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~500 members  
from 89 institutions

The Pierre Auger CollaborationThe Pierre Auger Collaboration

Collaboration founded in 1995 

Observatory founded in 1999,  
construction completed in 2008


~500 members, 89 institutions
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https://www.auger.org/

November 2019 
14-15 : Scientific Symposium 
            Guided tour to the Observatory 
     16 : Anniversary Celebration

Symposium of 20th Anniversary of Foundation

4

Livestream (watched from Buenos Aires) 

Celebration of 20th Anniversary of Foundation

8

Tour to the field

5
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Workshop where the idea that Auger should be a “hybrid” observatory was born!
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The Pierre Auger Observatory

Water-Cherenkov 
detector 
10 m2 , 1.2 m deep 

3000 km2

1661 water-Cherenkov detectors  
(on 1500 m or 750 m triangular grid)

27 fluorescence telescopes (4 sites) 

3.4 metre diameter segmented mirror 
2.2m diameter aperture stop and optical filter. 
440 pixel camera. 

Fluorescence Detectors (FD) : 24 telescopes in 4 “eyes” 

Schmidt telescope 

 3.4 m diameter mirror
2.2 m diameter aperture 

440-pixel camera
UV filter and corrector lenses
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The Pierre Auger Observatory
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The Observatory

4 Fluorescence Sites 
➡24 telescopes, 1-300 FoV

Underground Muon Detectors 
➡7 in engineering array phase - 

61 aside the Infill stations 

HEAT 
➡3 high elevation FD, 30-600 

FoV

AERA radio antennas 
➡153  graded 17 km2

+Atmospheric monitoring devices 
CLF, XLF, Lidars, … 

UMD

Water-Cherenkov stations 
➡SD1500 : 1600, 1.5 km grid, 3000 km2 
➡SD750 :      61, 0.75 km grid, 25 km2
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Energy Scale of the Observatory is Based on Fluorescence Measurements
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Event reconstruction and energy scale

σ(EFD)/EFD ~ 8% 
Systematic uncertainty 14%

EFD = Ecal + Einv
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CIC evaluated at different 
energy thresholds 

Invisible  
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FIG. 8: Invisible energy obtained for inclined and vertical events compared with the predictions given by Monte Carlo simula-
tions. The estimate for inclined events is extrapolated to low energies, and the systematic uncertainty of both estimations are
shown with the shaded bands. The simulations are performed for proton (solid lines) and iron (dashed lines) primaries and
di↵erent hadronic interaction models. Left panel: EPOS 1.99 [25], QGSJet01 [27] and QGSJetII-03 [26]. Right panel: EPOS
LHC [22], QGSJetII-04 [23] and Sibyll2.3c [24].

AMIGA muon detectors [39] installed at the Observatory
and using the 750m-spacing sub-array of WCDs [8].

VI. CONCLUSIONS

We have presented a data-driven estimation of the
invisible energy of cosmic ray showers detected by the
Pierre Auger Observatory. We have developed two anal-
ysis methods for the SD events inclined at zenith angles
60� < ✓ < 80� and for hybrid showers with ✓ < 60�. The
invisible energy has been parameterised as a function of
the calorimetric energy and extrapolated to energies be-
low the full trigger e�ciency of the SD.

The two estimations agree at a level well within the
systematic uncertainties that are estimated to be of the
order of 10% � 15%, and give values of Einv consider-
ably higher than the predictions given by Monte Carlo
simulations. This is a consequence of the muon number
deficit in models [34], a deficit due to the failure of the
hadronic interaction models to describe the properties of
shower development related to muons. Moreover, the es-
timations are consistent with the evolution of the mass
composition with energy as measured by Auger [17, 38].
This is due to the sensitivity of the muon number to the
primary mass and, at lower energy, due to the use of the
mean mass composition to find the functional form that
describes Einv as a function of Ecal.

While the two estimations are a↵ected by compara-
ble systematic uncertainties, the one obtained using the
inclined events is intrinsically better. In fact, for these
showers, we measure the total number of muons arriving

at ground level which makes the analysis of Einv rather
straightforward, more direct and simpler than the anal-
ysis used for vertical events.
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FIG. 9: Auger data-driven estimation of the invisible energy
compared with the parameterisations for protons, iron and
mixed composition reported in [6] and the one in use by Tele-
scope Array [40].

A preliminary data-driven estimation of Einv has al-
ready been in use by Auger for several years [11, 12].
Before 2013, we used a parameterisation fully based on
simulations assuming a mixed composition of proton and

A.Aab et al., [Auger Collaboration] PRD 100, 082003 2019

EFD = Ecal + Einv

σ(EFD)/EFD ~ 8%
systematic uncertainty ~ 14%

energy-dependent CIC
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Energy spectrum

V. Verzi #225A. Coleman  #225

V. Novotny  #374

Events 215030 
Exposure 60426 km2 sr yr
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Energy spectrum

V. Verzi #225A. Coleman  #225

V. Novotny  #374

Events 215030 
Exposure 60426 km2 sr yr

Energy Spectrum

V. Verzi [Auger Collaboration], ICRC 2019 arXiv:1909.09073 8/30
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Energy spectrum

Exposure 
[km2 sr yr] Events

SD1500 (ϑ<600) 60426 215030
SD1500 (ϑ>600) 17447 24209
SD750 105.4 569285
Hybrids 2248 (1019 eV) 13655
Cherenkov 286 (1017 eV) 69793

Evolution of spectral slope with energy

!
dN

dE
/ E��

Energy Spectrum

V. Verzi [Auger Collaboration], ICRC 2019 arXiv:1909.09073 9/30
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J(E) / E��0

3Y

i=0

1 + (E/Ei,i+1)�i

1 + (E/Ei,i+1)�i+1

8

The energy spectrum
Energy Spectrum

V. Verzi [Auger Collaboration], ICRC 2019 arXiv:1909.09073

15 events above 
1020 eV
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Except at the highest energies, uncertainties dominated by systematics

Combined spectrum (components shifted within uncorrelated uncertainties)

New feature
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Mass Composition
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Evolution of <Xmax> with energy 
Xmax resolution  
  ~25 g cm-2 at 1017.8 eV 
  ~15 g cm-2 for E> 1019 eV 
σsys ≤ 10 g cm-2

A. Yushkov #482 

   (
80+1) g

/cm
2 /decad

e

   (26+2) g/cm2/decade

Energy Dependance of Xmax

A. Yushkov [Auger Collaboration], ICRC 2019 arXiv:1909.09073 13/30
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<Xmax> and its fluctuations from FD 

Lighter composition up to ~2 EeV, heavier above this energy

Mean Xmax and its fluctuations

A. Yushkov [Auger Collaboration], ICRC 2019 arXiv:1909.09073

Composition becoming lighter up to , heavier above this energy∼ 2 × 1018 eV
14/30
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C. Todero Peixoto #440 

125005 events

<Xmax> from SD

Rate of change of primary mass not constant with energy, in  
agreement with results from FD

Mean Xmax from Auger’s surface detector

Primary mass not constant with energy, in agreement with more direct fluorescence measurements

C.J. Todero Peixoto [Auger Collaboration], ICRC 2019 arXiv:1909.09073 15/30



Combined fit of spectrum and Xmax data - astrophysics

[    /30]

Combined fit of spectrum + Xmax distributions

14

preli
minary

A=2-4

A=5-22

A=23-38

A. Aab et al. JCAP04 (2017) 038. ICRC2019

preli
minary

A=1

A>38

2017 2019
A.Aab et al. [Auger Collaboration] JCAP 04 (2017) 038 ICRC2019, Madison

Simple model:  uniformly distributed identical sources,  nuclei accelerated via a rigidity-dependent mechanism. 
Result: relatively low maximum acceleration energies,  hard spectra and heavy chemical composition.

16/30



Large-scale anisotropy

A. Aab et al. [Auger Collaboration], Science 357 1266 (2017);       E. Roulet [Auger Collaboration], ICRC 2019 arXiv:1909.09073 17/30[    /30]15

Large Scale anisotropy

3-D Dipole above 8 EeV at (α,δ) = (980,-250) :  
Amplitude increasing with energy

(6.6+1.2
�0.8)%

E.Roulet #408 

Exposure >92000 km2sr yr 
for events with ϑ<800

3D dipole above eV at (  ) = ( ):   

Amplitude increasing with energy
8 × 1018 α, δ 98∘, − 25∘ (6.6 +1.2

−0.8) %

Exposure 

for events with 

> 92000 km2 sr yr
θ < 80∘

Equatorial coordinates



Large-scale anisotropy
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Large Scale anisotropy

3-D Dipole above 8 EeV at (α,δ) = (980,-250) :  
Amplitude increasing with energy

(6.6+1.2
�0.8)%

Exposure >92000 km2sr yr 
for events with ϑ<800

10-4 Mpc-3  EG sources 
mixed comp.injected

2MRS

D
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Exposure 

for events with 

> 92000 km2 sr yr
θ < 80∘

3D dipole above eV at (  ) = ( ):   

Amplitude increasing with energy
8 × 1018 α, δ 98∘, − 25∘ (6.6 +1.2

−0.8) %

A. Aab et al. [Auger Collaboration], Science 357 1266 (2017);       E. Roulet [Auger Collaboration], ICRC 2019 arXiv:1909.09073 18/30
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Large Scale anisotropy
Search for large scale anisotropies down to 0.03 EeV 

- SD1500 + SD750 data,  
- East-West method below 2 EeV

Predominantly Galactic origin below 1-2 EeV, extragalactic origin above
E.Roulet #408 

Large-scale anisotropy

Predominantly galactic origin below 1-2 EeV, extragalactic origin above

E. Roulet [Auger Collaboration], ICRC 2019 arXiv:1909.09073 19/30

amplitudes not significant

(to minimise detector systematics)
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CenA

NGC4945

NGC253

17

Centaurus A

Scan ranges:  
32 EeV ≤ Eth ≤ 80 EeV (1 EeV steps)  
1° ≤ ψ ≤ 30° (1° steps)

Blind search

Total SD events  with E>32 EeV : 2157 
Total exposure 101,400 km2 sr yr

Intermediate anisotropy

L.Caccianiga #206 

Most significant excess for E>38 EeV 
(α=2020, δ= -450)  ~20 from CenA

3.9 σ effect (post-trial)  
for E>37 EeV, 280 window

Intermediate-scale anisotropy - blind scan & Cen A

L. Caccianiga [Auger Collaboration], ICRC 2019 arXiv:1909.09073 20/30

2.5% post-trial chance probability



Intermediate-scale anisotropy - catalog search

L. Caccianiga [Auger Collaboration], ICRC 2019 arXiv:1909.09073 21/30
(given source smearing, clearly some overlap between catalogs)
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! AGNs  
    3FHL catalog  < 250 Mpc 
    33 sources (CenA, Fornax A, M87…) 
    Flux proxy ɸ(>10 GeV) 
     
Starburst Galaxies  
    32 sources (Circinus, M82, M83,…) 
    <250 Mpc 
    Flux proxy ɸ(>1.4 GHz),  > 0.3 Jy 

Swift-BAT   
    >300 radio loud and quiet sources 
    <250 Mpc 
    ɸ>13.4 10-12 erg cm-2 s-1 

2MRS  
    ~104 sources with D>1 Mpc 
    <250 Mpc 
    Flux proxy ɸ(14-195 keV)

TS = 2Log [L( , fanis)/L(fanis = 0)]

Intermediate anisotropy

Likelihood analysis

K-band flux.     
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Likelihood analysis with catalogs

Significance increasing with time !

Rejection of isotropy hypothesis 

APJ                                      4.0 σ   for SBGs   
[Jan 2004-Apr 2017]           2.7 σ   for !-AGN 

ICRC2019                         4.5 σ   for SBGs 
[Jan 2004-Aug 2018]        3.1 σ   for !-AGN

A
p

JL
85

3 
(2

01
8)

IC
R

C
20

19

Significance increasing with time!

A.Aab et al. [Auger Collaboration], ApJ Lett. 853 L29 (2018) 
L. Caccianiga [Auger Collaboration], ICRC 2019 arXiv:1909.09073

Rejection of isotropy hypothesis 
 
ApJ Lett.                                  for SBGs 
[Jan 2004-Apr 2017]                for AGN 
 
 
ICRC2019                                 for SBGs

[Jan 2004-Aug 2018]                for AGN

4.0σ
2.7σ γ−

4.5σ
3.1σ γ−

22/30

Intermediate-scale anisotropy - catalog search
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k =
NupR

E⌫
E�2

⌫ ✏tot(E⌫)dE⌫

p+ � ! n + ⇡+

! µ+ + ⌫µ

! e+ + ⌫µ + ⌫e

F.Pedreira #979

Maximum sensitivity around EeV 
k (90% CL) < 4.4. 10-9 GeV cm-2 s-1 sr-1

20

Cosmogenic neutrino and photon fluxes

J.Rautenberg #398

p+ � ! p + ⇡0

! � + �

Most sensitive EAS detector for E!>0.2 EeV

Auger HECO+SD750 (2019) UL 95% CL 
Auger SD1500 (2019) UL 95% CL 
Auger Hybrid (2017) UL 95% CL

Neutrinos

Photons

Cosmogenic neutrino and photon limits

F. Pedreira [Auger Collaboration], ICRC 2019 arXiv:1909.09073 J. Rautenberg [Auger Collaboration], ICRC 2019 arXiv:1909.09073 23/30
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Constraints to neutrino models

evolution ∝ (1+z)m

Exclusion of a significant region of parameter 
space (zmax, m) from non observation of ν

J.
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20
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Constraining cosmogenic neutrino models

F. Pedreira [Auger Collaboration], ICRC 2019 arXiv:1909.09073

Exclusion of a significant region of parameter  
space  from non-observation of neutrinos(zmax, m)

24/30

Excluded region

Excluded: high max z of CR acceleration and/or rapid source evolution
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Muon content in air showers

F.Sanchez #411 

In the energy range 3x1017 eV to 2x1018 eV simulations fail to reproduce muon densities 

38% (53%) increase in <Nμ> at 1 EeV needed for EPOS-LHC (QGSJetII-04)

UMD 
& FD 
data

(UMD = Underground Muon Detector)

Muon content of air showers - hadronic interaction physics
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Muon content in air showers

F.Sanchez #411 

In the energy range 3x1017 eV to 2x1018 eV simulations fail to reproduce muon densities 

38% (53%) increase in <Nμ> at 1 EeV needed for EPOS-LHC (QGSJetII-04)

UMD 
& FD 
data

(UMD = Underground Muon Detector)

Auger’s Underground Muon Detector

In the energy range  eV to  eV simulations fail to reproduce muon densities. 
 

38% (53%) increase in at 1EeV needed for EPOS-LHC (QGSJetII-04)

3 × 1017 2 × 1018

< Nμ >

F. Sanchez [Auger Collaboration], ICRC 2019 arXiv:1909.09073

(also see talk of Jose Bellido last Tuesday)

25/30

UMD

The UMD is providing the latest evidence for deficit of muons in air shower simulations

(consistent with a number of other measurements at Auger)
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Muons and their fluctuations 

F.Riehn #404 

Fluctuations in the muon number = probe of the first interation at UHE  
Post-LHC models give a good description of particle production in the first interaction

Fluctuations in the muon content of air showers

F. Riehn [Auger Collaboration], ICRC 2019 arXiv:1909.09073

Fluctuations in the muon number — a probe of the first interaction at ultra-high energy. 

Post-LHC models give a good description of particle production in the first interaction.

26/30

Observing very inclined air showers with the main surface detector array
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Improve the sensitivity to the 
composition at UHE : 

disentagle the electromagnetic and  
muonic components

➡ study the origin of the suppression

➡ select light primaries for charged particle 
astronomy

➡ provide better estimates of the neutrino and 
! flux, as such establishing the potential of 
future CR experiments 

➡ better measure the shower components to 
deepen the  study of hadronic interactions at 
UHE and look for non standard physics

Extend operations to >2025,  
increasing the statistics

The Science case for the UpgradeAugerPrime - science case for the upgrade

 Study the highest energy cosmic rays 
(spectral suppression region) with 
mass composition information 

 Select light primaries for charged 
particle astronomy 

 Provide better estimates of the UHE 
neutrino and photon fluxes.    Establish 
potential for future experiments. 

  Better measure shower components, 
study hadronic physics, search for 
non-standard physics 

Auger operations extended  
to beyond 2025

27/30

So far, event by event 
mass estimates limited 
to 13% FD duty cycle



AugerPrime - deployment underway 

 Engineering array (12 stations) 
since 2016, scintillator (SSD), new 
electronics (faster sampling, 
increased dynamic range) 

 Pre-production SSD array (80 
stations) since March 2019. 

 559 SSD stations installed up to 
now (Nov 2019) 

 Underground muon detector 
(UMD) construction continues 

 New:  3000 km2 radio detector
Water-Cherenkov detector (WCD) 
with new surface scintillator 
detector (SSD) and new radio 
antenna. 

Mass-composition information for all events, including the very highest energies.
Elements of AugerPrime

๏Surface Scintillator Detector (SSD) to 
measure the mass composition in 
combination with the Water Cherenkov 
Detectors (WCD). 

๏Upgraded Surface Detector  Electronics  
to improve the performance of the WCD 

๏small PMT to increase the dynamic range of 
the WCD. 

๏radio antenna to measure the radio 
emission of showers in atmosphere (30-80 
MHz)  

๏ Underground Muon Detector  (AMIGA) to 
have a direct muon measurement and cross-
check the SSD-WCD combined analysis (infill 
area, 61positions)

[Auger Preliminary Design Report, arXiv:1604.03637] 
[EPJ Web of Conf.210 (2019) 06002]

2

Deployment map as of today
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Elements of AugerPrime
๏Surface Scintillator Detector (SSD) to 

measure the mass composition in 
combination with the Water Cherenkov 
Detectors (WCD). 

๏Upgraded Surface Detector  Electronics  
to improve the performance of the WCD 

๏small PMT to increase the dynamic range of 
the WCD. 

๏radio antenna to measure the radio 
emission of showers in atmosphere (30-80 
MHz)  

๏ Underground Muon Detector  (AMIGA) to 
have a direct muon measurement and cross-
check the SSD-WCD combined analysis (infill 
area, 61positions)

[Auger Preliminary Design Report, arXiv:1604.03637] 
[EPJ Web of Conf.210 (2019) 06002]

2

Deployment map as of today

13

November 17, 2019
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Vertical showers Horizontal showers

Significance of distinguishing two different 
realisations of Scenario 1 (maximum rigidity model) : 
- as it predicts, i.e. no protons at UHE 
- adding 10% protons

>5σ  in 5 years of operations

Hybrid: 
Erad from radio   
muons from WCD

μ

The new detectors of AugerPrimeAugerPrime - the new detectors

29/30R. Engel [Auger Collaboration], ICRC 2015 arXiv:1509.03732
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Current status and perspectives 

Conclusion and Outlook
Anisotropies of the highest energy Auger events Lorenzo Caccianiga

Figure 1: Map in Galactic coordinates of the local significance found when searching for excesses in circular
windows with 27� radius above 38 EeV. The post-trial p-value for the most significant excess is 2.5%. See
text for details.

energy events that have large footprints on the array. By applying these cuts, we select the highest
possible number of events while guaranteeing an accurate reconstruction and exposure estimation.
The total number of events selected this way is 2157, with an exposure of 101,400 km2 sr yr.

4. Analyses

4.1 Search for overdensities

The first analysis performed is a model-independent blind search for overdensities over the
whole field of view. The search for overdensities was performed with the same methodology used
in [6]. The method applied looks for excesses with respect to isotropic expectation in circular
regions centered on a 1� � 1� grid covering the whole field of view. The radius of the circular
regions, � was varied from 1� to 30� in 1� steps. Also the energy threshold of the events was
varied from 32 EeV to 80 EeV in 1 EeV steps. The Li-Ma significance was computed for each
excess (or deficit) and then penalized for the scanning trials. This penalization was computed by
generating simulated isotropic sets of the same size as the real one and counting how many of them
showed an excess with a significance equal or larger than the largest found in our data. The most
significant excess is found for E > 38 EeV at equatorial coordinates R.A. = 202�,� = �45� in a 27�

radius. In that window, we observe 188 events while we expect 125 from an isotropic distribution
of cosmic rays. The local Li-Ma significance is 5.6� . When performing the same analysis with
random isotropic samples 2.5 % gave an excess of equal or higher significance than the one found.
The map of the local significance for E > 38 EeV in 27��radius windows over the whole sky is
shown in figure 1.

4.2 Correlation with the direction of Cen A

Centaurus A is the nearest radio-loud active galaxy, at a distance of less than 4 Mpc. The

76

Elements of AugerPrime
๏Surface Scintillator Detector (SSD) to 

measure the mass composition in 
combination with the Water Cherenkov 
Detectors (WCD). 

๏Upgraded Surface Detector  Electronics  
to improve the performance of the WCD 

๏small PMT to increase the dynamic range of 
the WCD. 

๏radio antenna to measure the radio 
emission of showers in atmosphere (30-80 
MHz)  

๏ Underground Muon Detector  (AMIGA) to 
have a direct muon measurement and cross-
check the SSD-WCD combined analysis (infill 
area, 61positions)

[Auger Preliminary Design Report, arXiv:1604.03637] 
[EPJ Web of Conf.210 (2019) 06002]

2

Deployment map as of today

13

Auger continues to provide a rich array of 
results, including increasingly significant 
anisotropies. 

AugerPrime will offer mass (charge) 
estimates for 100% of events (improved 
sky maps). 

We will double our exposure in the next 
10 years, before any future observatory 
takes over.

30/30



Backup
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Auger and Telescope Array spectrum working group
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Energy threshold 
    8.86 EeV  (Auger) 
     10    EeV   (Telescope Array) 
Events  
    ~31000 events 

34

Full sky search with Auger and Telescope Array

A.di Matteo #439

Agreement with Auger alone, smaller uncertainty 
Hint for a quadrupole moment

Large Scale Anisotropy

Intermediate Scale 
Anisotropy

Energy threshold 
     40 EeV  (Auger) 
 53.2  EeV   (Telescope Array) 
Events  
    969 events 

(α=12h50m, δ= - 500), 4.7 local sign (2.6 post-trial) 
(α=  9h30m, δ= +540), 4.2 local sign (1.5 post-trial)

Blind search

Local Sheet
26% higher flux in a band of +240 around the 
Local Sheet (global significance 2.8σ)

ICRC 2019
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prelim
in
ary

hXTA
maxi < hXAuger

max i for almost all energies

agreement within (stat + sys) errors

s(XTA
max) > s(XAuger

max ) for lg(E/eV) = 18.6 � 19.0

Next: comparison to Auger ICRC (2017) data and energies lg(E/eV) > 19.0
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A. Yushkov et al. (Auger/TA mass working group) 
UHECR2018, Paris


