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Cosmic Rays

3© Lorenzo Caccianiga



Topic MU-MRU

• Modern, modular re-implementation in C++ (see https://gitlab.iap.kit.edu/AirShowerPhysics)


• True community effort (support letters from 17 collaborations), led & coordinated by KIT

CORSIKA 8 – the next-generation simulation framework

4

Status of the project:


• Updated models for hadronic & electromagnetic 
interactions to state of the art


• Added new use cases, such as cross-media showers 
and radio emission


• Many recent improvements (e.g. Cherenkov-light calculation, 
photohadronic int., photo-effect, multiple scattering, thinning, FLUKA, …)


• Extensive validation against CORSIKA 7 (found bugs in C7 …)


• First “physics-complete” release planned in 2023

The work horse for air shower simulations (25 yrs!) is receiving an overhaul

Karlsruhe workshop, June 2023

https://gitlab.iap.kit.edu/AirShowerPhysics
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AugerPrime
The upgrade (= phase II) of the Pierre Auger Observatory

5

TeVPA 2022, Kingston (ON, Canada), August 2022Fred Sarazin (fsarazin@mines.edu)
Physics Department, Colorado School of Mines

AugerPrime (Phase II): the upgrade of the Pierre Auger Observatory

PHASE I: (ended in 2021)
• Exposure: 80,000 km2.sr.yr (q<60º)

PHASE II (8 years of operation starting 2022/23):
• Projected exposure: 40,000 km2.sr.yr (q<60º)
• Use the SD (100% duty factor) more effectively 

for mass composition information on an event by 
event basis

PHASE II detector upgrade:
• Two detector additions to every SD stations:

• Scintillator detector (SSD) - q<60º
• Radio antenna – q>60º

• Plus: 
• New electronics
• Small PMT (1’’ diameter) to increase the 

dynamic range of each WCD
• Buried muon counters in the in-fill array

radio
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Water Cherenkov Detectors enhanced by

• Surface Scintillation Detector (SSD, <60°)

• Radio antenna (RD, inclined showers >60°)

• Small PMTs to increase dynamic range

• New electronics (faster, more channels)

Plus:

• Underground muon counting array

• Increased duty cycle of Fluorescence Detectors

Key goal: Event-by event primary mass information

• Composition-enhanced anisotropy studies

• Improved test of hadronic interactions
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AugerPrime
Goal for Phase II: 8 years of operation starting in 2022/23

6

Status MU Days 2021 Status MU Days 2022 Status MU Days 2023

‣ 1436 stations with surface scintillators installed

‣ 1529 stations equipped with new electronics

‣ 40 radio antennas deployed
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The cosmic-ray energy spectrum

7

TeVPA 2022, Kingston (ON, Canada), August 2022Fred Sarazin (fsarazin@mines.edu)
Physics Department, Colorado School of Mines

Energy spectrum
A.Aab et al., PRL 125, 121106 (2020)

A.Aab et al., PRD 102, 062005 (2020)
A.Aab et al., Eur. Phys. J. C81 (2021)

V.Novotny for the Pierre Auger Coll., ICRC 2021, #324

• Limited normalization 
between measurement 
methods [-2%,+7%]

• Spectrum features
• 2nd knee
• Ankle
• Instep
• Flux suppression

• Very small declination 
dependency consistent with 
measured dipole anisotropy

• What can we learn from 
the shape of the spectrum?

2nd knee

Ankle

Instep

Toes
Flux suppressionCombined fit

Contributions to total exposure at 1019eV:
• SD 1500m vertical 74.8%
• SD 1500m horizontal 21.6%
• SD 750m 0.1%
• Hybrid 3.4%
• Cherenkov 0%

Energy scale uncertainty: 14%

• 2nd knee

• Ankle 

• Instep (new!)

• Flux suppression


… revealing new features:

A. Aab et al., PRL 125, 121106 (2020) 

A. Aab et al., PRD 102, 062005 (2020) 

A. Aab et al., Eur. Phys. J. C81 (2021)

V. Novotny for the Pierre Auger Coll., ICRC 2021, #324

‣ AugerPrime (Phase II) will have TA-like detectors (SSDs) to mimic their detector response. 

‣ Cross-check of energy estimates possible.
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Combined energy spectrum and mass composition
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JCAP05(2023)024

�E/‡syst ≠1 0 +1

LE HE LE HE LE HE

L0/(erg Mpc≠3 yr≠1) * 7.9◊1044 3.7◊1044 11.5◊1044 4.9◊1044 16.1◊1044 6.1◊1044

“ 3.47 ± 0.03 ≠1.82 ± 0.11 3.47 ± 0.03 ≠1.92 ± 0.13 3.45 ± 0.03 ≠1.79 ± 0.14

log10(Rcut/V) >19.2 18.12 ± 0.01 >19.3 18.15 ± 0.01 > 19.3 18.19 ± 0.02

IH (%) 48.2 0.0 49.6 0.0 51.6 0.0

IHe (%) 14.2 25.7 10.3 21.3 7.2 16.4

IN (%) 37.6 71.2 40.1 74.3 41.3 75.4

ISi (%) 0.0 0.0 0.0 0.3 0.0 4.0

IFe (%) 0.0 3.1 0.0 4.1 0.0 4.2

a ≠0.59 ± 0.09 ≠0.20 ± 0.09 0.08 ± 0.09

b 0.9 ± 0.3 0.9 ± 0.3 1.2 ± 0.3

DJ (NJ) 47.0 (24) 38.7 (24) 70.5 (24)

DXmax
(NXmax

) 507.2 (329) 499.8 (329) 493.4 (329)

D (N) 554.1 (353) 558.6 (353) 563.9 (353)
* from Emin = 1017.8 eV.

Table 2. The estimated best fit parameters obtained when introducing the nuisance parameters a

and b and considering the energy scale uncertainty e�ect with shifts of one standard deviation in each
direction.

Figure 9. Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right:
the e�ect on the relative abundances at the top of the atmosphere. The bands represent the variations
induced by considering the configurations in table 2. The shaded grey area indicates the energy region
where energy-by-energy estimates of the mass composition are not available (i.e. above the median of
the highest energy bin used for Xmax data) and mass predictions are mainly based on the shape of
the all-particle spectrum.

– 17 –

Auger Coll., JCAP 05 (2023) 024

What is the origin of ultra-high-energy cosmic rays?

‣ AugerPrime (Phase II) will have event-by-event primary mass information to help identify 
spectral features of different mass groups.

Extension of previous work 
to below the ankle. 
A. Aab et al., PRL 125, 121106 (2020) 

E. Guido for the Pierre Auger Collaboration, ICRC2021 #311 

• Chance of significant proton fraction 
at highest energy appears dim.


• Similar work also including  
anisotropy under development.
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Gamma-ray Astronomy

© DESY/H.E.S.S., Science Communication Lab 

Gamma-ray Astronomy

9
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Gamma-ray Astronomy

© DESY/H.E.S.S., Science Communication Lab 

Gamma-ray Astronomy
Discovery of a radiation component from the Vela pulsar reaching 20 TeV

10

The Vela Pulsar, the 
brightest radio and 
GeV persistent source, 
holds a new record:


the first pulsar 
detected at 20 TeV 
with the H.E.S.S. 
telescopes
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• The first proof of pulsed inverse Compton 
component in the TeV regime


• One of the hardest spectra detected in TeV range, 
powered by particles with Lorentz factors 
Γ > 4 x 107


• The high energy requires emission regions beyond 
the pulsar magnetosphere! 
… but still keeping the light curve coherence: 
extended gaps or relativistic wind?


• Leads way towards a new understanding of 
pulsars

Discovery of a radiation component from the Vela pulsar reaching 20 TeV

Gamma-ray Astronomy

H. E. S. S. Collaboration et al., Nature Astronomy, to appear 21.09.2023
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CTA: The future global open observatory

Gamma-ray Astronomy

• Science Data Management Center at DESY ready by Q3 2024


• Will host data and software services, user support and data 
access of CTAO

• CTAO construction start imminent

• Northern array in La Palma, Southern array in Paranal
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Ultraviolet Transient Astronomy Satellite
Key science goals: hot explosive transients*

• Large 200 deg2 field of 
view


• Transients published 
within < 30 min


• UV sensitivity 1.5 x 10-3 
ph/cm2 s (900s, 5σ), 
limiting magnitude 
m=22.4


• UV camera by DESY


• In orbit for O5 GW 
science run (2026-27)

Transients detection rates of leading surveys:

* Merging neutron stars, supernovae, GRBs, TDEs, AGN, etc etc

Radiation test beam of UV sensor:
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Neutrino Astronomy

14© IceCube Collaboration
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IceCube Collaboration, Science 378 (2022) 538

• IceCube detects neutrino emission from 
nearby (d~43 mio. lightyears) active galaxy 
NGC 1068 (M77)


• Analysis of 10-year data set yields excess of  
79+22 -20 neutrinos at TeV energies (4.2σ)


• Properties different from previously detected 
(flaring) AGN TXS 0506+056 
➜ distinct source classes?
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IceCube Collaboration, Science 380 (2023) 1338

• 60,000 neutrinos from 10 years of data


• Highly pure cascade event sample


• Advanced machine-learning reconstruction
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Milky Way in electromagnetic radiation … and in neutrinos!

17
IceCube Collaboration, Science 380 (2023) 1338
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• Seven new, densely instrumented strings inside the 
DeepCore volume


‣ Main sensor (mDOM) produced in a  
collaboration of German Universities with 
DESY and KIT  


• Surface Array Enhancement 

‣ Plan 30 stations: each 8 scintillation detectors, 

3 radio antennas and hybrid DAQ


‣ Station 0 is at the Pole, taking valuable data; 
6 more stations at Madison, ready for deployment; 
5 stations assembled in summer 2023


• Covid-Delays: 5y-project (2019) → 8 years; 
drilling/deployment season 2025/26  

IceCube Upgrade
Turning IceCube into a GeV neutrino detector

18
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Radio detection of neutrinos
RNO-G under construction

19

• A “small” project (for astroparticle physics): < 70 authors


• At least a factor of 10 improvement over existing experiments 
targeting EeV neutrinos


• Lead institutions: DESY, Penn State, Chicago, Brussels


Funding news:

• ERC Starting Grant for Anna Nelles (DESY, 2023 - 2028)


• US: NSF funding secured for remaining installation seasons


Experiment progress:

• Due to part shortages: 2023 calibration and maintenance 

season, no new stations

• On-going glaciological studies and reconstruction methodology


• Installation seasons on schedule for 2024, 2025, 2026 to 
complete array

Melting probe in field 2023 to study refractive index

2023 Ground penetrating radar for antenna positioning



Topic MU-MRU

KATRIN

20© KATRIN Collaboration
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Direct neutrino-mass measurement at endpoint of tritium β-spectrum

Karlsruhe Tritium Neutrino experiment (KATRIN)

Now: best direct bound from runs 1 & 2 
, Nat. Phys. 18 (2022) 160𝑚𝜈 < 0.8 eV (90% CL)

Soon: Combination of runs 1-5 
(20% of expected total data) 

with sensitivity ~0.5 eV

Data-taking: approaching 
100 million β-electrons
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Physics program beyond the neutrino mass

Karlsruhe Tritium Neutrino experiment (KATRIN)

see parallel talk 
C. Fengler

𝜉𝛽  𝑏′￼β

𝜉𝛽,  𝜉𝑁  𝑏′￼𝑁
Many analyses under way: 
- search for light extra bosons

- non-standard neutrino interactions

- update on local neutrino overdensities

- update on eV-scale sterile neutrino search, … 

preliminary

sin2(2θ14)
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Karlsruhe Tritium Neutrino experiment (KATRIN)
Kinematics-based search for sterile neutrinos: eV to keV masses

Leading direct bounds on 
eV- and keV-scale steriles 
from KATRIN

KATRIN commissioning run

EPJ C 83 (2023) 763

Detector upgrade “TRISTAN”: ~1500-pix Silicon Drift Detector array 
prepared for beamline installation in 2026 → probe keV sterile ν at ppm mixing

14 

KATRIN search for keV sterile neutrinos 
● TRISTAN project in KATRIN:

– novel multi-pixel Silicon Drift Detector array 

– large count rates

– excellent energy resolution

– Prototypes installed as monitoring devices @ KATRIN

– Target sensitivity: 

segmented Si-PIN wafer

S. Mertens et al., J.Phys.G 46 (2019) 6, 065203; T. Brunst et al.,JINST 14 (2019) 11, P11013, T. Houdy et al.,J. Phys.:C.Ser. 1468 (2020) 012177 

sin
2θ<10−6

KATRIN with 
TRISTAN
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Anniversary: 30 years of TLK

24

neutrino physics 
with tritium novel source 

technologies

tritium 
interactions

fusion fuel 
cycle 

& blanket

tritium 
processing 
& analytics tritium in 

industry
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© H. Schulze-Eißing, XENON Collaboration

Dark Matter Search
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Physics harvest phase of detectors using ~10 tons of liquid xenon
➜  preparing for 40+ ton scale with DARWIN/XLZD

➜ See talk by Marc 
Schumann (Friday)

XENONnT:

• First blinded WIMP dark 

matter search (SR0) 
with 1.1 t × yr exposure


• More data acquired with 
further reduced back-
ground through improved 
radon distillation  
➜ analysis in progress 

PRL 131 (2023) 041003
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R&D for large high-voltage electrodes

27

Field simulations show that 
welding effects are local

Automated search for mesh 
defect using machine learning 

Laser welding (KIT-TEC) allows to construct mesh electrodes of large size
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R&D for large high-voltage electrodes

• Study of type of discharge: bubble streamers, cosmic 
rays, …


• Continuous monitoring of supplied current, 
purity of the xenon and thermodynamical parameters


• Camera + photosensors and liquid level control: 
fully functional dual-phase TPC 


• Design for cryostat and gas systems completed, 
detector design on-going 

Setup for high-voltage tests in liquid xenon
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Theory

29
image found on wallpapersafari.com

http://wallpapersafari.com
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Neutrino mass — terrestrial vs. cosmological bounds

30

Determination of neutrino mass ordering from 
cosmology & oscillation / cosmo tension:

How to make „large“ neutrino mass (within KATRIN 
sensitivity) consistent with cosmology?

Gariazzo et al., JCAP (2022) [2205.02195]  
Gariazzo, Mena, Schwetz, Phys. Dark Univ. (2023) [2302.14159] 

Escudero, Schwetz, Terol-Calvo, 
JHEP (2023) [2211.01729] 
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Dark Matter and Axions

31

5

FIG. 1. Allowed parameter space for DM freeze-in through LFV decays. The decay constant fa (top x-axis) is determined
by requiring that the DM abundance today is produced through freeze-in (see Sec. II B for details), once the ALP mass ma

(bottom x-axis) and the remaining parameter ↵ or X (y-axis) is fixed (we choose the reference values ↵ = 0 and X = �2). The
dark blue shaded, blue shaded and gray shaded regions are excluded by the DM lifetime, CMB and X-ray constraints
on decaying DM, respectively. The reach of future X-rays searches is shown by dashed orange lines (see Appendix A).
Conservative (stringent) constraints on WDM requiring mWDM & 3.5(5.3) keV are recasted following Refs. [58, 77, 78] and
shown as dotted-dashed (dashed) gray lines. The present bound from searches for µ ! ea (90% CL) are shown as green
shaded regions, while the prospects for future proposed searches at MEG II [5] and Mu3e [2, 15] are shown as dashed
green lines. Left: In the µe-scenario of Eq. (3) flavor-diagonal couplings are suppressed by small ↵, thus relaxing the X-rays
constraints. Future X-ray searches will probe most of parameter space down to ↵ ⇠ 10�3. The present bound on the LFV
right-handed coupling of the ALP to muons [79] sets already a strong lower bound on the ALP mass, and proposed searches at
MEG II and Mu3e will probe almost the entire allowed parameter space independent of ↵. Right: In the PMNS scenario of
Eq. (4) the PQ charge X is taken as a free parameter. The WDM bounds assume that DM is produced solely from ⌧ -decays.
The present bound on LFV left-handed couplings [80] is too weak to appear in the plot, while future proposed searches at MEG
II [5] will be able to probe a large amount of parameter space, except a very fine-tuned region around X ⇡ 2.4. The reach of
Mu3e for left-handed ALP couplings assumes that new calibration methods will be implemented in order to reduce systematic
uncertainties (see Ref. [2] for a discussion).

tion in the mass range of interest and can be taken to be
zero for all the experimental purposes. From Eq. (10),
we conclude that the expected reach would be able to
probe axion masses up to 100 keV. The remaining param-
eter space for axion mass between 100 keV and 1 MeV
requires extreme hierarchies between the flavor-diagonal
and LFV axion coupling as shown by Eq. (17).

We summarize our results in Fig. 1, which shows the
allowed parameter space in the µe- and PMNS scenarios.
The axion decay constant fa has been fixed to repro-
duce the observed relic density, solving the Boltzmann
equation numerically (the results are in very good agree-
ment with the analytical approximations in Eq. (10)).
For small values of ↵, the required value of fa is essen-
tially independent of ↵ and shown in the upper axis in
the left panel. In the PMNS scenario the rotation angles
are large, so that a su�cient suppression of the decay

rate to photons can be obtained only in a tiny fine-tuned
region of parameter space where X ⇡ 2.6, leading to an
accidental cancellation in the axion-photon couplings.

Finally we comment on other two-flavor cases where
the LFV axion is coupled solely to taus and muons or
taus and electrons. In the ⌧µ-scenario the suppression
of the photon coupling by the muon mass is su�cient in
order to allow for diagonal couplings of the same order of
the LFV ones, giving a largely unconstrained parameter
space. However, the expected sensitivity from searches
for LFV tau decays into axions at Belle-II only probes
decay constants fa/C⌧µ up to 108 GeV [2, 81–83], which
is unfortunately more than an order of magnitude too
low to probe axion freeze-in (for prospects at a future
muon collider see Ref. [84]). This leaves only future X-ray
telescopes to probe this scenario. The ⌧e-scenario is very
similar to the µe-scenario, except that the WDM bound

Panci et al. 
(2023)

Search for scalar induced gravitational waves 
in the International Pulsar Timing Array Data 
Release 2 and NANOgrav 12.5 years dataset  
[Dandoy, Domcke, Rompineve, 2302.07901] 
 

Axion Dark Matter from lepton flavor-violating 
decays: testing the DM production 
mechanism with LFV experiments  
[Panci, Redigolo, Schwetz, Ziegler, 
Phys. Lett. B 841 (2023) 137919]

see parallel talk 
V. Dandoy
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Interpretation of UHECR data
Is the long-standing discrepancy between PAO and TA data an astrophysical or a systematic effect? 

32
Plotko, van Vliet, Rodrigues, Winter, Astrophys. J. 953 (2023) 2, 129

Special energy-dependent systematics               vs.           Local astrophysical source (D < 23 Mpc)
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Multi-messenger mission from Tidal Disruption Events

33

Reusch, Kowalski, Winter, et al., PRL 128 (2022) 22 Winter, Lunardini, Astrophys. J. 948 (2023) 1, 42 / Model M-OVU

Model computations in support of an 
experimental discovery paper for AT2019fdr:

Comparison of neutrino emission from three TDEs:

Simeon Reusch 
@ ECRS 2022

OUV

X-ray

AT2019dsg AT2019fdr AT2019aalc

pp
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Gravitational Wave Astronomy

34Visualization of two merging black holes emitting gravitational waves, Max Planck Institute for Gravitational Physics
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• Discovery potential: GW experiments on ground and in space require more 
accurate waveform models: new theoretical challenges and opportunities.

• Transfer of methods from collider physics to GW science  
ERC project R. Porto: “LHC to LISA and ET”

Best fit with 
Numerical 
Relativity  
to date!

Gravitational Wave Astronomy

35
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• Cryogenic design for cooling mirrors

• Novel He II cooling; different ET interferometer designs


• Seismic evaluation of candidate sites

• Coordination of seismic measurements in Lusatia

• Lead author of ET site comparison paper

• Funding support by DZA starting June 2023


• ETpathfinder vacuum system slow control

• Design of slow control based on KATRIN experience

• Setup of vacuum pumps at KIT for tests


• Multi-messenger analysis GW data and IceCube


• Gitlab mirror of global GW network

46

At KIT: several institutes


ITTR/IBPT, IGP, ITEP, 

ETP, IAP, SCC

Gravitational Wave Astronomy
Towards the Einstein Telescope

Cooperation with 
EU Interreg project 

ETpathfinder (Maastricht)

36
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German Center for Astrophysics (DZA)

PROJECT PHASE (2023-2026):


Project funding by BMBF through TU Dresden and DESY/
Zeuthen


⇒ If site good, then enter the bid for ET site


⇒ Low Seismic Lab for diverse (GW and also EM astronomy 
related) research


first hires (5 profs, 60 staff and support) 

"FULL FUNDING“ PHASE (2026 ONGOING):


Buildings and underground lab construction, full ramp-up of 
personnel and research & science


• DZA will conduct technology development for 
gravitational wave astronomy and in particular for ET
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M. Ackermann
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A. Haungs

T. Huege
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M. Pohl
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R. Porto

M. Roth

M. Schlösser

Th. Schwetz

W. Schubotz

M. Steidl

A. Taylor

W. Winter

Thank You!

This presentation was built with 
input from many people, including:

Find out more in the talks … and posters!

A. Elykov
F. Toschi

F. Pompa

S. Untereiner
V. Wu

T. Mukherjee

F. Ellwanger

Ch. Schäfer

S. Hahn
N. Kovac

M. Venugopal

N. Karasthatis
Th. Thümmler

J. Saffer

L. Hasselmann

L. Busch

L. Gülzow

S. Balan

P. Plotko

S. Mohanty

J. Köhler

R. Größle


