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The Pierre Auger Observatory

● 1660 Water-Cherenkov detectors (WCDs)

● Surface-Scintillator detectors (SSDs) 
mounted on top

● SSD active area of 3.84 m2

Photomultiplier tube

Polystyrene
scintillator

See. Talk 
by D. Schmidt

https://indico.ahuekna.org.ar/event/768/sessions/119/#20241121
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Subluminal pulses

● Pulses with time delays > r/c 
defined as subluminal

● Subluminal pulses in scintillator 
measurements of Volcano Ranch 
experiment suspected to originate 
from neutrons

WCD

SSD

● Delayed pulses seen in SSD 
measurements of AugerPrime, 
which are not present in the same 
WCD measurements

→ Are these “real” particles or 
electronic effects?
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Neutrons in air showers
● Span full spectrum due to long lifetime 
and no ionization energy loss

● High energy neutrons created in same 
hadronic processes as pions and kaons

● Pair-production due to 
baryon number conservation

● Quasi-elastic peak from

● non-elastic neutron-nucleon 
interactions

● elastic neutron-nucleon 
interactions

● Low energy neutrons through diffusion 
in atmosphere

Simulations from A. Ferrari; arXiv:2406.11702

https://arxiv.org/abs/2406.11702
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Finding (subluminal) pulses
● Pulse finding algorithm to detect all 
pulses above certain threshold

● Conservative threshold to avoid 
impact of baseline noise / artifacts

● About 600,000 
traces from 
2020-2024

● Pulse shape 
compatible with 
single particle time 
structure

● Effects of electronics 
ruled out in lab 
measurements

shower front

AugerPrime measurements

Simulation
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Candidate selection

candidatesbackground

● Pulses 5 μs after the shower signal
are considered candidatescandidates

● BackgroundBackground from the EM/μ component of 
the shower is dependent on E, θ, r and Spulse

● Around 1 – 20% of pulses from 
electromagnetic and muonic components 
(simulations)(simulations)

● Pulses found before shower signal 
(t < tstart), are backgroundbackground,  unrelated to the 
shower

AugerPrime measurements
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Pulse rates I

● More than 6 pulses per trace 
possible at highest energies

● Saturation of baseline limits current 
analysis

● Zenith angle and energy 
dependence of pulse rate

saturationsaturation

AugerPrime measurementsAugerPrime measurements
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Pulse rates II
saturation● Normalization of pulse rate to

● detector size
● observable time window
● shower energy

● Near linear scaling with energy

● Increasing number of neutrons 
with energy & reduced 
attenuation lead to almost linear 
energy scaling @ 850 g/cm2

arXiv:2406.11702

AugerPrime measurements

https://arxiv.org/abs/2406.11702
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Azimuthal distribution

● Azimuthal asymmetry expected, 
depending on shower zenith angle and 
distance to shower axis

● Relative amplitude of the 
asymmetry larger for more inclined 
showers

AugerPrime measurements
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Pulse spectrum I

AugerPrime measurementsSimulations from A. Ferrari; arXiv:2406.11702

https://arxiv.org/abs/2406.11702
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Pulse spectrum II

AugerPrime measurementsSimulations from A. Ferrari; arXiv:2406.11702

https://arxiv.org/abs/2406.11702
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● Use several input spectra (Power law, 
Broken Power Law, etc.)

● G = 2 Σ yi – ni  + ni  ln(ni / yi)   (G-Test)

14.11.202412

Forward-folding neutron energy spectrum

average angle of isotropic 
distribution projected on a plane

Simulation

AugerPrime measurements
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Forward-folding neutron energy spectrum
● Use several input spectra (Power law, 
Broken Power Law, etc.)

● G = 2 Σ yi – ni  + ni  ln(ni / yi)   (G-Test)

● Sensitive on the shape of energy spectrum

average angle of isotropic 
distribution projected on a plane

Simulation

AugerPrime measurements



T. Schulz: Subluminal pulses in the Surface-Scintillator detectors of AugerPrime14.11.202414

Forward-folding neutron energy spectrum
● Use several input spectra (Power law, 
Broken Power Law, etc.)

● G = 2 Σ yi – ni  + ni  ln(ni / yi)   (G-Test)

● Sensitive on the shape of energy spectrum

average angle of isotropic 
distribution projected on a plane

Simulation

AugerPrime measurements
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Forward-folding neutron energy spectrum
● Use several input spectra (Power law, 
Broken Power Law, etc.)

● G = 2 Σ yi – ni  + ni  ln(ni / yi)   (G-Test)

● Sensitive on the shape of energy spectrum

average angle of isotropic 
distribution projected on a plane

Simulations from A. Ferrari; arXiv:2406.11702

AugerPrime measurements

https://arxiv.org/abs/2406.11702
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Summary
● Measurement of subluminal pulses with 
the SSDs of AugerPrime 

● Observed pulse rate exceeding 
expectations from background

● Pulse spectrum hardening with distance

● Sensitivity to shape of neutron energy spectrum

WCD

SSD

saturation
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Backup: Time threshold

● Time t100 when 100% of the signal in 
a trace is reached in simulations

● EM / MU signal of most showers 
contained within 4 – 5 μs

● Probability p     of how often t100  is 
larger than 5 μs

● Background contribution which is 
dependent on E, θ, r, etc.
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Backup: Electronics Board

● Undershoot from board visible, 
however no peak / pulse structures 
present

● SPE around 0.05 MIPcharge



T. Schulz: Subluminal pulses in the Surface-Scintillator detectors of AugerPrime14.11.202420

Backup: Azimuthal distribution

● f(Φ) = D + A cos Φ ● Increase of relative amplitude (A/D) 
with zenith angle as expected
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Backup: Pulse spectra I
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Backup: Pulse spectra II
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Backup: Pulse spectra III
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Backup: Detector-response simulations
● Dedicated detector response simulations

● Neutrons pulses have broad signal range

● Increased detection probability at large 
Eneutron due to WCD back-scattering
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Backup: Impact of angular distribution & quenching

● Strong dependence on zenith angle ● Minor dependence on quenching


