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Ultra-High-Energy Cosmic Rays 
(UHECRs)
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4Cosmic ray sources are uncertain.

～10-3 km-2 yr-1 (E > 1020 eV)

Ultra-High-Energy Cosmic Rays
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=

confine• Magnetic fields of the sources confine 
cosmic ray particles up to the energies



Arrival Directions

6
ICRR seminar 
2015 Kawata



UHECR Proton Interactions 
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SOPHIA

Allard 2006

Small energy loss length < 100 Mpc
at the highest energies
→ Sources are limited in the local universe.



UHECR Nuclei Interactions 
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Allard 2006

Small energy loss length < 100 Mpc
at the highest energies
→ Sources are limited in the local universe.

Batista+ 2016

Typical photon energy of Gian Dipole 
Resonance (GDR) peak in the nucleon 
rest frame is < 30-50 MeV. 

with CMB



• Cosmic ray sources are uncertain
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Observation of UHECRs
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FD station

SD array

28km

TALE

SD array

Surface Detector

(SD)

Fluorescence Detector

(FD) station

1.2 km spacing

～700 km2

507 SDs

12 telescopes

TA Detectors

Full operation from May 2008
Utah, USA

Latitude 39.30°N
Longitude 112.91°W
Height: 1382 m • Largest cosmic-ray 

observatory in the 

northern hemisphere

• Hybrid observation by 

SD and FD



Event Reconstructions with SDs

• Timing fit→Shower Geometry 
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• Lateral distribution fit →S(800)→Energy from MC

→ rescale to calorimetrically measured EFD using 

SD and FD hybrid events

Sec(Θ)

800m

S(800): energy depositions which are converted in VEM unit.

Log10(S(800))
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S. Ogio, 
ICRC2019
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1.5 km spacing 1600 SDs: cover ～3000 km2

4 FD sites
Operation in a stable mode from 2004

TeVPA2019 Dawson



Recent Results
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Energy Spectrum with TA SD

18D. Ivanov, ICRC2019

TA SD 9年間のデータTA SD 11 years data

Fit to broken power law

Log (E (eV)) Ankle
= 18.69 ± 0.01

Log (E (eV)) E2

= 19.81 ± 0.03

Suppression at the highest energies
were established by TA and Auger



19
D. Ivanov, ICRC2019

Combined Energy Spectrum with TALE FD Mono

Log (E (eV)) 
= 16.22 ± 0.02

Knee

Log (E (eV))
Second knee 
= 17.04 ± 0.04

Log (E (eV))
Ankle 
= 18.69 ± 0.01

Log (E (eV))
Cutoff 
= 19.81 ± 0.03

Knee: acceleration limit of protons of 
galactic sources such as SNRs?
Second Knee: acceleration limit of irons?

TA can cover wide energy range 
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Auger Energy Spectrum
TeVPA2019 Dawson



D. Ivanov, ICRC2019

Declination Dependence of
Energy Spectrum

• Difference of the cutoff energies of energy spectra 

– log(E/eV) = 19.64 ± 0.04 for lower dec. band (-16° - 24.8 °)

– log(E/eV) = 19.84 ± 0.02 for higher dec. band (24.8 ° - 90 °)

• The global significance of the difference was estimated to be 4.3σ

TA SD data

Common region with Auger



Composition Analysis with TA SDFD Hybrid Xmax

• Energy Range: 1018.2 eV – 1019.1 eV
• 3560 events after the quality cuts
• Systematic uncertainty of <Xmax>: ± 17 g/cm2

• QGSjetII-04 interaction model was compared with the data
→ agreement with light composition

• More events are needed to study highest energies

W. Hanlon, ICRC2019 10 years SD and FD hybrid data
Mean Xmax σ (Xmax)
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Composition Analysis with TALE FD Mono Xmax

• Jun. 2014 – Nov. 2018  TALE FD mono data
• Energy Range: 1015.3 eV – 1018.3 eV
• Break point log (E/eV) = 17.23 ± 0.05 

T. Abu-Zayyad, ICRC2019
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This result is expected to 
show the transition from 
galactic CRs to 
extragalactic CRs
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TeVPA2019 Dawson

This result is expected to show the 
transition of compositions of 
extragalactic CRs at the highest energies.



TA hotspot in the arrival directions of 
cosmic rays with E > 57 EeV
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Preliminary

K. Kawata, ICRC2019

Equatorial Coordinate

Significance map from isotropy expectation

TA SD 11 years data



TA hotspot in the arrival directions of 
cosmic rays with E > 57 EeV
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Preliminary

K. Kawata, ICRC2019

Equatorial Coordinate

Significance map from isotropy expectationEvents within hotspot circle

Consistent with the linear increase within ~1s

The cumulative events inside the hotspot circle (25o-radius cirlce) defined by the 11-year. 
The increase rate of the events inside the hotspot circle:

Preliminary

Anisotropy in the arrival directions was not discovered before in this energy region.
This result would be the implication of the anisotropy.



27Galactic coordinate

TeVPA2019 Dawson

Auger intermediate-scale anisotropy

Cen A (3FHL catalog): 
Gal. latitude: 309.5 deg.
Gal. longitude: 19.4 deg.
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TeVPA2019 Dawson

Auger intermediate-scale anisotropy



TeVPA2019 Dawson

Auger large-scale anisotropy

Dipole E > 8 EeV was discovered at > 5.2σ significance level in 2017
Energy dependence was also discovered at 5.1σ significance in 2019
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Anisotropy is expected to be come from nearby extragalactic sources by comparing 
with the distribution of nearby galaxies.



Summary

• Energy Spectrum

– TA: Declination dependence was claimed at 4.3σ in the energy spectrum

– Auger: New flattening feature was found in the spectral shape at the highest energies

• Composition

– TA SD and FD hybrid: consistent with light composition with log (E/eV) > 18.2  and log (E/eV) < 19.1 

– Auger: composition becoming lighter up to 2 1018 eV and heavier than this energy

• Intermediate-scale anisotropy

– TA: 2.9σ hotspot, oversampling radius: 25°E > 57 EeV

– Auger: 4.5σ correlation with starburst galaxies, oversampling radius: 15°E>38 EeV

• Large-scale anisotropy

– Auger: dipole was detected in >5.2σ, E>8 EeV in 2017

• Implications of anisotropy are showing up from both TA and Auger at the highest energies.
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Ongoing Upgrades
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To study more about the highest energies and 
examine the implications obtained by TA

500 new SDs with 2.08 km spacing

E > 57 EeV: 

• Reconstruction efficiency > 95% 

• Angular resolution: 2.2°

• Energy resolution: ～25% 

and TA SDs cover
4×TA SD detection area (~3000 km2)

2 new Fluorescence Detector (FD) stations       
(4+8 HiRes Telescopes)

Spacing: 1.2 km

The TAx4 experiment

ICRC2019
Kido



TA SD

TAx4 north FD

TAx4 south FD

TAx4 SD

Deployed SDs and 

Communication Towers

• More than half of SDs (257 
SDs) were deployed on 19 
Feb. – 12 Mar. 2019.

• Locations of SDs were 
decided to optimize hybrid 
events above 10 EeV and 
consider practical conditions 
of wireless communications

→ ～3×TA SDFD equivalent 
hybrid events will be collected



Construction of TAx4 SDs
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https://www.flickr.com/photos/14288
0279@N06/albums/72157689940402
503

Deployment of Assembled SDs

Helicopter for the
transportation of SDs
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Design of SDs
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Inside of the scintillator box

• 2 layers 3 m2  1.2 cm thick plastic scintillators

→ Calibration of signals using single muons

• DAQ with 2.4 GHz wireless communication

PMT and arrangement of WLF fibers (33% of TA SDs) was

changed from TA SD for the cost reduction

Single peak: 21 p.e. in average (～ TA SDs)

Non-uniformity: < 15 % (～1/2 x TA SDs)

Pulse linearity: 50 mA (～2 x TA SDs)

Solar panel
Planar antenna
for wireless 
communication

Stainless steel box
for the electronics
and a battery

Scintillator box

ICRC2019
Kido



Cosmic Ray Event (E > 57 EeV)
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Y-axis:

Offset which is 

proportional to the 

distance from the 

shower axis was 

added 

We started stable observation

SD: from 2019 Nov. , FD(north): from 2018 Jun. FD(south): from 2020 Sep. 



Hypothesis (10-yr observation from May 2008):
- Total # of events: 157 events

→ 15.7 events/yr
- Hotspot # of events: 36 events

(25o radius circle) 
→ 3.6 events/yr 10-year TA 

Data

Expectation of Hotspot in next 5 years

Expectation (as of May 2025): 12-yr TA + 5-yr TAx2.5 = 
24.5-year TA

- Total # of events:     384 events
- Hotspot # of events: 88 events (25o radius circle)
→ Local Li-Ma Significance: 7.8s

Global Significance: 7.8s − 2s = ~6s

Simple extrapolation
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TeVPA2019 Dawson



Interpretation of the Experimental Data
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2020/10/15 43

Heinz 2019
CRPropa meeting

→ Fit observed energy spectrum and Xmax
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Heinz 2019
CRPropa meeting



45

Heinz 2019
CRPropa meeting
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Sako
JPS meeting 2020

γ = 1, Rcut = 5x1018 V 



PANDORA project

• Tamii san

• 3 facilities
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XSCRC2019 Tamii



Schedule of the Measurements
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JPS2020 Tamii



Target Nuclei
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JPS2020 Tamii

Cross section accuracy:
5-10%
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JPS2020 Tamii
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JPS2020 Tamii

Theoretical models are needed to include the 
experimental data in the simulations of the 
propagation of UHECRs → Kido started to 
compare models with collaborators



Comparison of Photoabsorption Cross Sections 
• T. Inakura et al., PHYSICAL REVIEW C 80, 044301 (2009)

and T. Inakura et al., PHYSICAL REVIEW C 84, 021302(R) (2011).
– Density Functional Theory (DFT) calculation
– σGDR (GDR: Giant Dipole Resonance)
– 12 nuclei (4He 12C 16O 20Ne 24Mg 28Si 32S 36Ar 40Ca 48Ti 52Cr 56Fe)
– 3 interaction models

• SkM* : J. Bartel et al., Nucl. Phys. A 386, 79 (1982).
• SLy4 : E. Chanbanat, P. Bonche, P. Haensel, J. Mayer, and R. Schaeffer, Nucl. Phys. A627, 710 (1997).
• UNEDF1 : M. Kortelainen et al., Phys. Rev. C 85, 024304 (2012).

• TALYS-1.95 https://tendl.web.psi.ch/tendl_2019/talys.html
– Statistical Hauser-Feshbach theory
– σGDR + σQD (QD: Quasi Deuteron)
– Default : 11 nuclei 

(12C 16O 20Ne 24Mg 28Si 32S 36Ar 40Ca 48Ti 52Cr 56Fe)
– Restored (E1-strength function was changed for CRPropa and SimProp) )   

:  5 nuclei  (12C 16O 24Mg 28Si 40Ca)

• Data
– IAEA Photonuclear  Data Library 2019 T. Kawano et al. 
– Table III Recommended Experimental GDR parameters in the certain energy range
– Standard Lorentzian (SLO): 
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https://tendl.web.psi.ch/tendl_2019/talys.html


28Si Photoabsorption Cross Sections

532020/10/15



Comparison of Peak Energies and 
Cross Sections 
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DFT

TALYS
Data



Comparison of Peak Energies and 
Cross Sections 
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DFT

TALYS
Data

• Model dependence of DFT calculation is small for the nuclei with 
large mass numbers.

• Peak energies and cross sections are systematically different 
depending on the models.  



28Si Energy Loss Length of Photodisintegration 
(CMB + IRB(Gilmore+, 2012))

2020/10/15 56

Z = 0



Simulations of Propagation of UHECRs

• γ = 1, Rcut = 5x1018 V 
• Sources are uniformly distributed in comoving volume.
• CRPropa3
• IRB: Gilmore+ 2012
• 1 dimensional propagation
• We replaced the default mean free path tables (TALYS (restored)) 

with other models (TALYS (default), SkM*, SLy4, UNEDF1). 
• We did not change the tables of the branching ratios.

2020/10/15 57



Energy Spectrum from 28Si source

2020/10/15 58

Normalization: total number of events

σ[J]/E[J] statistical fluctuation of the data

Comparison of the simulated spectrum 
with TALYS-1.95 (default) model

10% difference

10% fluctuation



Energy Spectrum from 16O source

2020/10/15 59

Normalization: total number of events

2020/10/15

σ[J]/E[J] statistical fluctuation of the data

Comparison of the simulated spectrum 
with TALYS-1.95 (default) model

10% fluctuation

10% difference



Summary

• Uncertainty of Xmax is the dominant factor for the interpretation 
of the experimental data.

• Model dependence of the photo-nuclear interaction models were 
searched, and especially the uncertainty of the alpha particle 
production ratio was pointed out by Batista+ 2016.

• PANDORA project will start their measurements in the near future. 
• Model dependence of nuclear theories are being studied for the 

implementation of the measurements in the simulation of 
propagation of UHECRs.

• Ongoing update from nuclear theorists 
– Cross sections using DFT calculation will by updated by T. Inakura.
– Cross sections and alpha particle production ratio will be provided using 

AMD calculation by M. Kimura.
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Summary 2
• Intermediate-scale anisotropy

– TA: 2.9σ hotspot, oversampling radius: 25°E > 57 EeV

– Auger: 4.5σ correlation with starburst galaxies, oversampling radius: 15°E>38 EeV

• Large-scale anisotropy

– Auger: dipole was detected in >5.2σ, E>8 EeV in 2017

• Composition

– TA SD and FD hybrid: consistent with light composition with log (E/eV) > 18.2  and log (E/eV) < 19.1 

– Auger: composition becoming lighter up to 2 1018 eV and heavier than this energy

• Energy Spectrum

– TA: Declination dependence was claimed at 4.3σ in the energy spectrum

– Auger: New flattening feature was found in the spectral shape at the highest energies

• TAx4 detectors partially started to run.

– More than half of TAx4 SDs were deployed, and 2 TAx4 FD stations were constructed.

– Data acquisition was started. SD: from Apr. 2019, FD: from Jun. 2018. Cosmic ray events are being collected.

– Prospects

• ～4×TA SD equivalent cosmic ray events with E > 57 EeV will be collected when the full operation is started. 

• ～3×TA SDFD equivalent hybrid events will be collected especially for Xmax at the highest energies when 
the full operation is started.

• AugerPrime detectors also partially started to run. → more composition sensitivity from SDs

• UHECR source are still uncertain.

• More information of UHECR sources will be obtained with upgraded experiments! 61
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