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Paolo Desiati

cosmic rays
spectrum

‣ cosmic rays produced in the Galaxy 
below 108-109 GeV

‣ spectral features from acceleration 
mechanisms & propagation effects

‣ source distribution in Galaxy and 
our neighborhood

‣ magnetic field configurations in 
local interstellar medium

‣ anisotropy
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Gaisser, Stanev, Tilav, 2013 - arXiv:1303.3565

direct observations indirect observations
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cosmic rays mass
direct observations

‣ cosmic rays mass composition 
not very different from our solar 
neighborhood

‣ d i f f e r e n c e s f r o m n u c l e a r 
fragmentation in collisions with 
interstellar medium

‣ isotopic composition provides 
hints on origin and propagation of 
cosmic rays
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‣ at high energy changes in mass 
composit ion f rom r ig id i ty-escape 
escape from the Galaxy
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cosmic rays spectrum
direct observations

‣ energy spectrum has fine 
structures

‣ broken power law or spectral 
concavity
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CREAM, ATIC, Bess-Polar
TRACER, TIGER

PAMELA, Fermi,
Gamma-400,... 

AMS2, Calet,
ISS-CREAM, ...

Ahn+ 2010CREAM

Adriani+ 2011

p

He

PAMELA
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cosmic rays spectrum
indirect observations

‣ at high energy flux too small for 
direct observations

‣ ground-based, under-ground / 
water / ice detection

Stanev, Gaisser

≈E-2.7 ≈E-3.1

≈E-2.7
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‣ atmosphere & interaction properties

‣ energy & mass observations tangled

‣ lower mass resolution
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possible origin of
cosmic ray particles

SN1006
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X-ray (Chandra)
optical
radio

‣ cosmic rays of similar composition of 
local interstellar medium

‣ confined in the Milky way for ~10 Myr 
(10Be/9Be observation at low energy)

‣ isotopic composition (22Ne/20Ne) to 
provide a hint on the origin of a 
substantial fraction of low energy 
cosmic rays ‣ OB associations within superbubbles
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possible origin of
cosmic ray energy

SN1006
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X-ray (Chandra)
optical
radio

‣ energy needed to maintain galactic 
cosmic ray population

‣ energy released by supernovae that 
goes into particle acceleration

EGCR ≈ 1041 erg s−1 = 1034 W

ESN ≈ 1044 J

30 yr
× 10% ≈ 1034 W

released mechanical energy

galactic supernova rate

energy into acceleration

‣ Emax associated to the knee of 
cosmic rays at ~ 3 PeV
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cosmic ray acceleration
in supernova remnants

SN1006

Baade & Zwicky 1934
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X-ray (Chandra)
optical
radio

Fermi 1949

‣ diffusive shock acceleration in galactic 
supernova remnants
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cosmic rays
reconstruct their history

9

HESS: RX J1713 

γ + γ
µ+ + νµ

e± + B → e± + γsynchrotron

e± + γsoft → e± + γInverse Compton

hadronic emission

electromagnetic emission

e+ + νe + ν̄µ

p + N → p(n) + π+ + π− + π0
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cosmic rays
reconstruct their history: γ rays
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Fermi - LAT   200 MeV - 100 GeV diffuse gamma ray sky

galactic coordinates
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cosmic rays
reconstruct their history: γ rays
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H.E.S.S.   TeV gamma ray galactic plane

galactic coordinates
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cosmic rays
reconstruct their history: neutrino

12

IceCube-59+40   probability of >100 GeV neutrino 
point-like excess from random fluctuations

equatorial coordinates
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p

n
γ
ν

the highest
energy neutrinos

ever recorded
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Becker J., Phys. Rept. 458, 173 (2008)

cosmic rays
multi-messenger observations

‣ neutrinos incontrovertibly linked to proton 
acceleration

‣ neutrinos propagate undisturbed from 
dense region bringing information from the 
inner sources

‣ smoking gun for identification of cosmic ray 
sources
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IceCube Observatory
Digital Optical Module - DOM

with 10” PMT &
local DAQ electronics
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SMT8 only

growing IceCube 
& event collection
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IC-1

IC-9
IC-22

IC-40

IC-59 IC-79
IC-86

Strings Year μ rate

IC22 2007 500 Hz

IC40 2008 1100 Hz

IC59 2009 1700 Hz

IC79 2010 2000 Hz

IC86 2011+ 2200 Hz

Takao Kuwabara - UDel
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detecting neutrinos
upside-down telescope

X-ray
(Chandra)
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1 in
1 million

Cherenkov Light
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18

time delay
vs. direct light

“on time” delayed

Claudio Kopper - WIPAC

Cherenkov light from
a cascade

detection principle - cascade         νe ντ CC-int  &  νi NC-int
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detection principle - track                      νμ CC-int
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time delay
vs. direct light

“on time” delayed

Cherenkov light from
a muon track

Claudio Kopper - WIPAC
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event identification

20

×106

×103

~20-50%
neutrino efficiency

atmospheric neutrinos

extra-terrestrial neutrinos

Waxman-Bahcall bound 1998

prompt GRB, Razzaque et al. 2008

IceCube upper limit

νe      DeepCore - Aartsen+, 2013
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all-sky steady point source searches 
IceCube-40+59+79

21

‣ 108,317 up-going events / 146,018 down-going events

‣ in 316 d (IC79), 348 d (IC59), 375 d (IC40)

atmospheric neutrinos

HE atmospheric muons

IceCube Collaboration 2013
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diffuse source searches 
high energy cosmic rays

1.8 σ excess
over atmospheric expectation

22

IceCube-59 IceCube-40

upgoing through going muons from νμ contained cascades from νe

2.4 σ excess
over atmospheric expectation
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‣ ultra high energy neutrinos GZK cut-off

‣ 616 d (IC79 + IC86 excluding burn sample)

diffuse source searches 
ultra-high energy frontier

23

Ahlers et al., Astrop. Phys. 34, 106 (2010)
Ahlers et al., Astrop. Phys. 35-2, 87 (2011)

IceCube Collaboration arXiv:
1310.5477, submitted to PRD

IceCube Collaboration PRL 111, 021103,2013

2.8 σ
over background
for GZK searches
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‣ IF extraterrestrial associated to extreme 
events (no γ counterpart ?)

diffuse source searches 
ultra-high energy frontier

~500 m ~1600 ft
unknown origin !

IceCube Collaboration PRL 111, 021103,2013

24
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‣ a PeV downgoing event / year

‣  not cosmogenic neutrino

‣ not consistent with atmospheric flux

‣ 8-9 more events > 1 TeV if unbroken E-2 
spectrum

‣ are there other PeV events ?

‣ what’s their nature ?

diffuse source searches 
ultra-high energy frontier

IceCube Collaboration PRL 111, 021103,2013

25

2.8 σ
over background
for GZK searches
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‣ extension to lower energy

‣ 662 d (IC79 + IC86)

‣ containment at HE (Qtot > 6000 p.e.)

‣ 400 Mton effective fiducial mass

‣ reject cosmic ray muons

‣ sensitive to all flavors > 60 TeV

‣ 3 times as sensitive at 1 PeV

high energy “starting” events

26

μ Veto

μ

νμ

✓

✗
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‣ atmospheric muons

‣ estimated from data (tag events 
on outer layer)

   6 ± 3.4 µ’s

‣ atmospheric neutrinos

‣ reject events with accompanied 
muons (self-veto)

4.6 +3.7
-1.2 ν’s

high energy “starting” events
background estimation

27
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high energy “starting” events
some examples
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declination: -13.2°
deposited energy: 82TeV

declination: -0.4°
deposited energy: 71TeV

declination: 40.3°
deposited energy: 253TeV
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high energy “starting” events
high energy all-flavor neutrino events

29

IceCube Preliminary

‣ 26 + 2 = 28 events found

‣ good fit with tagged muon background 
(for Qtot < 6000 p.e.)

‣ hatched region includes uncertainties from 
conventional and prompt (Enberg et al.) 
atmospheric neutrino flux

‣ total background (including models uncert’s)

‣ 12.1 ± 3.4 for reference flux

‣ significance w.r.t. reference background

‣ 3.3 σ (26 events) - 4.1 σ (28 events)
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high energy “starting” events
high energy all-flavor neutrino events
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IceCube Preliminary

high energy “starting” events
high energy all-flavor neutrino events

31

‣ flatter spectrum than expected

‣ smoothly merges into background 
expectation at low energy (> 30 TeV)

‣ potential cutoff at 2-5 PeV

‣ 1.6 +1.5-0.4 PeV (hard cutoff)

‣ best fit

‣ 1.2 ± 0.4 × 10-8 E-2 GeV cm-2 s-1 sr-1
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high energy “starting” events
high energy all-flavor neutrino events
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HKKM07 + ERS atmos. νµ (H3a CR knee)

Waxman Bahcall 1998 × 3/2

ESS νµ + νe, 2001

Ahlers et al. Best Fit

Decerprit et al. Proton

IC22 Cascade Limit

AMANDA-II Diffuse νµ Limit × 3

IC59 Diffuse νµ Limit × 3

IC86 All Flavor EHE Limit (Prelim.)

IC79+86 Starting Events (“HESE”)

AMANDA-II atmos νµ forward fold.

IC40 atmos νµ forward folding

IC40 atmos νµ unfolding
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high energy “starting” events
high energy all-flavor neutrino events

33

through-going muon tracks
Chris Weaver TAUP 2013

IceCube-79 sensitivity
Preliminary
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IceCube Preliminary

high energy “starting” events
angular distribution

34

IceCube Preliminary
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IceCube Preliminary

high energy “starting” events
angular distribution

35

> 60 TeV

IceCube Preliminary
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IceCube Preliminary

high energy “starting” events
angular distribution

36

‣ compatible with isotropic flux

‣ Earth absorption from Northern 
Hemisphere

‣ minor excess in south but not 
statistically significant

> 60 TeV
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high energy “starting” events
arrival distribution
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origin of high energy neutrinos ?

38

‣ Glashow resonance ?

‣ galactic or extragalactic ?

‣ isotropic or point sources ?

‣ cosmic ray composition ?

‣ pp or pγ origin ?

‣ 1 PeV neutrinos ~ 20 TeV CR nucleon ~ 2 PeV γ-rays
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origin of high energy neutrinos ?

39
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origin of high energy neutrinos ?

40

IceCube Coll. PRD 87, 062002, 2013

Ahlers & Murase arXiv:1309.4077

diffuse TeV-PeV γ-ray limits

diffuse γ-ray limits in GP

‣ strong constraints of galactic isotropic emission 
of γ-rays

‣ disfavor contribution from SNR & HyperNovae
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origin of high energy neutrinos ?

41

Markus Ahlers

‣ 15 high energy neutrino in blind region

‣ Fermi Bubble to explain southern excess ?

Ahlers & Murase arXiv:1309.4077
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IceCube Preliminary

‣ how easy is to measure an 
astrophys ica l s igna l ? I t 
depends on its spectrum

‣ can neutrino telescopes observe 
neutrinos from charm ? And 
constrain models ? And break 
degeneracy between charm & 
astrophysics ?

atmospheric neutrinos
charm and astrophysical neutrinos

42

IceCube Preliminary

90% CL
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hadronic interactions
forward physics

43

transverse momentum pT

vs
pseudo-rapidity

forward forward

Ahn et al., ICRC 2013

➝ new Sibyll

‣ CR showers dominated by soft component 
with small pT (non-perturbative QCD)

‣ hard component (heavy quarks) with high pT 
(pQCD)

‣ phenomenological descriptions of hadronic 
interactions with minijet production for hard 
component 

‣ models to describe soft/hard interactions in 
forward region & extrapolated to high energy
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atmospheric neutrinos
experimental observations

Fedynitch, Becker Tjus, PD 2012

interaction models
cosmic ray composition

large experimental
uncertainties

44

observed through-going

uncertainties from

• hadronic interaction models (K 
physics and heavy quark physics)

• primary cosmic ray composition
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Gaisser, arXiv:1303.1431

‣ effect of charm production models

‣ effect of primary cosmic ray spectrum 

atmospheric neutrinos
charm production

45

Ahn et al., ICRC 2013

Sibyll 2.2 - PRELIMINARY

pQCD

intrinsic charm
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atmospheric neutrinos
charm and astrophysical neutrinos

46

‣ lower energy threshold to search for all flavor starting events

‣ <10 TeV constrains conventional atmospheric contribution

‣ 10-50 TeV constrains onset of charm component

‣ north/south weakens degeneracy between hard atmospheric and additional components

J. van Santen - TAUP 13

↑ νµ ↓ νµ↑ νe ↓ νeself-veto self-veto
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atmospheric neutrinos
charm & ν seasonal variations

47

Tilav et al., ICRC 2009
PD et al., ICRC 2011
PD et al., ICRC 2013

effective temperature

PD & Gaisser, 2010temperature coefficient

seasonal variations 
decrease with prompt 

component

µ not contaminated by astrophysical signal
BUT multiplicity
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‣ µ produced by same processes as ν

‣ BUT not contaminated by HE signal

‣ hadronic model uncertainties (effect of 
unflavoured mesons)

charm production in the atmosphere
breaking the degeneracy with astrophysical signal

48

Illana et al., 2009

weak decay of c & b

em decay of η

meson decays

dT ≈
pT Hc

Eµcos(θ)
IceCube Coll., PRD 87, 012005, 2013
arXiv:1208.2979

soft interaction (pT ≲ 2 GeV)
non perturbative

hard interaction
(pT ≳ 2 GeV) - pQCD

e(A+Bd)

C

(1 + d
400 )n
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‣ separate µ bundles (smooth) from high energy µ (stochastic energy losses)

‣ measure energy spectrum up to PeV scale

charm production in the atmosphere
breaking the degeneracy with astrophysical signal

49 HE muon High multiplicity bundle
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summary

‣ are we at the beginning of neutrino astrophysics ?

‣more data will help understand the nature of PeV neutrinos

‣ a better understanding of charm production in the atmosphere

‣ break degeneracy between prompt and an additional high energy 
component

‣ IceCube is working in probing charm production in the atmosphere

‣ need forward physics observations at high energy

50
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Grazie !

51
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spare slides

52
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≈E-2.7

≈E-3.1

≈E-2.7

E2
CM ∼ 2mpELab

primary cosmic rays
spectrum & composition

53

Gaisser, Astropart. Phys. 35 (2012) 801

direct
measurements

indirect
measurements

Gaisser-Hillas Model
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≈E-2.7

≈E-3.1

≈E-2.7

E2
CM ∼ 2mpELab

primary cosmic rays
spectrum & composition

54

Gaisser, Stanev & Tilav, 2013 - arXiv:1303.3565

direct
measurements

indirect
measurements
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cosmic ray acceleration in supernova remnants

Paolo Desiati55

Hillas -plot

(100 EeV)

(1 ZeV)

G

Neutron
star

maxE  ~ ZBL 

maxE  ~ ZBL 

White
dwarf

Protons

 (can didate  s ite s  for E=100 Ee V an d E=1 Ze V)

GRB

Galactic disk
halo

galaxies
Colliding

jets

nuclei

lobes

hot-spots

SNR

Active

galaxies

Clusters

 
(Fermi) 
(Ultra-relativistic shocks-GRB) 

1 au       1 pc  1 kpc  1 Mpc

-9

-3

3

9

15

3     6     9     12    15     18    21

l
o
g
(
M
a
g
n
e
t
i
c
 
f
i
e
l
d
,
 
g
a
u
s
s
)

log(size, km)

Fe (100 EeV)

Protons 

Monday, November 11, 2013



Paolo Desiati

propagation depth of 
protons and gamma rays

56
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event identification

57

×106

×103

~20-50%
neutrino efficiency

atmospheric neutrinos

extra-terrestrial neutrinos

Strings Year μ rate final νμ rate

IC22 2007 500 Hz 18 / day

IC40 2008 1100 Hz 40 / day

IC59 2009 1700 Hz 130 / day

IC79 2010 2000 Hz ~170 / day

IC86 2011 2100 Hz ~200 / day
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all-sky
steady point sources

log10 (neutrino energy / GeV)
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90% CL sensitivity for E-2

steady point sources 

SuperK

Antares                  (304 days)

AMANDA-II          (1387 days)

IceCube-40            (375 days)

IceCube-40+59      (723 days)

IceCube-80           (predicted)

KM3Net                 (predicted)

southern hemispherenorthern hemisphere

discovery potential (5σ, 50% of 
trials) is about ×3

59

IceCube-59              (348 days)

IceTop Veto effect
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other point source searches

• time varying sources

‣ untriggered all-sky time scan

‣ time scan for candidate variable 
sources from Fermi-LAT Bright 
Source List

‣ triggered search based on flaring 
sources observed by Fermi (alerts 
from Public Release), H.E.S.S., 
MAGIC and VERITAS

‣ periodic sources from catalogue of 
GeV-TeV binary systems

number of events needed for 5σ (50%) all-sky

discovery potential at different flare scales

ApJ 744, 1, 2012 - arXiv:1104.0075

IC22+IC40

ApJ 748, 118, 2012 arXiv:1108.3023

60
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neutrinos from
Gamma Ray Bursts

• search for stacked neutrinos in coincidence with 
observed γ ray from GRB in the northern hemisphere

• per-burst neutrino spectra calculated from γ ray 
spectra based on prescription by Guetta et al. 
Astrop. Phys. 20, 429 (2004)

Nature, 484, 351 (2012)

90% CL upper limit

8 evt expected
0 evt observed

assuming GRB as sources of UHE cosmic rays

e.g. Ahlers et al., Astrop. Phys. 35-2, 87 (2011)

Hümmer et al. arXiv:1112.1076

based on Guetta et al.

revised FireBall
calculations

61
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neutrinos from
diffuse sources

• search for neutrinos from unresolved 
sources in the Universe (e.g. AGN)

conventional
atmospheric

neutrinos

prompt
atmospheric

neutrinos

extra-terrestrial
E-2

neutrinos

PRELIMINARY

IC59

IC40

62

Schukraft, Grullon, Wallraff, et al. ICRC 2011
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cosmogenic
neutrinos

• cosmogenic neutrinos from photo-hadronic 
interactions of UHECR protons with the CMB

• constrain through the e-, e+ and γ-rays cascading 
on the CMB and intergalactic magnetic fields to 
lower energies and generating a γ-ray 
background in the GeV-TeV region

PRELIMINARY

IC40
PRD 83, 092003 (2011)
PRD 84, 079902 (2011)

Ahlers et al., Astrop. Phys. 34, 106 (2010)
Ahlers et al., Astrop. Phys. 35-2, 87 (2011)

PRELIMINARY

IC40

IC59

63

Ishihara, et al. ICRC 2011

Wissing, Ishihara, et al. ICRC 2011
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‣ extension to lower energy

‣ 662 d (IC79 + IC86)

‣ containment at HE (Qtot > 6000 p.e.)

‣ 400 Mton effective fiducial mass

‣ reject cosmic ray muons

‣ sensitive to all flavors > 60 TeV

‣ 3 times as sensitive at 1 PeV

‣ background estimation from data

high energy “starting” events

65

90m 

10m

edge strings

veto region

fiducial volume

z=-220m

z=-160m

fiducial volume
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‣ reject through going muons when 
“early charge” in veto region is 
detected

high energy “starting” events

66

90m 

10m

edge strings

veto region

fiducial volume

z=-220m

z=-160m

fiducial volume
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67T250= time at which Q= 250 pe

Q/pe

Time/µs

Q/pe

Time/µs

0 31 2

0 31 2

250

Q/pe

Time/µs0 31 2

T250= time at which Q= 250 pe

Q/pe

Time/µs

Q/pe

Time/µs

0 31 2

0 31 2

250
dQ/dt

Q/pe  
(cumulative)

dQ/dt

Throughgoing muon Contained cascade

Total detector

Veto region

Total detector

Veto region – barely contained cascade

Veto region – well contained cascade

μ Veto

νμ

IceCube Preliminary

high energy “starting” events
atmospheric muon background
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high energy “starting” events
effective area

68

IceCube Preliminary
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high energy “starting” events
effective volume

69

IceCube Preliminary
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high energy “starting” events
no background accumulated at the boundary

70
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detection of high energy cosmic ray

71

• indirect measurements > 1014 eV

• model-dependent measurement 
spectrum for indiv idual mass 
components

σp-air

atmospheric properties

rock/water/ice properties
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growing observatory 2004/05

2005/06
2006/07

2007/08

2009/10 2008/09
2010/11

season
no. strings
no. stations

array 
configuration

2004-2005
1 string

4 stations

2005-2006
9 strings

16 stations

2006-2007
22 strings
26 stations

IT26/IC22

2007-2008
40 strings
40 stations

IT40/IC40

2008-2009
59 strings
59 stations

IT59/IC59

2009-2010
79 strings
73 stations

IT73/IC79

2010-2011
86 strings
81 stations

IT81/IC86

72
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IceTop shower reconstruction
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Tibet ASγ Amenomori et al., ApJ. 626, L29, 2005
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IceCube-22 Abbasi et al., ApJ, 718, L194, 2010

EAS-TOP Aglietta et al., ApJ, 692, L130, 2009
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