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Neutrino Detection with IceCube

Signal: Astrophysical neutrinos
Background: Atmospheric
neutrinos and muons (99.999%
of IceCube data)



What is the origin of this background?

Cosmic Rays:

e  High-energy charged particles
N ®  ~90% protons, ~9% He nuclei and rest heavy nuclei
AGNSs, SNRs, GRBs... * .
ey and electrons, positrons
black

Hea sy Diffuse by interstellar magnetic field. On entering
holes can be absorbed and are created by
muple emision mechanisms Earth’s atmosphere lead to Extensive Air Showers
(EAS)

primary
particle

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

They are charged particles and
are deflected by magnetic fields.
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Cosmic-ray spectrum

Why study Cosmic-rays? 0
®  DProbe particle acceleration & propagation
Grigorov

JACEE
MGU
Tien-Shan
Tibet07
AKkeno
CASA-MIA
HEGRA
Fly’s Eye
Kascade
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in the Galaxy

10°

Sensitive to extreme astrophysical

environments

Key observables:

©) energy spectrum

mass composition
Kascade Grande
IceTop-73
HiRes 1
HiRes 2
Telescope Array
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IceCube Neutrino Observatory

Ice-Cherenkov Tanks

IceCube lab
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Surface Array: IceTop
Veto against atmospheric background
In-Ice background — IceTop signal:

Cosmic-Ray studies in few PeV to
EeV range




IceTop: Challenges with snow

[ Nov 2011
Oct 2016
[ Nov 2021
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Number of tanks

500 —250

X/m In-situ snow depth (m)

®  Detector placement too sparse

e  Non-uniform snow accumulation — signal attenuation:
o increased threshold
o Increased uncertainties

NEED FOR A BETTER VETO!




Surface Array Enhancement (SAE)

Enhance ICCTOp array with 32 hybl‘id scintilators iy 8 x Scintillation detector
elevatable detector stations, each comprising:
o  8scintillation detectors
0  3radio antennas
o 1hybrid DAQ
Radio Antennas triggered by scintillators
Time synchronization by White Rabbit

protocol

scintillators

/SCint IanIt ~— (not to scale)

Fieldhub

™~ Radio Input .~




Surface Array Enhancement (SAE)

® IceTop tanks ‘ o IceTop tanks ] Scintillators‘
L4

-400 -200 0 200 400 600 —-500 -250
X [m]

Enhance IceTop array with 32 SAE stations. Scintillator science cases:
Improve veto for in-ice and lower detection threshold
Improve air shower reconstruction
Facilitate mass discrimination by independent detection channel
Snow monitoring and mitigation for IceTop




SAE: Current Status B

3 full stations deployed
o Prototype Station (2020) — Station 0 (2023): First final configuration station
o  Station 21, 25 (2025): under commissioning
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From Assembly to Insight: Detection of CRs

1 Production ~ 2 Data Preparation — 3 Performance

Component testing Data Processing Pipeline Data Selection
Mechanical Assembly - Calibration Benchmarking with respect
Module Characterization - Reconstruction to data / simulations
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From Assembly to Insight: Detection of CRs

1 Production

Component testing
Mechanical Assembly
Module Characterization

287, Events: 378

Raw data

Fit:
S =34.99, B = 2.40
Binned means.

230 2600 2650 3700 5755

Bias Voltage (DAC units)




Scintillation Detectors

Minimally Ionising Particle (MIP)

r_\—}i Scintﬂlatc< bars

—

Inlay: Scintillators with wavelength shifting optical fibres Photosensor: SiPM Readout board uDAQ: 3 channels

-16 plastic scintillator bars

A - Wavelenoth shiftine for readout b Geigermode microprocessor based readout board
s s d \/ 3 gain channels for wide dynamic

- photosensor

range
Integrated signal output

Quenching resistor

Reference Emission Spectrum

Kuraray Y-11

3
8
5

Emission

6 x 6 mm” sensitive area
57600 microcells, 25um pitch

S Gain is inversely proportional
to temperature

Fluorescence (Arbitrary units)

3 Absorption

430
Wavelength (nm)




Production Chain

Component validation Mechanical Assembly

Wl uDAQs inside
% Temperature
Chamber

Ready for characterisation

IV Curves for All SiPMs
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Scintillator panel validation

The characteristic MIP peak in the charge spectrum can be used for validation
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Prototype Scintillator (2020)

MIP peak
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Validation at KIT

New Scintillator (2021) Vastly varying conditions from the South Pole

South Pole Karlsruhe

Temperature -18 to -70°C -1to 26°C
Range

Altitude 9000 ft 377 ft

Background Natural No shielding
Contamination lce-shielding, from Natural
limited radioactivity,
0 500 1000 1500 2000 2500 3000 3500 4000 anthropogenic High
Charge (ADC units) background anthropogenic
background

Measured at KIT (22°C)




Test Bench at KIT

®  Culprit: Natural Radioactivity + . o
. . . Farﬂday Cﬂg‘e —— Without Shielding

Anthropogenic Activity . —— With Shielding
Test bench: MIP (¢, )

o Faraday cage
0  Lead shielding
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1000 2000 3000 4000
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Digital Channel to Energy Calibration

Deposited energy by MIPs using radioactive sources
® Na-22 Co-60and Cs-137
Compton edge energy modelled with Gaussians
2 sets at 10°C and 25°C
~1.7 MeV measured deposited energy

Na-22 source

__ Compton edges
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40 50 0 730
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From Assembly to Insight: Detection of CRs

1 Production ~ 2 Data Preparation

Component testing Data Processing Pipeline
Mechanical Assembly - Calibration
Module Characterization - Reconstruction

Mean 10g30 (5125/VEM) = 1.5, Mean 0 = 23.28°, Events: 378
Raw data
Fit:
T 5=34.99,8 =240
1 Binned means

2550 2600 2650 5700 N,

Bias Voltage (DAC units)




On-Ice Calibration

Commissioning: calibration of detectors
post deployment
Dynamic Range: Depends on both
electronic components

o uDAQ amplification

o SiPM light yield and PDE

o Temperature range of operation




Dynamic range estimate

High Gain

Exponential fit
— Landau fit
— Pedestal: 219.76 = 0.2
—— Expo-Landau MIP: 1759.5 + 0.4

0
100 500 1000 1500 2000 2500 3000 3500 4000

Charge (ADC Units)

Signal sampled by 3 12-bit channels in
uDAQs : modeled by expo+landau function
Scaling of 280 from low to high gain
Dynamic range of the uDAQ ~800 MIPs

Medium Gain

— Landau fit
—— Expo-Landau MIP: 72.149 + 0.004

50 100 150 200 250 300 350 400
Charge (ADC Units)

Low Gain

— Landau Fit MIP:13.0 = 0.3

40 60
Charge (ADC Units)




SiPM gain calibration

~— HAMAMATSU MPPC

Single P.E peaks to determine the Gain versus bias voltage for each 6 months of data covering the entire
gain of the SiPM calibration run temperature range at the Pole

High Gain

Exponential fit Light yz'eld = MIP/gam

— Landau fit
—— Pedestal: 219.76 + 0.2
—— Expo-Landau MIP: 1759.5 + 0.4

¢ Data
—— Linear fit slope: -222.2 £ 2.5

500} 1000 1500 2000 2500 3000 3500 4000

Charge (ADC Units) |:>

—— Data 55
—— Gain: 30.6 £ 0.2 ADCs o <
25C 60

2550 2575 2600 2625 2650 2675 2700 2725 2750 65
Bias Voltage (DAC Units)

2550 2600 2650 2700 2750

Bias Voltage (DAC units)

SiPM gain linearity lost at very low temperatures
Dynamic range is gain dependent: 55 - 60 p.e./MIP for 2023
350 400 450 500 550 N ofe o .
Charge (ADC Units) Gain stabilization successfully applied for future firmwares




Processing Pipeline

Scintillator
Data

®  Scalable pipeline for raw to reconstructed data __
Check uDAQ
e Temperature calibration to ICLive for temperature

Extract
Hitbuffer Data

corrections

Y
s v Process

Slope = 1.070 + 0.002 s Slope = 1.097 + 0.001 # . ;

Intercept = -0.403 + 0.121 °C Intercept = 1.175 + 0.065 °C Monitoring

data

|

Process
Hitbuffer data

|

Coincident
event search

Field-Hub firmware
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conversion to | No found events
i3 format

Slope = 0.931 * 0.003 Slope = 0.919 * 0.005 B
Intercept = -9.642 * Intercept = -8.752 + 0.146 °C

Y Y.
Scint
Reconstruction
Summer I

v

Scint Supplementary
—-60 —-40 -20 0 —60 —-40 -20 0 Processed data and
Scintillator Temperature [°C] Scintillator Temperature [°C] Dataset clean-up

pummy i3 file

IceCube Live Temperature [°C]




Air-shower Reconstruction

Likelihood- based 3-step event reconstruction:
e Time front reconstruction (0,®): Parabolic front
At(r)=ar?+b
Lateral distribution function (LDF) (n, S): Double
Logarithmic Paraboloid function

7 ) —B—rlogg (Rﬁ)

S<T) — Sref' (R—f
re

For the likelihood treatment, signal and timing
fluctuations needed
o  Signal fluctuations driven by shower
properties as well as detector response —
data used for the signal model

. Shower front
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Signal Variance Model

Signal: S1 v/s S2

Neighbours sample same part of the air-shower
o LDF shape fluctuations: S > 50 m from
core
o  Threshold effects until 10 MIPs
Power- law observed for variance :
0s1-8, = (S5)
V2

Where @ ~ 0.545 (~Poissonian)

S (MIP) in Odd Scints

10t 102
S1 (MIP) in Even Scints

Data-simulations in agreement . .
, _ 5 Data Simulations
Variance scaled with a spectral factor to e e
account for zenith dependent fluctuations 1 2D B simsisibyi21

o= (S)%-545 . [0.39sin? § + 0.66]

o((51 - S)W2)(MIP)

10!
(S) = (S1 + S2)/2(MIP) (S) = (S1 + S2)/2(MIP)




Lateral Distribution Parameterization

Mean logip (S125/VEM) = 1.1, Mean 6 = 22.56°, Events: 1090

Raw data

A Fit:

distribution fit L\ T $=16.76,B = 2.52
S Binned means

Signal variance model used for the lateral .

Binned analysis performed to optimize the 8
parameter
O Zenith (0) and Shower size (logy,
(S2s/VEM))

o  Distance from the shower axis (r)




From Assembly to Insight: Detection of CRs

1 Production ~ 2 Data Preparation — 3 Performance

Component testing Data Processing Pipeline Data Selection
Mechanical Assembly - Calibration Benchmarking with respect
Module Characterization - Reconstruction to data / simulations

w Distribution
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Dataset: Selection Criteria

e Benchmarking with respect to IceTop reconstructed data 2023: 58.3k events

e Selection criteria:

y-position / m

@)

@)
(@)
@)

Example-event with Scintillators

50

25

0

!
N
o

|
o
3

|
N
G

-125

-150

—-350 325 -300 -275 -250 -225 —200 —175 —150

Cores within 250m

IceTop reconstructed < 37°

IceTop reconstructed logo(Si2s/VEM) > 0.5 (max efficiency)
Scintillator multiplicity of 8 used

IceTop tanks
station 0

@ station 21

m station 25

/ =500 -250

0
X [m]

Core-Positions from IceTop

Core positions of 58387 selected events

200

. Scint. dir.

[
S

Timing relative to first hit / ns

Scint. reco.:
6=303° ¢=3358°

X Fieldhub

"7 Approx. Effective Area

x-position / m




Angular Resolution

e Combined angular resolution with respect to reconstructed IceTop: 2.3°
o Core-containment near the station improves the resolution to 1.3° improving to sub-degree for bigger

shower size

)

No. of events

Scint-lceTop
Qes% = 2.3°

Core containment within 250m
Core containment within 125m
Core containment 70m

075 100 125 150 175 200 225
l0910(S125/ VEM)

Note: The station radius is ~70m

2.50



Time Resolution

Standard Deviation of 6t
§ Al pairs: Even-Odd

Timing in neighbouring scintillators with respect to
mean signal
o Small signals: Outer fluctuations of the shower

o  Large signals: Timing resolution (indicates

;0 ; S :!;ﬁq{&{{%&w

‘% [feldhub; %
N

Q,' SO
10! 10°
notfo scale S( MIP)

~few ns)




Energy Proxy with scintillators

2.0

e First estimate of the shower-size with a
single station
e  Expected difference in the response:
o Can be used for improving snow

model for IceTop by cross-calibrating

IceTop Tanks Scintillators

IceTop: Iogm (5125/VEM) / m2

0.0 05 1.0 15
Scint: 10910 (S125/MIP) / m?

Scintillator




Summary

Series production chain established for full SAE: 99 scintillators
produced and validated
Scalable data processing pipeline in place:
o Station 0 fully calibrated. Gain stabilization implemented
o Shower reconstruction optimized using data
Detector performance demonstrated readiness for Surface Array
Enhancement
on the roadmap for the surface array of IceCube-Gen2

Integrate additional stations in the future

e scint. dir.

[
.

scint. reco.
6=303" ¢=3358°

50
~350 -325 ~-300 -275 ~-250 -225 -200 -175 150
x-position / m

Radio Array | Station

>
-

Optical Array

No. of events
w B
o o
o o
o o

)

Scint-IceTop
b Qesw =23°

=
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10.0 125 15.0 175 20.0
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BACKUP SLIDES




Connectors to (]
T uDAQ schematic
ensor

CAT-6 type cable from fanout board MIP / PE

(Timing, Serial comms, Power) Arrival

10 MHz

TRIGGEROUT  “YPS  pps/miGB  comms
LWDS  ,4ypc LVDS  LVDS/RS485

POLWER V; ( t)

Discriminator

TLV3501 L ||
- ik i
3 L Delay Lines Discriminator
b Alt-input e
output

Logic:
Detoct lsading, | [ pz0 osc ———— UART
trailing edges Input Tiida g
STM32F446
o 10 MHz capture .
3 5 Pulse | Microcontroller
High-, Medium~, | shaping - ARM Cortex M4
and Low=Gain Edge Time - 180MHz
R Capture - 512 KB Flash

Channels with Inputs - 128 KB SRAM 4
Sampling ADCs - (5.55 nsec steps) - Numerous timers,
e Shaper

ADCs, DACs etc.

ADC ADC
* SPI SwD e RPN V. ( t)
out

Delay Lines Sampling
Strobes __Inte Interface Interface SPM

JIL ] A ol T
. Hv2 Possible ADC
f sampling delay times

Delay Line & multiple
inputs allow time
resolution ~| nsec without
a separate TDC circuit

One of two ways to install new firmware
* Can update using CAT-5 cable
* C language programming

SiPM Bias Voltage
Control
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Detector Validation : Field Tests

Low Temp Measurements (-20°C)

Single SPE peaks

500 1000 1500 2000 2500 3000 3500 4000
Charge (ADC units)
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Lake Measurements (23°C)

MIP found

500 1000 1500 2000 2500 3000

Charge (ADC units)
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Scintillator validation

w/Lead shielding setup Hodoscope condition

MIP (i, €)

Lead bed

Lead bed

—— Histogram Data

—=- Landau fit MIP: 847.69+/-1.1 ___ MIP position: 838.4 + 0.3
Exponential fit chi2/ndf: 1.29

—— Pedestal: 248.48 + 0.2
Expo-Landau MIP: 874.5 + 0.6

T x?ndof = 6.7

500 1000 1500 2000 2500 3000 3500 4000
Charge (ADC Units)




R &D stations

@Pierre-Auger Observatory

@PSL, UW-Madison_ |




Signal Model : Zenith dependance

—— a=(0.39+0.02)-sin?6 + (0.66 + 0.00)
slope = 0.554 = 0.008 1o error band

reduced x2 = 2.51 . . 1 & Fit values
slope = 0.537 = 0.007

reduced y? = 1.58

slope = 0.513 + 0.021
reduced 2 = 1.21

6 <24°
24° <6 < 35°
35° <6 <45°

(S) = (51 + S22 (MIP) 0.05 0.10 0.15 020 025 0.30 0.35 0.40
sinZ2@




Resolution w.r.t simulations

Not an apple to apple comparison: Data is
with respect to iceTop

Time resolution in simulations is worse than
data: further investigation is required!

Data Simulated

Scintillator pair:0-1 Scintillator pair: 0-1

u=0.4, u=0.0ns
O68%=10.7 O6g% = 21.7 ns

. .{‘{.{‘Q

m{{mu

shiphyp b

¢ Simulation
} Data

1.0

12 14
l0g10(S125/ VEM)




