute

• 7 Mpa

• 90 degree C

→ 4.8 megawatt heating plant



DeepCore

Dec 2010

January 20, 2010



absorption length            220m →

most transparent solid

in Nature...or laboratory



scattering length         47m →





moon shadow

> 10

< 1 deg





architecture of independent DOMs

main 
board

LED 
flasher 
board

HV board



Digital Optical Module Mainboard

CPU+FPGA

20 MHz osc

2 ATWDs

Fast ADC:    

waveform   

and COMM



DOM MB Block diagram

FPGA      

CPU

CPLD
Flash Flash

PMT Power

SDRAM

SDRAM

ATWD

ATWD

fADC

DAC

Monitor

& Control

LPF

LC

x16

x2

x0.25

Flasher

Board

Pulser

DACs & ADCs

Corning Frequency Ctl 

(was Toyocom)

4Mb    4Mb

16Mb

16Mb

+/-5V, 3.3V,

2.5V, 1.8V

64 Bytes

Trigger (2)

ADC

Oscillator
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MUX

(n+1)

(n–1)

DOR

OB-LED

x 2.6 x 9

10b

10b

10b

10b

8b

32b

16b

8b

8b, 10b, 12b

DP

Ram

1 megabaud

DC-DC

Configuration

Device
8Mbit

Delay

R7081-02

25 cm



Digital Optical Module (DOM)

… each DOM independently collects light signals 
like this…

…time stamps them with 2 nanoseconds 
precision and sends them to a computer that 
sorts them into muon and neutrino events…

Digitized Waveform







… you looked at 10msec of data !

muons detected per year:

• atmospheric*      ~ 1011

• atmospheric**   n →           ~ 105

• cosmic              n →          ~  10

* 2700 per second ** 1 every 6 minutes





within trigger time window

downdowndown

up



quality cuts:

•direct hits

•track length

•smoothness

•…
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Neutrino	Skymaps	

AMANDA%II'
7'years''
6995'events'
2006' IceCube'40+59'

60000'events'
2012'

AMANDA%B10'
17'events'
WIN,'1999'

AMANDA%B10'
178'events'
nature,'2001'

28	events	



• cosmic 

neutrinos:

energy 

> 100 TeV

• atmospheric

background:

1~2 events

per year

atmospheric neutrino cosmic



cosmic rays interact with the 

microwave background

0g ++→+ + pandnp

TeV102E 6

cosmic rays disappear, neutrinos with

EeV (1018 eV) energy appear

 +→

 

 →  +  →{e +  + e} + 

1 event per cubic kilometer per year

...but it points at its source



GZK neutrinos: > 41,000 photons near the horizon

number of

channels

> 300

unblinding: 2 events in the signal region





tracks and showers



mostly showers  ✓

PeV showers:

•volume ~ 5 m3

•isotropic after 25~ 50 m









digital optical module 44 on string 20 only



• energy

1,041 TeV

1,141 TeV

(15% resolution)

• not atmospheric:

probability of

no accompanying 

muon is 10-3 per

event

→ flux at present

level of diffuse

limit



• find more contained

events (420 Mton)

• total calorimetry

• complete sky coverage

• flavor determined

• some will be muon

neutrinos with good

angular resolution

loss in statistics is compensated by event definition



veto efficiency by two

layer anticoincidence 

measurement:

tag muons in the veto

region and see what

fraction is vetoed by 

the layer of detectors 

below; no simulation



atmospheric neutrinos are

accompanied by muons from

the shower that produced them:

none seen

(no signals in IceTop)



data: 86 strings one year

…and then there 

were 26 more…



data: 86 strings one year

…and then there 

were 26 more…
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E2Φ(E) =

(3.6±1.2)·10−8 GeVcm−2s−1sr−1

atmospheric n

and 

total charge collected

by PMTs of events with

interaction inside the 

detector



• 28 events

• significance > 4 sigma

atm. Background

:
up

down

> 100 TeV (50 em equivalent): 18 events

0.5

6.36.10 +

−

preliminary



26 more: 19 showers and 7 muon tracks



too few n ?

no, in an all flavor search n tracks are rare 

length of t track = 50m ´
En

PeV

a muon track is relatively rare



mostly from South (not through the Earth) ✓

background signal

PeV n’s absorbed



too many from the northern hemisphere?

no, events have properties of a cosmic flux

atmospheric background:
• mostly from North (through the Earth, insufficient target to produce 

neutrinos from the South)

• mostly muons (muon neutrinos and cosmic ray muons from the South)

cosmic flux:
• mostly from the South (PeV neutrinos absorbed by the Earth)

• mostly showers (1:1:1 flavor composition and only CC muon neutrinos 

produce a track)



• IceCube data do not fit the energy dependence
required by a charm signal.

• same for the  zenith angle dependence.
• rate required to explain the data exceeds

our own experimental limit by  more than a factor
of 2.

• level of charm background allowed by the
data (actually, no evidence yet) is consistent
with expectations.

• no evidence for the air shower that would have
produced the charmed particle (no muons!).

not neutrinos from production and prompt
decay of charmed particles in the atmosphere



some interesting events





atmospheric muon (blue) + neutrino (red) background 

+ astrophysical E2Φ(E) =(3.6±1.2)·10−8 GeVcm−2s−1sr−1

energy deposited in the detector zenith angle





PeV events

c.o.g of 5-event cluster
hottest spot in IceCube

PeV gamma ray map

boundary with no gamma ray 

observations in Southern sky
Galactic coordinates

arXiv 1309.4077



Galactic:

supernova 

remnants?

extragalactic:

• gamma ray

bursts??

• active

galaxies?

sources accommodating the observed energy budget



the energy range of cosmic  

accelerators producing PeV

neutrinos

Galactic or extragalactic?



conclusions

•first evidence for cosmic neutrinos

•origin not revealed yet, but…

•one more year of data ready for

unblinding, more being taken 

•better and different (more n)

analyses soon

IceCube.wisc.edu



10% of data taken during year 2 of IceCube unblinded



71 events/yr

En> 45 TeV

(point source effective 

area)

energy of the muon inside the detector (GeV)

atmospheric neutrinos +

E2 dN

dE
=1.2 ´10-8

GeVcm-2 s-1sr-1

V. Niro et al.



DeepCoreIceCubeDecaCube (1/2/3)

Spacing 1  (120m): 

IceCube (1 km3) 

+ 98 strings (1,3 km3) 

= 2,3 km3

Spacing 2 (240m): 

IceCube  (1 km3)  

+ 99 strings (5,3 km3) 

= 6,3 km3

Spacing 3 (360m): 

IceCube  (1 km3) 

+ 95 strings (11,6 km3) 

= 12,6 km3

increase in threshold not important

(in the region where atmospheric background dominates)



Improvement Factor w.r. IceCube-86

1:1

2:1

3:1

4:1
10 TeV

50 TeV

• geo-1 is worse than 2:1
• threshold 10 TeV-50TeV
• gain in Aeff is linear in spacing

m120

d
1

)86Ic(A

)Ic(A

eff

eff +
++



Effective Area on trigger level

Trigger: 12 HLC hits

1. Spacing 240m not better than 
360m

2. Threshold where large spacings 
substantially improve over IceCube 
is  ~10TeV (only)



Spacing 3: 360m

DeepCore

IceCube

DecaCube

start-energy

In DecaCube the muon is observed by a single string/layer



IceCube & PINGU collaborations




