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Figure 4: The average depth of shower maximum Xmax, as a function of primary particle energy. The annotated numbers
indicate the number of showers in each bin, and the error margins indicate the uncertainty on the mean of the Xmax distribution.
The upper lines indicate the mean values expected for protons, from simulations with QGSJetII-04 (solid), EPOS-LHC (dashed)
and Sibyll-2.3d (dotted). The lower lines show the mean predicted values for iron nuclei. For comparison, results from Pierre
Auger, Yakutsk, Tunka, HiRes/Mia, and TALE are included.

For comparison, results are included from Pierre Auger [28], HiRes [29], Tunka [30], and Yakutsk [31].
We also include recent results from TALE [32], noting that their method to infer a bias-corrected hXmaxi is
di↵erent and assumes the EPOS-LHC hadronic interaction model.

The di↵erences with respect to the earlier LOFAR results [7] can be explained through statistical fluctu-
ations, and from the revised treatment of systematic e↵ects including the atmosphere and the radio-derived
energy scale.

The averageXmax agrees reasonably well with the other experiments such as Tunka, Yakutsk, HiRes/Mia,
and TALE, especially for lgE > 17.2. However, the results from the Pierre Auger Observatory, which is
the largest experiment, are significantly higher starting at the bin around lgE = 17.325. Their statistical
uncertainty is smaller than the plotted symbols, arising from a high number of showers (1000 to 2600) per
bin. Systematic uncertainties on Xmax in this energy range are about 11 g/cm2 for Auger [28], and about
7 g/cm2 for LOFAR. Additionally, there is a systematic uncertainty in energy, which for LOFAR is about
0.057 in lgE. As explained in Sect. 5.2, such a shift in energy would lead to a shift in hXmaxi of about
3 g/cm2 due to the natural trend of hXmaxi with energy (i.e. the elongation rate).

Therefore, most of the discrepancy is explainable within systematic and statistical uncertainties. How-
ever, there is a notable di↵erence in methodology to measure Xmax, direct fluorescence detection versus
radio detection with Corsika/CoREAS simulations.

In Fig. 6, we show the standard deviation in each bin, along with its uncertainty. To calculate these, as
an estimator �̂ of the underlying Xmax distribution’s standard deviation, we subtract the variance caused
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LORA upgrade
1.5 km

Existing scintillator

LOFAR Superterp

Standard operation 
 Keep trigger rate ~ 1/hour 

  
(12/20 scintillators)
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LORA upgrade
1.5 km1.5 km

Existing scintillator
New scintillator
LOFAR Superterp
LOFAR Core station
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NEW operation 
 Keep trigger rate ~ 1/hour 

  
(12/20 scintillators)
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Particle + Radio Triggering

Hybrid Trigger

RFI rejection 

Reduced bias

Cosmic ray 

Good signal
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What if we want to bring the 
trigger condition WAY down?
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Monitor TBB level signal

Hybrid Trigger
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Particle + Radio Triggering
RFI rejection 

Reduced bias

Cosmic ray 

Good signal
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Beyond Xmax

Changing R: asymmetry Changing L: width

Can we probe this with LOFAR 2.0?
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LOFAR 2.0
30-80 MHz

50-350 MHz

• Continuous observation 

• Simultaneous observation with 
low + high band antennas

23

Beyond Xmax
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30-80 MHz

50-350 MHz

Beyond Xmax

E=1017eV 
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Free parameters: energy and core position

Traditional event 
analysis

Beyond Xmax
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Beyond Xmax

110 simulated showers with same Xmax (within +/-0.5 g/cm2), 
different L, 50-100 MHz

Can we measure this?
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Beyond Xmax

Can we measure this?
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Simulation challenges

~ 40 simulations 
 / event

How do we scale this up to handle 10x the events and 
many times more needed for LR analysis?
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Simulation challenges

Template synthesis method

M. Desmet, in prep
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Simulation challenges
Waveform interpolation

A. Corstanje, in prep
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Simulation challenges

• Interpolation algorithm to reconstruct the 
full pulse time series at any position in 
the radio footprint


A. Corstanje, in prep

Waveform interpolation
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LOFAR 2.0

• Continuous observation: x10 events 
• Simultaneous LBA + HBA 
• Increased energy range 
• Shower reconstruction beyond Xmax 

Plenty of new cosmic-ray science to 
do with LOFAR 2.0!
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Backup 
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Shower imaging

Schoorlemmer et al Eur. Phys. J. C 2021
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Beyond Xmax

LOFAR event
• LOFAR data: First hint of radio 

reconstruction of L! for given Xmax, fit 
quality depends on L


• L-Xmax fit possible with LOFAR? 
LBA+HBA bandwidth would help!


• Important factors: 

• core fit precision (extended 

bandwidth helps)

• homogeneous coverage (more 

events help)

P. Mitra, VUB thesis 2021
Very promising analysis for LOFAR 2.0
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Galactic: SNR ? Extragalactic: AGN ?

Emax ∝ Z e B r  

EFe, max= 26 x Ep,max

IceCube Masterclass

Where do cosmic rays come from?

energy +  
composition
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