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Why do we study high energy cosmic
rays and neutrinos?

= Origin of cosmic rays at the highest energies and
their acceleration mechanism still unknown:

AGN, GRB, Exotic decay?

s Do we see the GZK effect? k)

s Cascade physics:
E>E(LHC), new physics...? _ l




What do we need to find an answer to
these questions?

= Origin, acceleration mechanisms of cosmic rays at
the highest energies and the GZK effect:

The cosmic-ray / neutrino spectrum
Composition of the initial cosmic ray

= Shower physics: I

Accurate shower measurements



The cosmic-ray spectrum
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Very low flux at the highest energies




The cosmic-neutrino spectrum

Phys. Rev. Lett. 113, 101101 (2014)
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Very low flux at the highest energies

To detect this flux we need a very
large detection volume

- Signal with long attenuation
length
- Cost efficient detector




Can we use the Radio detection technique
to measure air showers? YES!!
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Ultra-high-energy cosmic ray detection:
Extensive Air Showers
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Particle distributions in the shower front

The lateral particle Coherence determined
distribution in the by particle distribution
pancake close to the shower axis
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Radio emission mechanisms:
Geomagnetic radiation

" ete" pairs are deflected in
Earth’s magnetic field due
to the Lorentz force.

" Net macroscopic current in
the direction of the Lorentz
force.

observer




Radio emission mechanisms:
Charge-excess emission

® Several processes give rise
to a net negative charge of
the shower front
(Askaryan):

1. Compton scattering

2. Knock out by shower
particles

®" This leads to a net negative
current in the direction of
movement of the shower.

observer




Modelling: The Liénard-Wiechert
potentials

D can become zero for index of
refraction deviating from unity!
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Retarded distance D(1)

Observer




Retarded distance D(2)
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Retarded distance D(2)

1_1dt Ne[10
D R dt |
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time
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t': emission
time
t: observer
time

Retarded distance D(2)
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t': emission
time
t: observer
time

Retarded distance D(2)
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Retarded distance D(2)

t': emission
time
t: observer
time
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Resolve the divergences:
Finite dimensions of the shower front

s Link emission time t' to observer time t:

= Integrate over the particle distributions to obtain
the full vector potential at the observer time t:




General pulse shape

Far from the Cherenkov
distance:

Sharp edge of Shower profile
I max

Cherenkov distance:
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EVA simulations

m Can we observe Cherenkov effects in radio
emission from air showers?

= Can we observe and distinguish the different
emission mechanisms:

Geomagnetic emission
Charge-excess emission

17



Results: The emission mechanisms
The polarization of the radio emission

Sub Leading:
Charge Excess

Leading:
Geomagnetic

Geomagnetic: Charge excess (Askaryan):

rs 0
orents E:d—Aoché Acc ]’ E:imi
dt dX

K.D. de Vries, O. Scholten, K. Werner: Proceedings of 18
the 31th ICRC (2009), Lodz, Poland.




Results: The emission mechanisms
Geomagnetic emission

Well established!!
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Results: The emission mechanisms
Charge-excess emission

Observer Angle 1

Figure from E.D. Fraenkel 20




Results
Charge-excess emission
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E.D. Fraenkel. Data from MAXIMA Setup

@ Pierre Auger.



Cherenkov effects: Probing the shower
profile
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K.D. de Vries et al., PhysRevLett. 107,
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Results: Cherenkov effects

Chernkov ring clearly B | | | 6= 0 deg
visible, becomes o

sharper at high ' e 200-500 MHz
s 500-1000 MHz

frequencies! ' ", 1000-2000 MHz

Link position d_max
to emission height

140




Results: Cherenkov effects
determining X max

prtlzutn:-u |

iron .
200-500 MHz
500-1000 MHz |

1000-2000 MHz |

- 200-500 MHz 0= 16.07 g/em’

| 500-1000 MHz 0= 16.75 g/cm’
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] ] ] | ] ] ] ] ]

T30 40 50 60 70
d,(m)




Results
Cherenkov effects + Emission mechanisms
Slide from Stijn Buitink @ ARENA 2016

Reconstruction of Xmax  s.B. et al, Nature 531, 70 (2016)
- based on fitting 2D radio profile (s.Betal., PRD 90 082003 (2014)

12

® LOFAR data
1.0b i = CoREAS simulation | |

0.8

0.6

% (v x B) axis (m)

04l

Total power (a.u.)

0.2t
—100+

0.0

»
o
c

o
(=]
c
o

B
w
o

a

—200

-0.2 L L
0 150 200
Distance (m)

_30 1 1 1 1 I
%56 200 —100 0 100 200 300 25
Position along v = B axis (m)

background: CORSIKA / CoREAS
circles: data

fit: 2D radio + 1D particle

20
250

15+
L35

for each shower a dedicated MC set is produced:

50 p + 25 Fe
Xmax reco: use quality-of-fit _+
energy reco: from particles e T

energy mismatch?: repeat cycle

50 600 630 700 730 80O 850 900 950
Xy [ glem?)




From air to ice/rock
High-energy neutrino detection
(GZK neutrino flux)

ARA station
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From air to Iice:
Transition radiation and sudden appearance

surface
ice

Incomingv —

\ E polarization
Interaction vertex

The cosmic-ray air-shower signal in Aska

Krijn D. de Vries?, Stijn Buitink®, Nick van Eijndhoven®, Thomas Meures?, Aongus O MurchadhaP, Olaf Scholten®*

therlands

Astropart.Phys. 74 (2016) 96-104




The cosmic ray air shower signal in Askaryan
radio detectors

Sudden
appearance signal
very similar to

— 1)) 7 transition
07 lim( radiation!!

dege =0 \|D|7 L.

Cosmic-ray air shower signal
very similar to neutrino induced
signal.

1) Possible background for

Askaryan radio detectors E 1600
. . . >
2) In combination with surface 3
detectors, the signal becomes 23200 o
- c - c a=z4u0m
a_very Interesting calibration — v-induced cascade (In-ice)
sign al. -4300 TR+In-ice (z,=3000 m)
3) Observed signal would show —— 1R#lnrice 2,500 m)
On-Site feaS|b|||ty Of the 1200 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
t(ns)

detection method!! 28




The air shower signal vs the neutrino
Induced cascade

1400

100 m

E(V/m)

&
«

> O
Observer

250 m

1400 = -induced cascade

CR-air shower (z,=3000 m)
—— CR-air shower (z;=500 m)
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Beam “sudden appearance” signal
In radio beam test experiments

Tokonatsu Yamamoto, lzumi S. Ohota (Konan U)

Krijn de Vries (Vrije Universiteit Brussel)

Kael Hanson, Thomas Meures (UW-Madison), Aongus O' Murchadha (ULB)

Daisuke Ikeda, Masaki Fukushima, Hiroyuki Sagawa, (ICRR)

Romain Gaior, Keiichi Mase, Shigeru Yoshida, Aya Ishihara, Matthew Relich, Takao
Kuwabara, Shunsuke Ueyama (U of Chiba)

Gordon Thomson, John N. Matthews (U of Utah)

Shouich Ogio (OCU), Shin Bakkyun (Hanyang U), Tatsunobu Shibata (KEK)

_j, | t/ 2

A + filter (230-430 MHz)
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Experimental setup




Beam characteristics

2D Energy Dist

~10° (40 MeV) electrons

Meanx 0.1111 P
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Sudden appearance energy density spectrum

Four experiments observed the sudden appearance signals in different frequency ranges
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The Cosmic-Ray air shower signal in
Askaryan radio detectors

- The in-ice emission Is due to the same
mechanism (Askaryan emission) as for a
neutrino induced cascade. The expected
signal is similar for CR and neutrino induced
cascades.

- In combination with surface detector the
detected signal might provide an excellent
(cross-) calibration.

- Emission mechanisms under investigation with
experimental results. Preliminary results show
good understanding. 34



Conclus

IONS

Radio emission mechanisms very well understood!

Geomagnetic emission

Charge excess (Askaryan) emission

Geometry effects well unc
Cherenkov effects (crucia

Transition radiation / sudo

erstood!!
in air!!)
en appearance radiation

Detailed air shower physics possible:
Xmax determination -> Chemical composition
Thunderstorm detection (not treated)

The hunt for GZK neutrinos has started!!!
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Questions?
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Radar detection

IceCube sensitive T T
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Radar scattering of a neutrino
iInduced plasma

Leftover electrons from ionization:
Extension: O(30 cm)
Lifetime: O(1-20 ns)

Shower front electrons:
Extension: R, = O(10 cm)
Lifetime: O(100ns)

Leftover protons from
ionization:
Wide extension: O(5m)

lonization numbers come
from Physical Chemistry
research! n 2537 ot

Tce is frequently taken as a model when factors control lli g
proton transport in hydl)! -bonded molecular networks

Figure from arXiv:1210.5140v2 :_""j; f,ﬁ,‘:"““”‘;‘““;,'““?u’j‘“"“‘“ i";'}‘-' 2




RADAR scattering

Over-dense Under-dense
scattering: scattering:

»

»
»* » P

Radar frequency < Plasma Radar frequency > Plasma
Frequency Frequency

Reflection from the surface of the Scattering off of the individual
plasma tube charges in the plasma
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Conclusions

several PeV.

hints toward a scattered
signal, analysis is ongoing.
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Electric field:
Geomagnetic radiation
AX(xt)=-£ derjdh—lw(r h)J e (t')

Make a partial integration such
that the derivatives acting on 1/|D|
act on the particle distributions.

dw(r, h) |
dh




Results: Cherenkov effects

EVA Simulation
for 60 degrees
shower at the
Auger site.
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LOFAR 20110714T174749.986Z
m  Polarization NW-SE
L O F A R o Polarization NE-SW

6 X 48 antennas 40-70 MHz
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A. Corstanje et al, arXiv:1109.5805v1
[astro-ph.HE] (ICRC)

Pulse Power [a.u.]

=
o
N

100 150 200 250 300 350
Distance to Shower Axis [m]

S
o
o

d=100 m
— =]
n=1.0003

e of arrival (ns)

<
t
-]
z
2 320
2
7]
£

)
"““’I
---------..... 2y

[ 7R -
AR
T et

—50 0

meters East L ! Lo

20 40 60 80 100 120 140 160 180 200

K.D. de Vries et al.,
PhysRevLett. 107, 061101
(2011)



http://arxiv.org/find/astro-ph/1/au:+Corstanje_A/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Corstanje_A/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Corstanje_A/0/1/0/all/0/1
http://arxiv.org/abs/1109.5805v1

—_— — 2 —
) — — —
—— — —
;> — P —P
— P P >

OBSERVATORY]

The Pierre Auger Observatory

Ea. Pampa

g'g‘“  [LOMA AMARILLA jagere %
o0& - .i'. A ‘*
d‘ D
v - LoFORNE e

LA AL R AT L

.oooo- ...‘le ‘o o

* ~ 4 .
sedly (e ALY XY
» AU AL

e e e A AU
v‘t‘ L2000 "ssevsefvorscpoensesvessesssens
LAAA A A AL AN A AT AL

[\

COIHUECO & @ o
PRO SOV N PR OOONINRURED BY

hP SR
Coihuec l [' C) 5 e .:‘.o.o’o .i.’.'....l s0n00n o.o.o.o.o L\

Norr A

AAALA AL XX I .";‘. \
AL LI NI I I Yen
L2 N

v
El Chacay *§ '\

alargue,-\' ..no.ov’l’&i’ R.Q,’" Y
A A ) R
2 ke .o El Salitral-Pto
seebunsetes { I _Virgen del Carmen
sessves g Pro e
(X2 LX) ) 3 . -

3000 km?

1660 water
Cherenkov
tanks

4 Fluorescence
detectors

Muon detectors

Radio detection
stations

10



Brasschaat Malle X

The Pierre Auger Observatory
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The Pierre Auger Observatory:
Air shower detection

Fluorescence detection
(FD): Measure electronic
component due to
excited nitrogen atoms

Surface detector (SD):
Measure muonic
component through
Cherenkov light of high
energetic muons hitting
the water tanks.

AUGER|
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The Pierre Auger Observatory:

Latest results
The cosmic-ray spectrum, GZK effect??:
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The Pierre Auger Observatory:

Latest results
The Chemical composition:
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The Pierre Auger Observatory:

Latest results
The Chemical composition:
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The Pierre Auger Observatory:

Latest results
The Chemical composition:
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The Pierre Auger Observatory:
Latest results
New Physics at the highest energies?

Equivalent c.m. energy Vs, [TeV]
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Acceleration mechanisms

FProtons
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Cosmic Ray propagation

= Deflection in galactic and intergalactic
magnetic fields

= Particle production:
- GZK effect
- Photodesintegration



Transport:
Magnetic Field containment

3D trajectories projected on X-Y plane
—— , —

Inter-
Galactic

B<1-10 nG

B=10"°
gauss

YRS | oo

2004

From: J. Cronin,




The GZK cut-off

Energetic protons loose energy through
Interactions with the cosmic microwave
background

UHE protons loose
energy

Production of
energetic neutrino’s

e+
pion photoproduction Based on Lorentz Invariance,
What if ...?

Greisen — Zatsepin - Kuzmin (GZK) _




The GZK cut-off, but also.....
Py .

\eutrons

* ‘He nuceli

Photodisintegration at similar
energies, so we need to know
the composition 6



supermassive
black hole s

I—

108 M,

Extremely high B-fields
> EeV particles?




The cosmic-ray spectrum:

Equivalent c.m. energy /s, (GeV)
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