?‘b‘ ' ‘i =

i —

\~—

n Glaser —

———————

: Radm f)etecnon of ngh Energy Neutrmos

Ch r|st|a

UPPSALA

= UNIVERSITET



E*°F(E) [GeV™* n2 slar]

&

&

P

Grigorov
JACEE
MGU
Tien-Shan
Tibet07
Akeno
CASA-MIA
HEGRA
Fly'sEye
Kascade
Kascade Grande
lceTop-73
HiRes1
HiRes2

High Energy Universe

Origin of cosmic rays is a century long mystery
Observation of ultra-high energy cosmic rays (1 Joule in a single proton)
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High Energy Universe

= QOrigin of cosmic rays is a century long mystery
= QObservation of ultra-high energy cosmic rays (1 Joule in a single proton)
= |nsights into most violent phenomena in our universe

P

= Measured extensively over decades but no hint of source

= Cosmic rays are deflected ~ Z/E

= anisotropy with high energy protons
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use N GUtrl nOS instead of cosmic rays

= Created by cosmic rays at the source

= Electrically neutral, (almost) no mass, small interaction cross section
= No deflection

= Excellent messenger particle
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better use N e Utl’l n OS instead of cosmic rays

Created by cosmic rays at the source
Electrically neutral, (almost) no mass, small interaction cross section
= No deflection
Excellent messenger particle
Coincident detection with EM and gravitational waves (multi messenger)



Experimental Challenges

= Low interaction cross section of neutrinos neutrino spectrum
1 — ] N AN
= Very low neutrino flux a | (mmm Gen2-Radio (10 years) e
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Experimental Challenges

= Low interaction cross section of neutrinos
= Very low neutrino flux

—>Very large volumes needed for reasonable

rates

= Solution: radio technique

= Large volumes at no cost: Antarctic ice
= |ce transparent to radio waves (L ~ 1km)

= A single radio station has 1km?3 effective
volume (comparable to IceCube)
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Radio Emission of Particle Showers

= Askaryan effect: Time varying negative charge excess in the shower front

= Macroscopic: Longitudinal current

= Microscopic: Acceleration and creation of charge

= Cherenkov-like time compression effect
= Shower is faster than its emission

= Constructive interference at the Cherenkov
angle

= |nice: arccos(1/n) =56 deg

H Christian Glaser, Chiba, October2020




Radio Emission of Particle Showers

= Askaryan effect: Negative charge excess in the shower front
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Radio Emission of Particle Showers

= Askaryan effect: Negative charge excess in the shower front

= No neutrino detected yet because current detectors are too
small but

= Askaryan pulse measured in lab

= Feasibility shown with cosmic-ray detectors
A = Radio signals very similar
= Mature and competitive detection technique

= Knowledge transfer to neutrinos
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Air Shower Experiments

. . . . CODALEMA-3 .
= Radio detection is established (57) —

technique for cosmic-ray detection vYTevyr voyvovw > (24) £ &
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Achievements of Radio Detection of Cosmic Rays

Cosmic-ray quantities of interest

energy

~10% energy resolution

16 g/cm? X, . resolution

<1degree ~10% systematic uncertainty
Pierre Auger Collaboration, PRL 116 241101 (2016), PRD Buitink et al., PRD 90 082003 (2014)
93 122005 (2016), JINST 12 T10005 (2017), Gottowik et al., Buitink et al., Nature 531 70-73 (2016)

Astro Part. 103 87-93 (2018)

Radio is competitive to traditional techniques
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. Christian Glaser, Chiba, October2020




Auger Prime Upgrade

= All 1600 surface detectors will be upgraded with scintillators and radio antennas

= Combine radio with particle measurement -> cosmic-ray charge/mass

= Anisotropy analysis with protons only -> chance of source discovery
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Detection of High-Energy Neutrinos
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Detection of High-Energy Neutrinos

aE 1
CMDEYEGYOR harsh Antarctic conditions

'l

= Two pilot detectors #
= ARA (South Pole) J

= ARIANNA (Moor’s Bay + South Pole) l -
C

= Size 1%- 5% of required size
" no neutrino measured yet but

= Hardware proven reliable b A ) A

= Technology ready for large scale detector

16
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Development of wind power system

= Autonomous stations have many advantages

= Wind power system required for dark winter
months
= Pioneered at Uppsala

= current prototype survives harsh Antarctic conditions
and powers station for ~¥50% of the time

14.0
1350 . 4 ; ﬁ
ey TR T
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ARIANNA collaboration, JCAP 03(2020)053

SN L AT

Example: ARIANNA signal search
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C. Glaser, PoS(ICRC2019)899

Neutrino Direction

" The neutrino direction depends on the \—*

= signal arrival direction [ ﬁ = frn
= signal polarization p \

= viewing angle © R
= distance to neutrino interaction to correct for bending in firn - o deep ice

—3 — —;‘\ \p "‘.0‘
Vy =smmBp—cosOl

0°,09=4.0° 0p = ©
0%, 09 =4.0°, 0 = 40.0°
07, 09 =4.0°, 0p = 8.0°
0°, 09 =4.0°, 0p =4.0°
0°,09=1.0°, 0y =4.0°
. 60°

120°




= Radio emitter lowered into ~2 km deep borehole

= signal direction: sub-degree resolution achieved
(including ice correction)

ARIANNA collaboration, JINST 15 (2020) P09039

In-situ measurement at South Pole
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In-situ measurement at South Pole

= Radio emitter lowered into ~2 km deep borehole

= signal direction: sub-degree resolution achieved
(including ice correction)

= polarization: 2.7 degree resolution-> dominates neutrino

direction 30
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energy
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C. Glaser, PoS(ICRC2019)899

Getting the Neutrino Energy

S L e~ R/L(f) _(0-6c)?
= Electric field dependenc‘e/é’ = &o(f 200 ()2

[ ——

—, Viewing angle via

€
) R

_ Frequency spectrum ->
From measureo! voltage via broadband antennas and/or
antenna unfolding, requires

. Mapping of Cherenkov cone
RF direction and polarization distance to shower

Neutrino energy to shower energy &g X Figp

Neutral Current Interaction (NC)

= [rreducible uncertainty from v v undetected
neutrino -> shower energy
= Sets requirements for other z
contributions to energy resolution
(~factor of 2)
= No need to be much better than nucleus{gl:::i ZEZ;E m—) "O0TONC
quar quar

uncertainty from inelasticity
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ARIANNA collaboration, JCAP 11(2019)030

D’n’R Technique

= Antenna observes direct and reflected pulse
= Time difference ~ 1 / distance

= Efficiency + resolution™ depth of antenna

depth = -15m, 0:=0.2ns,09=0.2°

__Neutrino energy le+17eV

1.0¢ = | ; ; ) 1.0 " = E,=1le+17 eV
one pulse > 3 sigma, one pulse > 2 sigma
both pulses > 3 sigma N © Ey=le+l8eV
A-A both pulses > 4 sigma
0.8} 0.8+ 107 e\-—0:07313.98
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]
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5. 0.6} V 0.6
) A o)
g |~ o |
€ | A =
Vo4 £ 041
A é
0.2} ‘ 0.2+ v
o/ VS : ’
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ARIANNA collaboration, JCAP 11(2019)030

First Experimental Results

= Measurement at Moore’s Bay ° 4 emitter e

® receiver » S
—10 = At= 23.0ns

= 40m deep transmitter

T

z[m]

= 10m deep receiver
= thanks to EnEX/Aachen drill
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ARIANNA collaboration, JCAP 11(2019)030

Monitoring of Snow Accumulation
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energy

just starting to explore flavor physics
-> D. Garcia, C. Glaser, A. Nelles,
Phys. Rev. D 102, 083011 (2020)
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The future part I: RNO—G RNO-G collaboration, arXiv:2010.12279
(Radio Neutrino Observatory — Greenland)

Helper String 2

LPDAs in Trench

: NE M

6.0m 7.5m 9.0m
(from centre)

2021 2022 2023

~9m

Hpol

® drill site

Vpol

Clean air/snow sectors
29
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ARIANNA collaboration, arXiv:2004.09841

The future part I: ARIANNA-200 (proposal)

= 200 autonomous surface stations on the
Ross Ice Shelf

= Advantage: large sky coverage
= Not funded yet

75°

~ Greenland (72°)
770 Moore’s Bay (-79°)
LA South Pole (-90°)

N
.
\

— 10m g

-75°
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RNO-G collaboration, arXiv:2010.12279
ARIANNA collaboration, arXiv:2004.09841

Science Potential

Diffuse neutrino flux

RNO-G ARIANNA-200

107 °¢
RNO-G 35 stations, 5 years C
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IceCube-Gen2 collaboration, arXiv:2008.04323

The future part II: IceCube-Gen?2

= Large radio detector is part of

ceCube-Gen? D coveswos
. . . . 16 : X ’ s X 4
= to increase sensitivity for E>10°eV lceCube-Gen? |
= >200 radio detector stations

| | |
2018 2020 2022 2024 2026 2028 2030 2032
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10—6 4

10—10 A

10—11

IceCube-Gen2 collaboration, arXiv:2008.04323

Science Potential IceCube-Gen2 Radio

Diffuse neutrino flux

k.= AN

: ARIANNA
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Observable volume, Lsrc=1050 erg [Mpc3]

Explosive sources
=== |ceCube-Gen2
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IceCube-Gen2 collaboration, arXiv:2008.04323

Science Potential IceCube-Gen2 Radio

Explosive sources
NS-NS merger follow up

Diffuse neutrino flux
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Summary

= Radio detection is an intriguing (new) technique to detect neutrinos
of the highest energies

= Emission properties well understood

= Technology proven in pilot arrays

= Future:
= RNO-G: 35 stations in Greenland
= Radio component of IceCube-Gen2: 200+ stations at the South Pole

35
. Christian Glaser, Chiba, October2020



NuRadioMC

Simulating the radio emission of
neutrinos from interaction to detector

Christian Glaser, Daniel Garcia-Fernandez, Anna Nelles, Jaime Alvarez-Muiiz, Steven W.
Barwick, Dave Z. Besson, Brian A. Clark, Amy Connolly, Cosmin Deaconu, Krijn de Vries, Jordan C.
Hanson, Ben Hokanson-Fasig, R. Lahmann, Uzair Latif, Stuart A. Kleinfelder, Christopher
Persichilli, Yue Pan, Carl Pfender, llse Plaisier, Dave Seckel, Jorge Torres, Simona Toscano, Nick van
Eijndhoven, Abigail Vieregg, Christoph Welling, Tobias Winchen, Stephanie A. Wissel

European Physics Journal C 80, 77 (2020) arXiv:1906.01670
+

NuRadioReco: A reconstruction framework for radio neutrino detectors
C. Glaser, A. Nelles, I. Plaisier, C. Welling et al., Eur. Phys. J. C (2019) 79: 464
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NuRadioMC Overview

= Modular python code (C++ modules for time critical operations)
= Open source: github.com/nu-radio/NuRadioMC
= Community wide effort (InlceMC group)

Event Signal Signal Detector
Generation Generation Propagation Simulation
= Cross section = Phase and = |ce models = Frequency and phase
= Flavor-ratio frequency = (analytic) ray response
= Arrival direction = LPM effect tracing = Flexible station layout
o . .. = Trigger simulation
‘\ multiple interactions time domain calculation fast + precise analytic NuRadioReco:
e.g. tau decays with realistic LPM ray tracer Detector simulation and
interference between event reconstruction

- showers
Christian Glaser, Chiba, October2020



= HDF5 input file

= List of
= shower direction
= shower energy
= shower position

= Easy to write custom event generator for e.g.

= BSM physics
" monopoles
= calibration measurements

38
. Christian Glaser, Chiba, October2020

Event Generation

Charged Current Interaction (CC)
v lepton

lepton = e: electromagnetic shower
lepton = mu: muon typically undetected
lepton = tau: tau lepton will decay,
producing 2"d spatially displaced shower

-quark quark W
adronic
nucleus - quark —————— quark )
shower
~quark —— quark
Neutral Current Interaction (NC)
¥ v undetected
Z
-quark quark -
nucleus - quark ———— quark ‘ adronic
shower
-quark —— quark
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Tau track length [km]

10-2 4

Tau decay energy [eV]

w

(Vo)
=
-

Simulation of secondary leptons: Tau decays
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generalization: Integration of PROPSAL
for lepton propagation



D. Garcia, C. Glaser, A. Nelles, Phys. Rev. D 102, 083011 (2020)

Possible event signhature
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D. Garcia, C. Glaser, A. Nelles, Phys. Rev. D 102, 083011 (2020)

Lepton propagation through ice using PROPOSAL

= muons/taus stochastically
loose energy

= inducing many showers along
their trajectory

= Example plot:

= 1 EeV muon propagation
almost horizontally through
the ice

= Askaryan signal of each
shower in fiducial simulation
volume is calculated and
propagated to antennas

41
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1018

muon energy = 1.4e+18eV, zenith angle = 84.5deg

107 &
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D. Garcia, C. Glaser, A. Nelles, Phys. Rev. D 102, 083011 (2020)

First Lepton Results

Tau neutrino effective volume Background from atmospheric neutrinos
102 : Iic;tsilinteraction (FI) 100
—— No FI

=== Decay
10! {|==- tau loss

—=- Fl + decay 1072 5
100 4| Fl + loss(es)

----- Loss(es) + decay
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Signal Generation

= Well tested reference implantation of all available models

def get_time_trace(energy, theta, N, dt, shower_type, n_index, R, model,

model advantages shortcomings
— ——
parameterization (Al- “\fast, accurate representation of the no phase information, only valid in
varez2009) signal amplitudes, includes statisti- far-field
cal fluctuations from LPM
fully analytic fast, phase information provided, no statistical fluctuations from
(HCRB2017 valid in near and far-field, LPM is LPM, generalization, absolute

semi analytic (ARZ)

full MC
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treated as elongated shower

phase information provided, near
and far-field, realistic LPM treat-
ment based on simulated shower li-
brary

precise modelling of all details of
shower development

amplitudes less accurate
computationally expensive

slow, no implementation in NuRadio-
MC yet



x10°

ARZ

time domain calculation based on charge-excess shower library
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EM showers, E, = 1le+16eV

Alvarez-Muiiiz et al., Phys. Rev. D 101, 083005
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A RZ Alvarez-Muiiiz et al., Phys. Rev. D 101, 083005

time domain calculation based on charge-excess shower library

«107 HAD showers, Es, = le+17eV g =588°
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time domain calculation based on charge-excess shower library

x10°

ARZ

L2

0.8F

charge excess
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—
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Alvarez-Muiiiz et al., Phys. Rev. D 101, 083005

0.2

0.4
shower depth [g/cm?] %10

20

46
. Christian Glaser, Chiba, October2020

40
shower length [m]
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Sighal Propagation

= Analytic formula of signal path for exponential density profile n(z) = nj,, — A,e*/?

j(z) = :l:zo\/ngceCoz — 1

-In (7/ [2\/0(72 —by+c)— b7+2cD + C;

=20

= Fast and precise calculation of signal
paths

~40

= Analytic formulas for travel time =

+ distance

z [m]

-80

= Attenuation requires numerical T
integration

- reflected CO = 0.89
-« direct CO = 0.85
refracted CO = 0.73
refracted CO = 0.61
- reflected CO = 1.05
-« refracted CO = 0.58

| | | | | |

—120

" C++ implementation

—-140

" Interface to RadioPropa

500 600 700 800 900 1000

y [m]
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Detector Simulation

= NuRadioReco: Detector simulation and event reconstruction

= github.com/nu-radio/NuRadioReco
= Glaser et al., EPIC 79: 464 (2019) arXiv:1903.07023

= Flexible detector layout
= any antenna position and orientation

= Modular design

Detector Description Event Data

. Module A |.|
Station Geometry Module B Measured waveforms

Antennas Reconstructed quantities

Amplifiers Simulated electric fields

Cables Moduie ¢ Simulated waveforms

Module Z
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https://github.com/nu-radio/NuRadioReco

Example 1: Calculation of the sensitivity of an Askaryan
neutrino detector

¢ detector description

"channels": { conflg
n4qmn,
. ',,:tation id": 101 1noise; False # specify if_simulatic_)n should
. e : 2 sampling_rate: 5. # sampling rate in GHz use
channel_id": O, 3 speedup:
‘ant_type": "createLPDA_100MHz",  , "pinimum weight_cut: 1.e-5
"ant_position_x": 3, 5 delta_C_cut: 0.698 # 40 degree
- "ant_position_y": O, 6 propagation:
Vpol "ant_position_z": -2.0, 7 ice_model: southpole_2015
"ant_rotation_phi": 180, 8 signal:
"ant_rotation_theta": 90, 9 model: Alvarez2009
"ant_orientation_phi": O, 10 trigger:
"ant_orientation_theta": 180, 11 noise_temperature: 300 # in Kelvin
}, 12 weights:
I:l 13 weight_mode: core_mantle_crust # core_mant
} 14 #layer earth model, which considers the dif
";tations": [ 15 #core, mantle and crust. simple: use the si
H iy { 19 #apply a constant earth density
el H "pos_altitude": O,
l:] "pos_easting": O,
I'J "pos_northing": O,
i "pos_site": "southpole",
=15m "station_id": 101
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Detector simulation

class mySimulation(simulation.simulation):

def _detector_simulation_filter_amp(self, evt, station, det):
channelBandPassFllter run(evt, station, det, passband=[80 x units.MHz, 1000 x units.GHz],

filter type-'butter , order=2)

channelBandPassFllter run(evt, station, det, passband=[0, 500 *x units.MHz],

; filter type-'butter j order-10)

def ;detector_simulation_trigger(self, evt, station, det):

51mp1eThreshold run(evt, station, det,

threshold=3 x self _Vrms,
triggered_channels=None,
number_concidences=1,
trigger_name="'simple_threshold')

hlghLowThreshold run(evt, station, det,

threshold hlgh 4 x self._Vrms,

threshold_low=-4 x self._Vrms,

triggered_channels=[0, 1, 2, 3],

number_concidences=2,

trigger_name='LPDA_20f4_4.1sigma’,

set_not_triggered=(not station.has_triggered("simple_threshold")))

hlghLowThreshold run(evt, station, det,

. Christian Glaser, Chiba, October2020

threshold hlgh 3 x self._Vrms,

threshold_low=-3 % self._Vrms,

triggered_channels=[4, 5, 6, 7],

number_concidences=4,

trigger_name='surface_dipoles_40f4_3sigma',

set_not_triggered=(not station.has_triggered("simple_threshold")))



Results

= Full example: https://github.com/nu-radio/NuRadioMC/wiki/Tutorial
= Plotting scripts part of NuRadioMC

~ \
10-6} == NuRadioMC example: 3 years \  ARA~

= —
n [
™ *
&
kv, 101 T
— n
: D
S -
Ko @)
> >
Q Q
> Y
48 10 E o ‘
= TU -10 - \ \ A
v 10 2 ~t \ -« = Best fit UHECR, Heinze et al.

. /’ / *y = == Best fit UHECR + 30, Heinze et al.

TR | == == = 10% protons in UHECRs, van Vliet et al.

" / / allowed from UHECRSs, van Vliet et al.

g sl PR A T | i g g _oge o gige ] P e g 10—11 Rl () (i e e S T PRSTRST, WYY ST 1111 Foa
1017 10%8 10%° 1020 10° 1ge 107 10° 10° 1g1° Lol
neutrino energy [eV] neutrino energy [GeV]
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https://github.com/nu-radio/NuRadioMC/wiki/Tutorial

Debug Plots
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How to get started

= Tutorial: https://github.com/nu-radio/NuRadioMC/wiki/Tutorial

= \Webinar on NuRadioMC/Reco
= https://www-zeuthen.desy.de/~anelles/NuRadioMC.mp4

= https://www-zeuthen.desy.de/~anelles/NuRadioReco.mp4
= https://github.com/nu-radio/NuRadioMC/tree/master/NuRadioMC/examples/06 webinar

= NuRadioMC paper: https://link.springer.com/article/10.1140/epjc/s10052-020-
7612-8

= NuRadioReco paper: https://link.springer.com/article/10.1140/epjc/s10052-019-
6971-5

= NuRadioMC slack channel: https://join.slack.com/t/nu-radio/shared invite/zt-
5f9vka05-kYx3cw743Y7QxM4BOSV8dw
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https://github.com/nu-radio/NuRadioMC/wiki/Tutorial
https://www-zeuthen.desy.de/~anelles/NuRadioMC.mp4
https://www-zeuthen.desy.de/~anelles/NuRadioReco.mp4
https://github.com/nu-radio/NuRadioMC/tree/master/NuRadioMC/examples/06_webinar
https://join.slack.com/t/nu-radio/shared_invite/zt-5f9vka05-kYx3cw743Y7QxM4BOSV8dw

