[ 1 ]1GIGle]
88222 WisCONSIN ICECUBE
::::: PARTICLE ASTROPHYSICS CENTER

Cosmic Ray (and Neutrino) Astrophysics with
the IceCube Observatory

Paolo Desiati

WIPAC & Department of Astronomy
University of Wisconsin - Madison

<desiati@wipac.wisc.edu>

Vrije
Universiteit
Brussel

February 26, 2016 ¥

.-.m&m



mailto:desiati@wipac.wisc.edu

lceCube Observatory
the Instrumentation

|I3E|:UBE

Saurd ForE NEUTRING OBESERVATORY

Digital Optical Module
(DOM)

Pole Station, Antarctica

A National Science Fou
managed research facility

1

with 10” PMT 3
& IceCube Laboratory

local DAQ electronics Data is collected here and
sent by satellite to the data

warehouse at UW-Madison

86 strings of DOMs,
set 125 meters apart

Penetrator HV Divider

\ LED
. "Boars h " 60DOMs
ainboard l. ] on each
\-rg; R |- string
//Vv I—— \ Muér:detal
ooy : - DOMs
are 17 {
[ y meters
apart =
o Z v Digital Optical i
) gel Module (DOM) 2450 m
Glass Pressure Housing 5’160 DOMS :.:
deployed in the ice -

Antarctic bedrock
Y 2



lceCube Observatory KMm3
the Instrumentation OBSERVATORY

|I3E|:UBE

- Wooden lid

g Woodenstructure Sourd ForE NeEUTRING OESERVATORY
<
1 — Perlite | ik g e e
eIQ — e vm— Ly ——t — .
5 = -+~ DOMs N — - — —
: . e
o
- £ =-— Tank g
v
& Ice
lefusely reflective liner
(Tyvek/Zurcomum)
- Insulation foam ;
86 strings of DOMs,
182 cm ’ set 125 meters apart

two tanks of one IceTop station

Antarctic bedrock

DOMs
are 17
meters
apart

{

Amundsen-Sc
Pole Station, A

A National Science Fou
managed research facilit

1

60 DOMs
on each
string

£ 3




Rate [Hz]

event rate in lceCube
growing expernment

lceCube completed
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cosMIcC ray muons and neutrinos
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neutrino detection

event topologies

track cascade hybrid
: Neutral Current /Electron :
CC Muon Neutrino : CC Tau Neutrino
Neutrino
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track (data) cascade (data) “double-bang” and other signatures
(simulation)
factor of = 2 energy resolution =~ +15% deposited energy resolution
< 1° angular resolution =~ 10° angular resolution (not observed yet)
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COSMIC rays
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COSMIC rays
a natural laporatory
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primary cosmic rays
S @@Ct (UM Gaisser, Stanev, Tilav, 2013 - arXiv:1303.3565

direct observations indirect observations
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searching for neutrinos
Dackground rejection

up-going

® use Earth as natural through-going
background absorber (tracks)
cosmic ray 4 u )
® search for up-going
air shower trajectories
é
® wrongly reconstructed

muons / —40 trajectories

» sensitive 1o vy

v
neutrinos

» sensitive to northern sky

10° x larger Bg looking ] t *

“up” into muons than
“down” into neutrinos
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neutrino 1dentification

active veto
® outer detector veto to reject starting
muon tracks passing the (veto)
experiment boundary 4 ]

® collect bright events with

total charge > 6000 p.e. .
® dentify only events starting —
inside the instrumented v | oo
volume &
. R
® active volume 420 Mton!

» sensitive to all flavors

» sensitive to whole sky
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neutrino Identification
aimuse 1ux

veto efficiency increases with energy

a window to high energy astrophysical neutrino discovery

; rejection of
T HE atmospheric p and v
U V south conventional & prompt
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| HE astrophysical v
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HE atmospheric v
LHE astrophysical v
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neutrino identification 4 years of HE starting events
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neutrino identification 4 years of HE starting events
astrophysical neutrinos
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Declination (degrees)

neutrino identification
astropnysical Neutrnos
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primary cosmic rays

sSpectrum and composition disentangle astrophysics and
particle physics

I IIIIIII (IR reerdy v rreeeny T rrrey e rrreey ol IIIIII| [ —Protontotal
direct ot e | e tota
measurements | 7 . : | —c_total
— O_total
- — Fe_total
2 ) ; 5 ™, | —Z=53group
'-:(5103 — L ............. h¢ ..... - Z=80 group
Lof T
= _ -
© -
> B LT
o T
91 02| - - ST SO OO W LN +— mdwecij
L — —¥— Pamela Proton e —
s F v Pamela H [l 4 (measurements
= N amela He 3|
% — —o— Creamll Proton X =
(ox B ~e- Creamll He -
a —e— Creamll C {
L el T bt b A
10 = Creamll O o
- —e— Creamll Mg iE
— Creamll Si
L | e creamil Fe : : : \ |\3 Gaisser, Stanev, Tilav
1 - L LI | 11111 ] IlIIIIIi | IIlIIIII | IIIIIII IIIIIIII I L LL (A l arX|V13033565

10° 10* 10> 10° 10° 10® 10° 10" 10"
Primary Energy, E [GeV] 17



COSMIC rays spectrum
Ndirect opservations
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» at high energy flux too small for
direct observations

» ground-based, under-ground /
water / ice detection
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Measurement of particles
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with scintillation or tracking detectors
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muons deep underground
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extensive alr showers

proton @ 109 eV
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S/VEM

At / ns [plane front]

COSMIC rays spectrum

al-particle energy spectrum

lce Top
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Wavefront timing
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Signal lateral distribution:
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COSMIC rays spectrum
al-particle energy spectrum
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COSMIC rays spectrum

.
al-particle energy spectrum
— n Phys. Rev. D 88 (2013) 042004
wn
- BN T
h B © R ‘.‘lfo,g' ¢
QY . v ‘.tﬁof * u .
E " D..a’ .. l. t
™ - ? ‘? &8.;.“1"'°00
8 { {01,,
= 10° ‘ % ?
B F Sty |
g - IceTop 73, SIBYLL 2.1, H4a composition assumption + *
<l B KASCADE-Grande, SIBYLL 2.1
O i KASCADE, SIBYLL 2.1
S GAMMA 2008
Re ~ o Tunka-133
¥, Tibet Iil, SIBYLL 2.1
l 1 1 1 1 I 1 L 1 1 l 1 1 1 L I L 1 1 1 l | | ] | l 1 1 1 | l
6 6.5 7 7.5 8 8.5 9

Iogm(E/GeV)

all-particle spectrum depends on the assumed mass composition of primary particles



COSMIC rays spectrum
al-particle energy spectrum
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COSMIC rays composition
coincldent events
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cosmiIc rays composition
coincident events
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other experiments
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COSMIC rays composition
other experiments
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Indirect measurements is
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COSMIC rays anisotropy
armval direction distrioution

® cosMic rays expected to be almost isotropic

e scrambled by galactic magnetic field

¢ Wwhat does isotropy look like in IceCulbe ?

@2 shower
development

2
LT in the
/ -E’:."":'./ atmosphere

muon
propagation
inice
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cosMicC rays anisotropy ENERENE
arrval direction distribution

1 month of data

raw map of events in equatorial coordinates (a,0);

0 70748

1 month of data

reference map from events scrambled over 24hr in
a (or time)

L T St o ———— 0°

T —
0 70508.8

6 years of data

subtract reference map from raw map to determine
the residual relative intensity map

o [ . . 1
<]> <N> -1.5 -1.2 -0.9 -0.6 -0.3 0 0.3 0.6
31 Relative Intensity [x 10*]




COSMIC rays aniso

OPY

arnval direction distribution
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measuring cosmic ray anisotropy

o | DISCLAIMER
relative Intensity

Abbasi et al., ApJ, 746, 33, 2012 equatorial coordinates

AN; _ N;i(a,6) — (N;(a, 9))

(N); (N;(a, 0))
[ | : I { [ T
-1.5 -1 -0.5 0 0.5 1 1.5
AN/N [x1073]
Solar Motion Compton-Getting Dipole (Maximal) Compton-Getting Dipole: Scrambling=24h, Smoothing=>50"

‘ e — : o
2962 Stromoth 1002 1.6 1 -05 0 05 1 1.6
AN/(NY = 7x103 AN/(N) [ x107"]

» sky maps show ONLY modulations across right ascension and NOT declination
33



COSMIC rays anisotropy
armval direction distrioution

to be submitted to ApJ

INARY
..... * 6 years of lceCube

.

360°

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

¢ 300 billion events

-1.5 -1.2 -0.9 -0.6 -0.3 0 0.3 0.6 0.9 1.2 1.5
Relative Intensity [x 10 %]

PRELIMINAE

e anisotropy on the level of 103

Cee e T P I I T L R R

e median cosmic ray energy 20 TeV

e trace sources ? Magnetic fields ?

[ . . PR
34 -1.5 -12 -09 -06 -03 O 03 06 09 12 15

Relative Intensity [x 10 *]




¥ '[— Proton_total

- - H o
CosmIC rays anlsoropy ':5103; ;; LN, :Eéfzoéalg:g
arrval direction distrioution & ¢ T he
BINESE= BTN

10 10* 10° 10° 107 10® 10° 10'° 1
Primary Energy, E [GeV]

-3 -2.4 -1.8 -1.2 -0.6 0 0.6 1.2 1.8 2.4 3
Relative Intensity [x 10 *]

5.4 PeV IceTop

‘ )
F;
&
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-
;

® high energy observations MISSING in
the northern hemisphere

y e overlapping observations extending
2 across the equator will help

35 5 24 L6 12 06 0 06 1z 1s 24 3 e capable of energy/mass measurement

Relative Intensity [x 10 %]




a known anisotropy
—arth's motion around the Sun O Caeon, 8 o, e, . 45 1969

/ N

/\‘\

v=29.8 + 0.5 km/s

~ AT v
f Tz('y-i—Z)EcosH
| 0.0006 |- ..
» produced by Earth’s revolution around the Sun oooosl - ]
[
0.0002 EBBBEBDBB (]
» visible as solar diurnal modulation = ocooo @FL - @Eﬁﬁm""mﬁ@ﬁ
51—0.0002- o BBEBEB -
. —0.0004 - -.
» predictable and used as benchmark . o
—o.0006] .
(]
—0.0008| o i zioo::;eal |
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cosmic ray anisotropy /
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cOosMIC rays anisotropy
arge and small angular scale
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large vs small scale anisotropy

. averaged modulation over |
i agiven angular range
low angular gradient

7

fine structure
high angular gradient
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cOosMIC rays anisotropy
arge and small angular scale

1.5 12 09 06 03 03 06 09 1.2 15
Relative Intensity [x 107%]

Relative Intensity [x 1071]
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t angular power
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spectrum
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eV sidereal anisotropy

Tibet-lll 5 TeV %

equatorial coordinates

Amenomori et al., ICRC 2011

lceCube-59

Abbasi et al., ApJ, 746, 33, 2012

4
)

1.000

0.999
0.998

N s 1,002
\ \ \ ﬂ 1.001

Milagro

Abdo et al., PRL, 101, 221101, 2008

lceCube-59

Abbasi et al., ApJ, 740, 16, 2011
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large scale anisotropy
dipole energy dependence
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astrophysics of cosmic ray anisotropy
OrobiNg sources & propagation of cosmic rays ¢

» stochastic effect of nearby & recent sources & temporal correlations  Erdykin & Woltendale, Astropart. 2006

DIFFERENTIAL PRIMARY ENERGY SPECTRUM
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single source hypothesis explaining
spectral structure & anisotropy
connections ?
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astrophysics of cosmic ray anisotropy
OrobiNg sources & propagation of cosmic rays ¢

» stochastic effect of nearby & recent sources & temporal correlations  Erdykin & Woltendale, Astropart. 2006
Blasi & Amato, 2011

Ptuskin+, 2012

dipole amplitude Blasi & Amato, 2011

10000 F———T———— I — Pohl & Eichler, 2012
F y+6 =2.67 H=2 kpc ; . . Sveshnikova+, 2013
" SN Rate: 1/100 yr | ___——1 notdipole observations Kumar & Eichler, 2014

0.1000

Mertsch & Funk, 2014

3 T J—
c L Auger - ICRC 2013
g
210
0.0001 L. A i ©
10° 10* 10° 10° 10’ 8 102
E(GeV) ©
8 [
o _
S 3 __EAS-TOE’
dipole components of the S A T
anisotropy typically el cEOWSESS
overestimated by models ' 10 10 0" 10 10°

Energy [eV]
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y (kpc)

cosmicC ray anisotropy

oroning diffusion properties

anisotropic diffusion

» D./Di << 1 - parallel projection of anisotropy

» COSMiC ray sources concealed by propagation

44

effects
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y (kpc)

Effenberger+, 2012

x (kpc)

diffusion coefficient hardly a
single power law, homogeneous
and isotropic

-

Anisotropy

Anisotropy

10~ 1
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dipole amplitude
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|
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Kumar & Eichler, 2014

' Lisotropic diffusion
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Mertsch & Funk, 2014
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cOosMmIC ray anisotropy
expernmental blases

996.5

Solar Motion Compton-Getting Dipole (Maximal)

998

1000
Strength

AN/(N) = 7x10°3

1002

Compton-Getting Dipole: Scrambling=24h, Smoothing=50"

|
0.5 1 1.6

1003.5 -1.6 -1 -0.5

0

AN/(N) [ x107]

sky maps show ONLY modulations across right ascension and NOT declination

45

-0.0008

0.0008

N D01 1074

0 3 6 9 12 15 18 21 24
local sidereal time [h]

wrong backgrounad
estimation to be
recovered with
iterative methods

Ahlers, BenZvi, PD, Diaz Vélez, Fiorino,
Westerhoff
arXiv:1601.07877



local ISMF shaped by LOOP | expansion

cOSMIC ray anisotropy e S oS sty
ocal Interstelar medium

local cloudlets fragments of the
shell moving at similar velocities

500 pc - (Priscilla Frisch)

14 pc - Frisch+, 2011, 14

| T T T T
-10to 10 pc 6 - -
I Mic i
40 |~
4= Hyades [/ .
2o I ~\ ]
2~ ) _
I Aur * Eri  Oph ]
0 g [ ]
8 o Ao .
D g | -
- 9 G i
i Gem
2= —
-20 (— .
-4 = —
I Blue
-40 |— |
Galactic
B east
-6~ Galacti =
N - L'ceanatgrc
N P R P B | | |
6 -4 -2 0 2 4 6

Parsecs

B oo douss W e

» interstellar magnetic field affected by inhomogeneities
Redfield & Linsky, 2008

Frisch+, 2011

» local ISMF relatively uniform over spacial scales of order 60-100 pc (inter-arm) s

» magnetic turbulence affects propagation and diffusion properties o o0 04 08
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: ANISOTROPY IS COMPLEX
arge scale anisotropy

topology

Local Interstellar Medium

Tibet ASy Amenomori et al., ICRC 2007

uni-directional (dipole) & bi-directional (quadrupole)
anisotropy from CR density and Local Magnetic Field
gradients

47
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)

200 E(TeV)

: : rr & AU
COSMIC ray anisotropy L™ 7 BG)
nellosphere
Pogorelov+ 2011
R -
ptot: 2.0E-02 22E-01 4.2E-01 62E-01 8.2E-01 1.0E+00 1.2E+00 1.4E+00 1.6E+00
1000 ;
heliotail
-500 //
41000 9,/ wI 1 4
local ISMF el
THE HEUOSPHERE .
draplng around b -1506‘ -1000 1 -500 . ‘0 - 10'0030 :)1000 -1(;0&500
heliosphere
» heliosphere as O(100-1000) AU magnetic perturbation of local ISMF PD & Lazarian, 2013

» influence on = 10 TeV protons (RL s 600 AU)

» cosmic rays >100’s TeV influenced by interstellar magnetic field (change of anisotropy)
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scattering at heliospheric boundary
neuristic model

» resonant scattering to re-direct CR distribution PD & Lazarian 2013

» back-scattering @ flanks back from downstream

= ,
JAND "
L/
7/ -

n
—— —

0.998 0999 1.000 1001 1.002

PD & Lazarian 2013

Milagro + IceCube TeV Cosmic Ray Data (10° Smoothing)

» global anisotropy with large edge gradients

» magnetic reconnection Lazarian & PD 2010
PD & Lazarian 2012

significance

Paolo Desiati



anisotropy and local galactic environment
ow 1o high energy connection

» IBEX observations of keV Energetic Neutral Atoms
» determination of interstellar flow direction
» determination of interstellar magnetic field direction

» investigating the role of heliospheric turbulence

~

Schwadron, Adams, Christian, PD, Frisch, Funsten,
Jokipii, McComas, Mdbius, Zank
Science, 1245026 (2014)

' perturbation from

heliospheric magnetic field

other study - Zhang, Zuo & Pogorelov Apd 790, 5 (2014)




cosmicC ray anisotropy

orobing magnetic field turbulence

» propagation effect from turbulent realization
of interstellar magnetic field within scattering
mean free path

Giacinti & Sigl, 2012

10 PeV 50 PeV Biermann+, 2012
0 +360 O +360
‘ N
[ S H T ] [ e S H H H ]
094096098 1 1.021.041.06 1.08 0.8 0.9 1 1.1 1.2

Yan & Lazarian, 2008

_halo l ' . I‘
---WIM| mean free path in ISM /

______

51 10 10 10 10° 10°
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power spectrum Cy

angular structure of anisotropy
spontaneously generated from a global
dipole anisotropy as a consequence of
Liouville Theorem in the presence of a
local turbulent magnetic field (sum of

multipoles is conserved)

Ahlers, 2014
Ahlers & Metrisch, 2015
10— . : .
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g e IceCube 2013 (prel.)
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COSMIC ray anisotropy
orobing magnetic flield turoulence

"~ o ; < B>

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

MHD turbulence with
=3 pG and Ma ~ 0.7

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

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

" %t effect of scattering in

—~75°

I — — magnetic turbulence modes

Cosmic Ray Permeation Count Cosmic Ray Permeation Count

750 TeV 30 PeV
mean free path as evolution

10-6 Angula Power Spect rum at Ea rth 10— Ang lar Power Spectr um at Earth
: — Ahlers 2014 : : : — Ahlers 2014 l /L7
: : : — 5 pc (E=750TeV) : : : — 60 pc (E=30PeV) Orlzon
i} § : : ®®e IceCube 2013 (median energy 20TeV) : : g ®®e IceCube 2013 (median energy 20TeV)
1077 bg- - e e e Teeenens a 10-7 - : .

% x isotropic background

1078 |

power spectrum C;
o
power spectrum C;
o

10-12

1 1 1 1 L —12 ] 1 1 1 1
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Lopez-Barquero, Xu, Farber, PD, Lazarian
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possble ongn of g
CcOSMIC ray par’[ides Say . e

‘Xray(Chandmn St '

opncal

bulk of cosmic rays of similar composition of local
interstellar medium - OB associations within
superbubbles

Chandra

energy needed to maintain galactic cosmic ray
population - diffusive shock acceleration in SNR

back reaction of accelerated particles lead to non-
linear magnetic field amplification & efficient
acceleration

spectral concavity @ acceleration sites

>

propagation in interstellar medium & escape J

54
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cosmic ray acceleration
N sUpemnaova remnants

Remarks on Super-Novae and Cosmic Rays

We have recently called attention to a remarkable type
)f giant novae.! As the subject of super-novae is probably
very unfamiliar we give here a few more details which
are not contained in our original articles.

1. Distribution of super-novae

In our calculations we made use of the assumption that
)n the average one super-nova appears in each galaxy
avery thousand years. This estimate is based on the
accurrence of super-novae in the following galaxies,

Our own galaxy in 1572
Andromeda 1885
Messier 101 1907

These three systems are located within a sphere of radius
PP

A ——

We wish to emphasize that all of these finds are chance
finds since a systematic search for super-novae has beei
organized only recently.

From the estimate of one super-nova per galaxy pei
thousand years it follows that 107 super-novae appear per
year in the 10 nebulae which are contained in a sphere of
2 X107 years radius (critical distance derived from the red
shift of nebulae). If cosmic rays come from super-novae
their intensity in points far away from any individual
super-nova will be essentially independent of time.

2. Comparison with the lifetime of stars

The lifetime of stars is supposed to be of the order of at
least 10'? years. A nebula contains about 10° stars. These
estimates, combined with the frequency of occurrence of
one suner-nova ner ~ala- nooect thos

Baade & Zwicky 1934

PHYSICAL REVIEW

VOLUME 75,

NUMBER 8 APRIL 15, 1949

On the Origin of the Cosmic Radiation

Enrico FErMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois
(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation

I. INTRODUCTION

N recent discussions on the origin of the cosmic
radiation E. Teller' has advocated the view

where H is the intensity of the magnetic field and
p is the density of the interstellar matter.

One finds according to the present theory that a

that cosm‘s rays are of solar origin and are kept particle that is proiectml int~ tha interstellar
- v )

A ——

o —————

Fermi 1949
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. X-ray (Chiandra)
opficals :..;%

<

» diffusive shock acceleration in
galactic supernova remnants



DOSSIble ongin of
COSMIC ray energy

XCRACRARGrY T r T TR

» energy needed to maintain galactic ;.69-“5%3!-‘-__;::-.,; i
cosmic ray population e

10 ergs™t =10%* W

2

Eccr

» energy released by supernovae that
goes into particle acceleration

10% J
Eon ~ x 10% =~ 10°* W

30 yr » Emax associated to the knee of

released mechanical energy cosmic rays at ~ 3 PeV
galactic supernova rate

energy into acceleration
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cosmic ray acceleration
N sUpemnaova remnants

XMM Newton

e efficient acceleration: dynamical
reaction of CR particle on SNR magnetic

field

» streaming instability induced by s
accelerated particles leads to T
magnetic field amplification SN1006
upstream Chandra

» in addition to magnetic field
amplification by compression
downstream

= non-linear diffusive shock acceleration

= predicts « E* (or concave spectra) SN1006
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EEAREEE el e time delay
el bl e vs. direct light

detection principle - cascade

“on tim_e’{’ > delayed

Cherenkov light from
a cascade

~ 1 5% deposited energy resolution Claudio Kopper - WIPAC
~ 10° angular resolution
(at energies =z 100TeV)

Paolo Desiati



detection principle - track

factor of = 2 energy resolution
< 1° angular resolution

Paolo Desiati

time delay
vs. direct light

“on time” > delayed

Cherenkov light from
a muon track

Claudio Kopper - WIPAC




events per bin [t =367.1d]

events per bin [T =367.1d]

neutrino Identification
aimuse 1ux

Aartsen et al. Phys.Rev. D89 (2014) 10, 102001
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neutrino Identification
amuse flux

Aartsen et al. Phys.Rev. D89 (2014) 10, 102001

, gsamplei la Ve - samplé Ib Ve :
10 :_ ............ Samplelavu ............. Samplelbvu .......................
sample lav, | M sample b v; :
101 E,_ ............ .............. .........................................................................
= IceCube-40
100k b LT
Ll e S I [
2 i i

1030 35 40 45 50 55 60 65 7.0
IOglO(Eprimary / GeV)

cascade-like events
all neutrinos NC interactions &
electron/tau neutrinos CC interactions

neutrino
effective area

Aartsen et al. Phys. Rev. D 89 (2014), 062007

(\E 103§|]]III1IT]T1TT[TTTT[TIIIIIIIIIIIIIIT-Lljﬁ
10k -
1k r* ~

- = =
101 I -
[
o
10° rl .
= i =
J B — 90° <6< 180° ;
L - 90° < § < 120° E
sf [ — 120° <0 < 150° -
R 150° < 6 < 180° E
10-6:;_1__1_11-;11111111111111111111111111111|111|—

i1 2 3 4 5 6 7 8 9
)

log(E_ [GeV]

track-like events
muon neutrinos CC interactions
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neutrino Identification

aAmuse flux

Aartsen et al. arXiv:1509.06212

© O

\\\\\\\\ Vr -
~~~~~ ¢ decay >
> 4 Ner:t.;,ir .

. 2.4*0.75 ~1.8 PeV .‘,V\V‘J A

40 m

o ® @

close double bang events

no contained
events with double pulses found
in 3 years of IceCube-86 data

tau neutrino

searches
contained
IceCube-86 x 3 (cascades)
4
I

~ pulse from
. -nearby DOMs
[
| S . e e £ T
o
c
et
5 o NN USRI WS S SR Y WP S
D N T s T A e
10200 10300 10400 10500
Time [ns]

Vr
[(I)9O%C’L

(F)=5.1x 1078 x E72 GeV tem™2s tsr™! J

214 TeV - 72 PeV

Ve, 1

)

62



neutrino identification
flavor sensitivity

TOO FEW TRACK-LIKE EVENTS ?

® track-like & cascade-like is an experimental definition
® n all-flavor searches track-like events are not common
® gl flavors look alike in NC interactions

® u in CC interactions may be concealed in showers

® T have short tracks except above PeV energies

® flavor identification requires simulation data
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high energy neutrinos
fransition from atmospheric to astropnysical

= 102
7
- 103
(7p)
o\
c 10*%
@)
% 10
O,
0P 10°
°
-~ 107
©

ES
o
(0 0]
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Honda + ERS Atmos.vM

Waxman Bahcall 2013

Loeb Waxman Starburst 2006
IC59 Diffuse v, Limit x 3

IC79 v, Unfolding
IceCube 2012 All Flavor Limit

—— Waxman Bahcall Prompt GRB x 3/2
Blazars Stecker 2005 v, X 3

Decerprit et al. Proton GZK
@s 1C79+86 Astrophysical E°v, x 3
IceCube 3 Yr. Starting Astrophysica

| IlIl,II/ll | IIIIIII|

IceCube Preliminary

| lIIIllll | LI

[N | | | llllllll | Illlllll | IIIllIIl

| Illllll

10°

10*

10°

Paolo Desiati

10°

10’

10° 10°
E, [GeV]



high energy “starting” events

angular distrioution

» compatible with isotropic flux

» Earth absorption from Northern

Hemisphere

» excess from south (self-veto)

» charm production @north

» forward physics with lceCube

65

Events per 988 Days

Paolo Desiati

Aartsen et al. Science 342 (2013) 1242856

 Southern Sky (downgoing)] [Northern Sky (upgoing)

Edep > 240 TeV E= Background Atmospheric Muon Flux

(@@ Bkg. Atmospheric Neutrinos (7/K)
Background Stat. and Syst. Uncertainties
— Atmospheric Neutrinos (90% CL Charm Limit) |
— Signal+Bkg. Best-Fit Astrophysical E~? Spectrum |;

~ TceCube PRELIMINARY

|

T .

~1.0 05 0.

sin(Declination)

south north



neutrino Identification

! o
declination: -13.2° declination: -0.4° declination: 40.3°
deposited energy: 82TeV deposited energy: 71TeV deposited energy: 253TeV




origin of high energy neutrinos ?

» Glashow resonance ?

» galactic or extragalactic

» iSOtropic or point sources ?
» COSMIC ray composition ?

» PP Or py origin 7

» 1 PeV neutrinos ~ 20 TeV CR nucleon ~ 2 PeV y-rays

67
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origin of high energy neutrinos “ @

1 PeV neutrinos ~ 20 TeV CR nucleon ~ 2 PeV y-rays @(—)@

o extragalactic sources:

o relation to the sources of UHE CRs [Kistler, Stanev & Yuksel 1301.1703]
o GZK from low E.x blazars [Kalashev, Kusenko & Essey 1303.0300]
o cores of active galactic nuclei (AGN) [Stecker et al.’91;Stecker 1305.7404]
o low-power «-ray bursts (GRB) [Murase & loka 1306.2274]
o starburst galaxies  [Loeb&Waxman'06; He et al. 1303.1253; Murase, MA & Lacki 1306.3417]
o hypernova in star-forming galaxies [Liu et al. 1310.1263]
e galaxy clusters/groups [Berezinksy, Blasi & Ptuskin’97; Murase, MA & Lacki 1306.3417]

e Galactic sources:

o heavy dark matter decay [Feldstein et al. 1303.7320; Esmaili & Serpico 1308.1105]
e peculiar hypernovae [Fox, Kashiyama & Meszaros 1305.6606; MA & Murase 1309.4077]
o diffuse Galactic y-ray emission  [e.g. Ingelman & Thunman'96; MA & Murase 1309.4077]

* ~v-ray association:

o unidentified Galactic TeV ~-ray sources [Fox, Kashiyama & Meszaros 1306.6606]
o sub-TeV diffuse Galactic y-ray emission [Neronov, Semikoz & Tchernin 1307.2158]

M Ahlers
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origin of high energy neutrinos ?

» strong constraints of galactic isotropic emission of y-rays

"""" LHAASO (lyr, |b < 27) UMC (| < 107, 307 < | < 2207)
» disfavor contribution from SNR & HyperNovae -------- HAWC (3yrs, |b] < 2°) IC-40 (1) (~10° < b < 5°, 280° < I < 330°)
frertett CTA (100, [b| < 2°) HEGRA (|b| < 5%, (¢ < | < 255%)
Milagro (|b| < 57, 40° < 1 < 1007) L] HEGRA (|b| < 57,207 < I < 607)
X Milagro (|b| < 2°,30° < | < 85%) I EAS-TOP (|b| < 5°)
+ Milagro (|b| < 2°, 85° < [ < 210°) Tibet (|b) < 27, 20° < | < 557)
® GRAPES-3 ® HEGRA IC-40 (y) GAMMA ®  GRAPES-3 (b < 2°,20° < | < 55%) * Tibet (|b] < 2, 140° < [ < 2257)
UMC O EAS-TOP * KASCADE & CASA-MIA ® GRAPES-3 ((b| <27, 140° < | < 2257) L CASA-MIA (|b| < 5°, 407 < [ < 200°)
: Ahlers & Murase arXiv:1309.4077 I
10—4 i : J
— 1075} ; II
|
@ diffuse TeV-PeV y-ray limits
w 1070} -
)
§ 7
> 10 3
(]
)
> o o
1078
&
1077
diffuse y-ray limits in GP
10—10 i
10! 10° 10! 10 10°
E, [TeV]
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Blasi & Amato 2011

COSMIC rays &7 10000 T T
>
oropagation effects °
il
. IR
» cosmic ray spectrum affected by propagation  » 19%C g
|
£
» escape faster with energy: diffusion coefficient > y+6 =2.67
@]
5 N 100 il N ol
dNcRr ~ E—’ymj—5 D(F)x FE 10° 10° 10° 10
~ E(GeV
dE 5 ~ 0.3—0.6 (GeV)
» stochastic effects from individual sources 1.0000F 5 175"
y+6 =2.67 H=2 kpc __--~~
- SN Rate: 1/30 yro -~
| 0.1000 [ 0
» spectral features & anisotropy :
;i _
5 0.0100F
= simple diffusion model not sufficient & ;
0.0010 g2
= non-diffusive processes within mean free path ;
0.0001 el a el el
10° 10* 10° 108 107
E(GeV)



Flux, erg/(cm? s sr)

astrophysical neutrinos
galactic orgin
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galactic cosmic rays with cut-off of 10 PeV ?
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log,,(S/VEM)

COSMIC ray muons

ow energy muons in CH showers

r/m
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COSMIC ray muons

ow energy muons in CH showers

function
at 1-30 PeV CR energy

muons lateral distribution
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cosmic ray anisotropy ~lere, ,
AMANDA-IceCube 2000-2011 ot 2/

relative intensity equatorial coordinates AMANDA

2009

1 0.5 0 0.5 1
Relative Intensity [ x10 ] IceCube

» AMANDA and lceCube yearly data show long time-scale stability of global anisotropy
within statistical uncertainties

» NO apparent effect correlated to solar cycles
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high energy cosmic rays e ~107

small scale anisotropy ARGOE vt 209

Bartoliet al. (2013)
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high energy cosmic rays
ANISOtropy & energy spectrum

Milagro

Li-Ma significance

15 12 9 -6 3 0 3 6 9 12 15
statistical significance

cutoff energy E /GeV

HAWC results by S. BenZvi
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high energy cosmic rays
ANISOtropy & energy spectrum

Abeysekara et al. 2014
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he

lospheric perturbations
ne

opause Instabllities

¢ Rayleigh-Taylor instabilities driven and

¢ plasma-fluid instabilities at the flank of HP
mediated by interstellar neutral atoms

by charge exchange processes

[ R D e ———— |
T = 35380.5 years T: 7.0E403 1.3E+04 2.5E+04 4.8E+04 9.0E+04 1.7E+05 3.2E+05 6.1E+05 1.2E+08 2.2E+06
LK 216 1
800 [ .
= 600 ~ 1
3:/ : -,__‘ . X,AU
Ry — ; 300
200} '

\! N 200
~ . . 100
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Liewer+ 1996
Zank+ 1996

Zank 1999
Florinski++ 2005
Borovikov+ 2008
Zank 2009
Shaikh & Zank 2010
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Y-Axis (x10"3)

cOosMmIC ray anisotropy
orobing heliospnerc magnetic structure
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Borovikov, Heerikhuisen, Pogorelov

downstream
iInstabilities on the
flanks of heliotall

PD & Lazarian 2013

Lopez-Barquero, Xu, PD, Lazarian

Pogorelov et al., 2009

effects of magnetic
polarity reversals
from solar cycles

amplitude[%]

- |ceCube-22 Abbasi et al., ApJ, 718, L194, 2010
A “IceCube-59 Abbasi et al., ApJ, 746, 33, 2012
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ARGO-YBJ 32" |CRC Beiing China,2011
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