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multi-messenger identification of
cosmic ray sources

cosmic rays |with little magnetic deflection (flux
very low near 10°° eV)

 associated pions produced in interactions close
to the source and during propagation

ﬁ TeV photons:|difficult to disentangle from
those produced by synchrotron radiation

and inverse Compton scattering

-} neutrinos: [difficult to detect (=2 rationale
for kilometer-scale detectors)

irsa: 18070023 Page 2/113




the atmosphere as
a particle detector:

* 10 interaction
e 25 radiation
lengths
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primary

particle

radio + air-Cherenkov

* n
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atmospheric muons
and
neutrinos
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' Cherenkov radiation: particle’ s speed exceeds the speed of light
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Drescher, Frankfurt U. time = -1000 ps
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escher, Frankfurt U. time = -400 ps
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rescher, Frankfurt U. time = -200 ps
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Drescher, Frankfurt U. time = -100 s
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Drescher, Frankfurt U.
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Drescher, Frankfurt U.
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electrons/positrons photons

A'E“d"' Frankfure U. mf-lchor, Frankfuret U.

neutrons
-

Mu. Frankfurt U. mam:eb.:, Frankfurt U.
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air showers

 the atmosphere is a detector with a total depth
of 25 radiation length (,) and 10 interaction length (A;..)-

 an electromagnetic shower penetrates N radiation
lengths until the particle energy is reduced to the
critical energy of E.~85 MeV at which the shower is absorbed in
the atmosphere by e ionization. It is observed by the detection of
electrons, positrons and (mostly) photons.

« a hadronic showers travels N’ interaction lengths producing
pions down to an energy ¢, where the pion interaction length
Is shorter than its decay length. At that point muon production
stops.
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electromagnetic showers

cross sections for y + air > e*+e” and e + air 2 y+e
are approximately equal

L neut
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electromagnetic showers

numberof particles nafter N steps; depthX =N A,
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hadronic showers
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progress through mstrumentation

= Auger, Telescope Array ...

» HESS, Magic, Veritas, Milagro,
Tibet, Argo ... HAWC

= |ceCube, KM3NeT, GVD
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Outlook: Upgrade of the Pierre Auger Observatory

additional scintillators (4 m?)

— event-by-event mass estimate,
100% duty cycle
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3000 km? air shower array
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Auger Air Shower Array' e
Argentina

80 million TeV 20 km footprint
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p o consistent with HiRes
ORI : and confirmed by
e 1O TIT : Telescope Array

(Auger PRL 101 (2008) 61101, PLB (2010)
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Comparison to Telescope Array

TA: (Xmax) biased by acceptance
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Auger : the sources revealed ?
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proton astronomy ?

pointing of cosmic rays :

1 k10 G
i lMpc 10~° Gauss

3x10°elV
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TeV gamma ray astronomy
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detection of

TeV gamma rays
with Cherenkov
telescopes
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detection of

TeV gamma rays
with Cherenkov
telescopes
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gamma detection of

ray TeV gamma rays
_ ' with Cherenkov
air shower§ ~10 km telescopes
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gamma detection of

ray TeV gamma rays
_ | with Cherenkov
air shower ~10 km telescopes
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gamma detection of

ray TeV gamma rays
| | with Cherenkov
air shower ~10 km telescopes
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gamma detection of

ray TeV gamma rays
| | with Cherenkov
air shower 3 ~10 km telescopes
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gamma detection of

ray TeV gamma rays
_ | with Cherenkov
air shower § ~10 km telescopes
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gamma detection of

ray TeV gamma rays
_ | with Cherenkov
air shower § ~10 km telescopes
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*a cosmic photon
initiates an
electromagnetic
shower high in
the atmosphere

the shower
particles emit
Cherenkov
radiation

this radiation is
captured by
mirrors read out
by a cluster of

photomultipliers
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high-energy gamma-rays

effective area:
104m?
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TeV gamma ray |
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MAG IC atmposheric Cherenkov telescope

ﬂx:‘d_.\r?\..

S

~ AR 3 § \ /m,;
s S A I T e 4 i S

M““' ey AP 8
e N o

Py
— el

Pirsa: 18070023 Page 44/113




TeV Y survey instruments ~ 2-3 TU

gamma rays are
muon-poor air showers

Milagro
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HAWC
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electromagnetic vs hadronic
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high energy neutrino astronomy
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neutrino astronomy

kilometer-scale detectors have the capability of
detecting astrophysical neutrinos from cosmic
sources with an energy density in neutrinos
comparable to their energy density in the
observed cosmic rays and TeV gamma rays
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log(E/eV) energy (eV)
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cosmic rays interact with the
microwave background

p+y—=n+na’

A'int i {ncmbay +p }_1 ~ 10 MpC
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cosmic rays interact with the
microwave background

p+y—on+atand p+ 1’

cosmic rays disappear, neutrinos with
EeV (1078 eV) energy appear

T—>pH+0, —>{e+ v, + L, }+ v,

1 event per cubic kilometer per year
...but it points at its source!
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Ultra High Energy Cosmic Ray Spectrum, 2005
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-5 Limits on all flavor (1:1:1) neutrino flux (¢-=E ') over one energy dec
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neutrino sky
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Energies and rates of the cosmic-ray particles
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M. Markov s B. Pontecorvo
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neutrino sky
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« shielded and optically
transparent medium

« [attice of photomultipliers
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» shielded and optically
transparent medium

Charged Current

« |attice of photomultipliers
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» shielded and optically
transparent medium

Charged Current

« |attice of photomultipliers
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photomultiplier
tube -10 inch




particles produced in a nuclear reactions produce blue
light in water

Copyright © 2001 Purdue University
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tau decay length:

50m per PeV
l[ Ve ( V7 \ Vs
X’
W W
X \ X \ X

shower double bang®
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ultra-transparent ice below 1.5 km

Pirsa: 18070023 Page 72/113




-

-3
N
]
\

b I -

B

V.

2000 m

[not to scale]

Pirsa: 18070023 Page 73/113



Pirsa: 18070023 Page 74/113



lceCube

IceTop
81 Stations
324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized for lower energies

/ 480 optical sensors

Eiffel Tower
324 m

5160 PMs
in 1 km3
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architecture of independent DOMs

10 inch pmt —

flasher
board

LED /////’

HV board
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... each Digital Optical Module independently collects
light signals like this, digitizes them,

®f
©
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©
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b_
<

Fam

——— S P T
80 100 120
sample number

...time stamps them with 2 nanoseconds precision, and
sends them to a computer that sorts them events...
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nozzle delivers:

- 200 gallons per minute
« 7 Mpa

- 90 degree C

".. ‘“y" k4

4.8 megawatt
heating plant —
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nozzle delivers:

- 200 gallons per minute
- 7 Mpa

* 90 degree C

" two days per hole of 2.5 km depth (3.5 cm/second)
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muon track: color is time; number of photons is energy
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muon track: color is time; number of photons is energy
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muon track: color is time; number of photons is energy
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muon track: color is time; number of photons is energy
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93 TeV muon: # photons ~ energy
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93 TeV muon: # photons ~ energy
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93 TeV muon: # photons ~ energy
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93 TeV muon: # photons ~ energy
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energy measurement (> 1 TeV )

¥

Y *photoq%

bremsstrehrw.

convert the amount of light emitted
to a measurement of the muon
energy (number of optical modules,
number of photons, dE/dXx, ...)
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Differential Energy Reconstruction of 5 PeV Muon in IC-86
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improving angular and energy resolution
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Signals and Backgrounds

COSMIC ray

astrophysical
neutrino

atmospheric

neutrino

atmospheric

muon
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... you looked at 10msec of data !
muons detected per year:

« atmospheric* p ~

e atmospheric** v 2 u ~10°

* cCOSmMIC V=2 U ~ 10

* 3000 per second ** 1 every 6 minutes
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89 TeV

radius ~ number of photons
time ~red - purple ="
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