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The Pierre Auger Observatory
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The Auger Observatory
• 1660 12 ton water 

Cherenkov detectors 
(WCDs) at 1.5 km spacing
- ‘Infill’ at 750 m spacing

• 4 main fluorescence 
detector (FD) sites with 6 
telescopes each observing 
up to 30º elevation
- Four additional ‘HEAT’ 

telescopes observing at 
30-60º for coverage of low 
energy showers

• Underground muon
detectors and radio R&D 
near infill.
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Surface Detector array (SD)
particle density at ground
1600 + 60 water Cherenkov 
stations, surface of 3000 km2, 
1.5 km spacing

100% duty cycle

Fluorescence Detector (FD)
longitudinal profile
10-15% duty cycle

24 telescopes in 4 buildings,
FoV: 1- 30º in elevation

Total surface: 3000 km2 

Taking data since 2004, completed in 2008

Malargüe (Mendoza, Argentina), 1400 m s.l.

3

+ 3 High Elevation Auger 
Telescopes (HEAT) 

FoV: 30- 60º in elevation 
(in tilted mode)

Hybrid events: at least 1FD + 1SD

The Pierre Auger ObservatoryThe Pierre Auger Observatory

Fluorescence Detector (FD)

longitudinal profile 

24 telescopes in four buildings 
FoV: 1o-30o in elevation
3 High Elevation Auger 
Telescopes (HEAT) 
FoV: 30o-60o in elevation 

Surface detector (SD)

particle density at ground

1660 water cerenkov 
detec. (WCD) in 3000 km2

~13% duty cycle

100% duty cycle

1.5 km spacing
Underground muon detectors Denser array, 750 m 

Auger: data since 2004, completed in 2008

Hybrid events: at least one WCD + FD

Atmospheric monitoring stations

NIM A 2015, arXiv:1502.01323

AERA  124 antennas in 6 km2

Two independent and complementary detector systems  
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Shower Observables

time structure

lateral distribution
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SD
~100% duty cycle

FD
15% duty cycle

(cloudless nights, low moon fraction)

E

Hybrid detection

FD: calorimetric energy

★ signal at 1000 m,  S1000   energy estimator 
★ energy calibration from FD in hybrid events

SD
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65 km between FD

Quadruple Hybrid Event
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Quadruple hybrid event
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The search for primary photons
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Photon showers x hadronic showers
Identification of photon showers  
★ UHE photon showers develop deeper in the atmosphere than showers of same energy 

induced by hadrons (smaller multiplicity of electromagnetic interactions)    Xmax 
★ Photon showers smaller footprint on ground (smaller number of triggered stations) Nstat 
★ Steeper lateral distribution function 

Detailed MC simulations  1017 and 1019  eV Sb =
NstatX
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Background rejection and signal efficiency

Boosted decision tree and Fisher multivariate analysis 
★ Energy and zenith angle are included in the BDT 
★ background contamination 0.14% for a photon selection efficiency of 50% 

Different algorithms 
and combinations of  
input variables
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BDT photon selection 

★ Three events pass the cut, with 11.4 (3.3) expected  for pure-proton (mixed) backg. 
★ Candidates compatible with background expectations,  upper limits on the integral 

photon flux at 95% C.L. are derived. 
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Upper limits on photon flux 

Niechciol, for the Pierre Auger Colab., ICRC 2017

7 / 12 Marcus Niechciol (Pierre Auger Collaboration) | ICRC 2017 (Busan) | CRI183 18.07.2017 

  Search for a diffuse photon flux: results
•  Number of candidates compatible with the background expectation: 

determine upper limits on the integral photon flux 

•  Upper limits to the integral photon fraction assuming the Auger energy 
spectrum: 0.1 %, 0.15 %, 0.33 %, 0.85 % and 2.7 % at E0 = 1, 2, 3, 5 and 10 EeV 
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Figure 5. Integral hybrid exposure for pho-
ton primaries in the time interval 01/01/2005 -
31/12/2013, assuming a power law spectrum with
� = 2. Systematic uncertainties due to the on-
time and the trigger efficiency are shown as a gray
band.

Detector systematic uncertainties

Source Syst. uncert. UL0.95 change
(E� > 1 EeV)

Energy scale ± 14% (+18, -38)%
X

max

scale ± 10 g/cm2 (+18, -38)%
Sb ± 5% (-19, +18)%
Exposure ± 6.4% (-6.4, +6.4)%

Table 3. Relative changes of the upper limits on
the photon flux for different sources of systematic
uncertainties related to the detector. Only the first
energy bin (E� > 1 EeV) is reported as the mostly
affected one.

energy interval (1 � 2 EeV), close to the energy threshold of the analysis. This number of
events is compatible with the expected nuclear background. Details of the candidate events
are listed in table 2. The arrival directions of the three photon-like events have been checked
against a catalogue of astrophysical sources of UHECRs whose distance is limited to a few 500

Mpc because of UHE photons interaction on the extragalactic background radiation [27]. The
smallest angular distances between the candidates and any of the objects in the catalogue
is found to be around 10�. One candidate (ID 6691838) was also selected in a previous
analysis [23]. Its longitudinal profile is shown in Fig. 4 (left). In Fig. 4 (right), the values
of X

max

and Sb for this event are compared to the measured ones in dedicated simulations 505

having the same geometry and energy of this event. In the data sample of simulated protons,
three out of 3000 showers pass the photon selections and are misclassified, in agreement with
the expected average background contamination.

6 Results

Since the number of selected photon candidates is compatible with the background expecta- 510

tion, upper limits (UL) on the integral photon flux at 95% confidence level (C.L.) are derived
as:
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where N

0.95
� is the number of photon candidates at 95% C.L. without subtracting any back-

ground and E� is the integrated exposure above the energy threshold E

0

, under the assumption
of a power law spectrum E

�� (if not differently stated � = 2 as in previous publications [21]): 515

E� =

1

cE

Z

E�

Z

T

Z

S

Z

⌦

E

��

� ✏(E� , t, ✓,�, x, y) dS dt dEd⌦ (6.2)

– 9 –

Number of candidate events at 95 % C.L. 

Integrated exposure assuming a power law spectrum  

      Several sources of systematic 
uncertainties have been studied, e.g. 
detector, interaction model, 
spectrum 
 
      Upper limits in the EeV range 
improved by at least a factor of 4 
      Severe constraints for top-down 
models 
      Some GZK scenarios are in reach 
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[The Pierre Auger Collaboration, JCAP 04 (2017) 009] 
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★ Number of candidates at 95% CL 
★ Integrated exposure assuming a 

power law spectrum 

★ Tight constraints on current top-down scenarios to explain the origin of UHE CR 
★ Sensitivity to photon fractions of about 0.1% for 1 EeV 
★ Exploring the region of photon fluxes predicted in astrophysical scenarios 



!12

Photon flux from Galactic center 

★ HESS collaboration:  acceleration of  TeV protons in the GC 
★ Extrapolation to EeV  takes into account interactions with CMB 
★ Power law with exponential cuttof: upper limit on the cutoff energy of 2 EeV  
★ The connection to measurements from the TeV range enables new multi-messenger studies 

The HESS Collab. Nature, 2016 
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The search for  neutrinos
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Neutrino search: old and young showers
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Three selection criteria 
★ Downward-going low zenith ( 2 and 4)           DGL  (60o - 75o) 
★ Downward-going high zenith (2, 4 and 5)       DGH (75o - 90o) 
★ Earth-skimming (3)                                           ES     (90o - 95o) 

} all flavours
ν𝜏

Sensitivity: all flavours and channels
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Selecting ν in data
(1) Inclined Selection 
  Angular selection        (>3/4/4 SD stations for ES / 600-750 / 
750-900) 

(2) Select Young Showers  
  Broad=> EM 
component 

Select ν using 1 variable (based 
on AoP of selected stations) 

ES:     <AoP>  > 1.83 
             (AoP > 1.4 if only 3 SD) 
             (60% ToT up to Jun-10)  

600-750:  AoP of 4/5 central SD 
       Fisher discriminant 8/10 var  
  AoP, AoP2   (&  75% ToT)   
          
750-900:     AoP of 4 early SD 
       Fisher discriminant 10 var: 
       AoP, AoP2, product &  
       Early/late AoP asymmetry

● Elongated pattern (large Length over Width)  (ES & 750-900) 
● Aparent speed of signal along Length (mean near c & rms) (ES & 750-900) 
● Angular reconstruction -plane- (600-750 & 750-900)  typically below 20 res

5

Selecting 𝛎 in data      

Inclined selection 
★ Elongated pattern: L > W 
★ Apparent speed  signal ≈ c 
★ Angular reconstruction  
     60o - 75o  &  75o - 90o  

Select young showers  
★ Broad EM component

Pierre Auger Coll., Phys. Rev. D 91, 092008 (2015); Ap JL 755:L4 (2012) 

<AOP>  area over peak of  digitized  signal
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𝛎 search: ES Earth skimming      

6

Candidate if <AoP> > 1.83

ν search: ES Earth-Skimming

<AoP> = mean value of Area-over-Peak in event

SD Data: 
up to March 2017 
excluding training 
data

ba
ck

gr
ou

nd

No ν candidates

Pierre Auger Collab. 
in preparation

<AOP> cut 
★ less than one 

bckg event in 
50 years of SD 
data 

★ 95% efficient 

Zas, for the Pierre Auger Collab., ICRC2017
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Exposure  01 Jan 2004 - 31 Mar 2017

Earth-skimming neutrinos dominate the exposure in spite of the 
reduced solid angle to which the detector is sensitive to them
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𝛎 limits     

dN

dE⌫
(E⌫) = kE�2

⌫ Complementary  measurements !

k  5⇥ 10�9 GeV cm�2 s�1 sr�1
Zas, for the Pierre Auger Collab., ICRC2017
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Expected events: 01 Jan 04 - 31 Mar 17

Zas, for the Pierre Auger Collab., ICRC2017
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The follow-up of  GW events
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Binary-BH mergers and neutrinos 

★ LIGO GW150914, GW151226, GW170104 (& LVT151012)  
★ Fermi GBM: transient source above 50 keV  0.4s after GW150914 
★ possible association with a short gamma-ray burst  

Mergers of BH are a potential environment where UHE cosmic rays can be accelerated
★ UHECR accelerated by Fermi mechanism in presence of relic B-fields and debris from BH  

➔ formation of BHs could imply emission of UHE ν ́s and γ ́s    

★ If accretion disk present, UHECR can be accelerated by electric fields in disk dynamo  
➔ UHE ν ́s from interaction with photon backgrounds and gas around BH  

K. Kotera, J. Silk, ApJL 823, L29 (2016) 

L. Anchordoqui, Phys. Rev. D 94, 023010, 2016 

UHE ν´s from binary-BH mergers? 
 
•  General consensus: Binary BH merger does not produce electrom./neutrino 

counterpart, however: 
–  Signal reported by Fermi GBM: transient source @ 50 keV, 0.4 s after GW150914 at 

consistent position 

 
 

•  There are indeed models predicting UHE neutrinos: 
–  UHECR accelerated by Fermi mechamism if relic B-fields & debris from BH 

formation of BHs � emission of UHE ν´s & γ´s            K. Kotera, J. Silk, ApJL 823, L29 (2016) 

–  If accretion disk present, UHECR can be accelerated by electric fields in disk 
dynamo � UHE ν´s from interaction with photon backgrounds  and gas around BH        

L. Anchordoqui, Phys. Rev. D 94, 023010, 2016 

 
22 

LIGO	
GW150914	

Fermi	GBM	

V. Connaughton et al, 
ApJL.  826, L6 (2016) 
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ν in coincidence with BH mergers ? 

Energy range: E > 100 PeV,  complementary to IceCube-Antares  follow up 

LIGO&VIRGO, Icecube, ANTARES coll. PRD 93, 122010 (2016) 
Auger Earth-Skimming and Downward-going neutrino selection to data in spatial and 
temporal proximity to GW150914, GW151226 (and LVT151012): 

Two search periods (motivated by the association of mergers of compact systems and GRBs

+/- 500 s around each GW event  
★ to an  upper limit on the duration of the prompt phase of the GRBs 
★ PeV neutrinos are thought to be produced in interactions of accelerated cosmic 

rays and the gamma rays with the GRB itself 
One day after the event 
★ Conservative upper limit on the duration of GRB afterglows 
★ UHE neutrinos may be produced in interactions of UHECRs with the lower-

energy photons of the GRB afterglow

Same identification criteria to neutrinos as discussed previously
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Instantaneous field of  view
Auger Latitude: λ = -35.2° 
★ Auger sensitivity limited to large zenith angles : at each instant in time neutrinos can 

be detected efficiently only from a specific portion of sky. 
★ Instantaneous field of view of the SD array is limited 
★ Covered region has very good sensitivity to earth-skimming tau neutrinos

No candidate was detected in the window of  ± 500 s  around  the GRB event
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Visibility time fraction in one sidereal day

GW150914
GW151226GW151226

equatorial coordinates
Earth-skimming

Down-going high

GW150914 GW151226

GW150914 
+ FERMI GBM

No candidate was detected in 
the window of one day after the 
GRB event

GW150914 
+ FERMI GBM

(ii) A total of 24 inclined showers were found with
the ES selection criteria, 12 in each of the 1 day
periods after GW150914 and GW151226 events, but
none of them fulfilled the neutrino identification
criteria. Also 24 and 22 inclined showers were found
with the DGH selection 1 day after GW150914
and GW151226, respectively, with none of them
identified as a neutrino candidate. All selected
inclined events have properties compatible with
background nucleonic cosmic-ray events.

(iii) Also, no neutrino candidates were found within
!500 s around or 1 day after the UTC time of
the GW candidate event LVT151012 [4].

B. Constraints on the sources of GW

The absence of neutrino candidates allows us to place
upper limits to the UHE neutrino flux from GW150914 and
GW151226 (in the following we restrict ourselves to the
two confirmed GW events) as a function of equatorial
declination δ. The expected number of events for a neutrino
flux dNGW=dEνðEνÞ from a pointlike source at declination
δ is given by

NGW
event ¼

Z

Eν

dNGW
ν

dEν
ðEνÞEGWðEν; δÞdEν; ð2Þ

where EGWðEν; δÞ is the effective exposure to a pointlike
flux of UHE neutrinos as a function of neutrino energy Eν
and declination. For each channel ES and DGH we
calculate the exposure to UHE neutrinos EESðEν; δÞ and
EDGHðEν; δÞ, respectively, following the procedure
explained in [21–25]. The exposure is obtained by inte-
grating the SD aperture (area × solid angle) over the search
period Tsearch, multiplied by the neutrino cross section for
each neutrino channel, and weighted by the selection and
detection efficiency obtained from Monte Carlo simula-
tions [21]. When integrating over the search period, we
only consider the fraction of time when the source is visible
from the SD of Auger within the zenith angle range of the
corresponding neutrino selection. In each of the search
periods the performance of the SD array was very stable;
in particular, there were no large periods of inactivity as
confirmed using the continuous monitoring of the Auger
SD array.
Assuming a standard E−2

ν energy dependence for a
constant UHE neutrino flux per flavor from the source of
GW150914 or GW151226, namely, dNGW

ν =dEν¼kGWE−2
ν ,

a 90% C.L. upper limit on kGW can be obtained as

kGWðδÞ ¼ 2.39R
Eν
E−2
ν EGWðEν; δÞdEν

: ð3Þ

We applied Eq. (3) to obtain upper limits to the normali-
zation of the flux kGWES ðδÞ and kGWDGHðδÞ in each channel. The

combined upper limit to the normalization kGWðδÞ of the
flux is obtained as ðkGWÞ−1 ¼ ðkGWES Þ−1 þ ðkGWDGHÞ−1.
Systematic uncertainties are incorporated in the upper

limit in Eq. (3) and were taken into account using a semi-
Bayesian extension [30] of the Feldman and Cousins
approach [31] (see Table II in [21] for a detailed account
of the main sources of systematic uncertainties).
From the limits to the flux normalization we obtained

upper limits to the UHE neutrino spectral fluence radiated
per flavor in a similar fashion to those obtained in [19],

E2
ν
dNν

dEν
× Tsearch ¼ kGWðδÞTsearch; ð4Þ

U
H

E
 n

eu
tr

in
o 

sp
ec

tr
al

 fl
ue

nc
e 

[G
eV

 c
m

-2
]

Declination δ [deg]

100

101

102

103

-80 -60 -40 -20  0  20  40  60  80

90% CL declination GW150914

Pierre Auger

U
H

E
 n

eu
tr

in
o 

sp
ec

tr
al

 fl
ue

nc
e 

[G
eV

 c
m

-2
]

Declination δ [deg]

100

101

102

103

-80 -60 -40 -20  0  20  40  60  80

90% CL declination GW151226

Pierre Auger

FIG. 3. Top panel: Upper limits to the UHE neutrino spectral
fluence per flavor [see Eq. (4)] from the source of GW150914 as
a function of equatorial declination δ. Fluences above the black
solid line are excluded at 90% C.L. from the nonobservation of
UHE neutrino events in Auger. The 90% C.L. declination bands
of the GW150914 are indicated in the plot by the shaded
rectangles. Bottom panel: Same as the top panel for the GW
event GW151226.
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(ii) A total of 24 inclined showers were found with
the ES selection criteria, 12 in each of the 1 day
periods after GW150914 and GW151226 events, but
none of them fulfilled the neutrino identification
criteria. Also 24 and 22 inclined showers were found
with the DGH selection 1 day after GW150914
and GW151226, respectively, with none of them
identified as a neutrino candidate. All selected
inclined events have properties compatible with
background nucleonic cosmic-ray events.

(iii) Also, no neutrino candidates were found within
!500 s around or 1 day after the UTC time of
the GW candidate event LVT151012 [4].

B. Constraints on the sources of GW

The absence of neutrino candidates allows us to place
upper limits to the UHE neutrino flux from GW150914 and
GW151226 (in the following we restrict ourselves to the
two confirmed GW events) as a function of equatorial
declination δ. The expected number of events for a neutrino
flux dNGW=dEνðEνÞ from a pointlike source at declination
δ is given by

NGW
event ¼

Z

Eν

dNGW
ν

dEν
ðEνÞEGWðEν; δÞdEν; ð2Þ

where EGWðEν; δÞ is the effective exposure to a pointlike
flux of UHE neutrinos as a function of neutrino energy Eν
and declination. For each channel ES and DGH we
calculate the exposure to UHE neutrinos EESðEν; δÞ and
EDGHðEν; δÞ, respectively, following the procedure
explained in [21–25]. The exposure is obtained by inte-
grating the SD aperture (area × solid angle) over the search
period Tsearch, multiplied by the neutrino cross section for
each neutrino channel, and weighted by the selection and
detection efficiency obtained from Monte Carlo simula-
tions [21]. When integrating over the search period, we
only consider the fraction of time when the source is visible
from the SD of Auger within the zenith angle range of the
corresponding neutrino selection. In each of the search
periods the performance of the SD array was very stable;
in particular, there were no large periods of inactivity as
confirmed using the continuous monitoring of the Auger
SD array.
Assuming a standard E−2

ν energy dependence for a
constant UHE neutrino flux per flavor from the source of
GW150914 or GW151226, namely, dNGW

ν =dEν¼kGWE−2
ν ,

a 90% C.L. upper limit on kGW can be obtained as

kGWðδÞ ¼ 2.39R
Eν
E−2
ν EGWðEν; δÞdEν

: ð3Þ

We applied Eq. (3) to obtain upper limits to the normali-
zation of the flux kGWES ðδÞ and kGWDGHðδÞ in each channel. The

combined upper limit to the normalization kGWðδÞ of the
flux is obtained as ðkGWÞ−1 ¼ ðkGWES Þ−1 þ ðkGWDGHÞ−1.
Systematic uncertainties are incorporated in the upper

limit in Eq. (3) and were taken into account using a semi-
Bayesian extension [30] of the Feldman and Cousins
approach [31] (see Table II in [21] for a detailed account
of the main sources of systematic uncertainties).
From the limits to the flux normalization we obtained

upper limits to the UHE neutrino spectral fluence radiated
per flavor in a similar fashion to those obtained in [19],
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event GW151226.
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(ii) A total of 24 inclined showers were found with
the ES selection criteria, 12 in each of the 1 day
periods after GW150914 and GW151226 events, but
none of them fulfilled the neutrino identification
criteria. Also 24 and 22 inclined showers were found
with the DGH selection 1 day after GW150914
and GW151226, respectively, with none of them
identified as a neutrino candidate. All selected
inclined events have properties compatible with
background nucleonic cosmic-ray events.

(iii) Also, no neutrino candidates were found within
!500 s around or 1 day after the UTC time of
the GW candidate event LVT151012 [4].

B. Constraints on the sources of GW

The absence of neutrino candidates allows us to place
upper limits to the UHE neutrino flux from GW150914 and
GW151226 (in the following we restrict ourselves to the
two confirmed GW events) as a function of equatorial
declination δ. The expected number of events for a neutrino
flux dNGW=dEνðEνÞ from a pointlike source at declination
δ is given by

NGW
event ¼

Z

Eν

dNGW
ν

dEν
ðEνÞEGWðEν; δÞdEν; ð2Þ

where EGWðEν; δÞ is the effective exposure to a pointlike
flux of UHE neutrinos as a function of neutrino energy Eν
and declination. For each channel ES and DGH we
calculate the exposure to UHE neutrinos EESðEν; δÞ and
EDGHðEν; δÞ, respectively, following the procedure
explained in [21–25]. The exposure is obtained by inte-
grating the SD aperture (area × solid angle) over the search
period Tsearch, multiplied by the neutrino cross section for
each neutrino channel, and weighted by the selection and
detection efficiency obtained from Monte Carlo simula-
tions [21]. When integrating over the search period, we
only consider the fraction of time when the source is visible
from the SD of Auger within the zenith angle range of the
corresponding neutrino selection. In each of the search
periods the performance of the SD array was very stable;
in particular, there were no large periods of inactivity as
confirmed using the continuous monitoring of the Auger
SD array.
Assuming a standard E−2

ν energy dependence for a
constant UHE neutrino flux per flavor from the source of
GW150914 or GW151226, namely, dNGW

ν =dEν¼kGWE−2
ν ,

a 90% C.L. upper limit on kGW can be obtained as

kGWðδÞ ¼ 2.39R
Eν
E−2
ν EGWðEν; δÞdEν

: ð3Þ

We applied Eq. (3) to obtain upper limits to the normali-
zation of the flux kGWES ðδÞ and kGWDGHðδÞ in each channel. The

combined upper limit to the normalization kGWðδÞ of the
flux is obtained as ðkGWÞ−1 ¼ ðkGWES Þ−1 þ ðkGWDGHÞ−1.
Systematic uncertainties are incorporated in the upper

limit in Eq. (3) and were taken into account using a semi-
Bayesian extension [30] of the Feldman and Cousins
approach [31] (see Table II in [21] for a detailed account
of the main sources of systematic uncertainties).
From the limits to the flux normalization we obtained

upper limits to the UHE neutrino spectral fluence radiated
per flavor in a similar fashion to those obtained in [19],
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FIG. 3. Top panel: Upper limits to the UHE neutrino spectral
fluence per flavor [see Eq. (4)] from the source of GW150914 as
a function of equatorial declination δ. Fluences above the black
solid line are excluded at 90% C.L. from the nonobservation of
UHE neutrino events in Auger. The 90% C.L. declination bands
of the GW150914 are indicated in the plot by the shaded
rectangles. Bottom panel: Same as the top panel for the GW
event GW151226.
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(ii) A total of 24 inclined showers were found with
the ES selection criteria, 12 in each of the 1 day
periods after GW150914 and GW151226 events, but
none of them fulfilled the neutrino identification
criteria. Also 24 and 22 inclined showers were found
with the DGH selection 1 day after GW150914
and GW151226, respectively, with none of them
identified as a neutrino candidate. All selected
inclined events have properties compatible with
background nucleonic cosmic-ray events.

(iii) Also, no neutrino candidates were found within
!500 s around or 1 day after the UTC time of
the GW candidate event LVT151012 [4].

B. Constraints on the sources of GW

The absence of neutrino candidates allows us to place
upper limits to the UHE neutrino flux from GW150914 and
GW151226 (in the following we restrict ourselves to the
two confirmed GW events) as a function of equatorial
declination δ. The expected number of events for a neutrino
flux dNGW=dEνðEνÞ from a pointlike source at declination
δ is given by

NGW
event ¼

Z

Eν

dNGW
ν

dEν
ðEνÞEGWðEν; δÞdEν; ð2Þ

where EGWðEν; δÞ is the effective exposure to a pointlike
flux of UHE neutrinos as a function of neutrino energy Eν
and declination. For each channel ES and DGH we
calculate the exposure to UHE neutrinos EESðEν; δÞ and
EDGHðEν; δÞ, respectively, following the procedure
explained in [21–25]. The exposure is obtained by inte-
grating the SD aperture (area × solid angle) over the search
period Tsearch, multiplied by the neutrino cross section for
each neutrino channel, and weighted by the selection and
detection efficiency obtained from Monte Carlo simula-
tions [21]. When integrating over the search period, we
only consider the fraction of time when the source is visible
from the SD of Auger within the zenith angle range of the
corresponding neutrino selection. In each of the search
periods the performance of the SD array was very stable;
in particular, there were no large periods of inactivity as
confirmed using the continuous monitoring of the Auger
SD array.
Assuming a standard E−2

ν energy dependence for a
constant UHE neutrino flux per flavor from the source of
GW150914 or GW151226, namely, dNGW

ν =dEν¼kGWE−2
ν ,

a 90% C.L. upper limit on kGW can be obtained as

kGWðδÞ ¼ 2.39R
Eν
E−2
ν EGWðEν; δÞdEν

: ð3Þ

We applied Eq. (3) to obtain upper limits to the normali-
zation of the flux kGWES ðδÞ and kGWDGHðδÞ in each channel. The

combined upper limit to the normalization kGWðδÞ of the
flux is obtained as ðkGWÞ−1 ¼ ðkGWES Þ−1 þ ðkGWDGHÞ−1.
Systematic uncertainties are incorporated in the upper

limit in Eq. (3) and were taken into account using a semi-
Bayesian extension [30] of the Feldman and Cousins
approach [31] (see Table II in [21] for a detailed account
of the main sources of systematic uncertainties).
From the limits to the flux normalization we obtained

upper limits to the UHE neutrino spectral fluence radiated
per flavor in a similar fashion to those obtained in [19],

E2
ν
dNν

dEν
× Tsearch ¼ kGWðδÞTsearch; ð4Þ
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FIG. 3. Top panel: Upper limits to the UHE neutrino spectral
fluence per flavor [see Eq. (4)] from the source of GW150914 as
a function of equatorial declination δ. Fluences above the black
solid line are excluded at 90% C.L. from the nonobservation of
UHE neutrino events in Auger. The 90% C.L. declination bands
of the GW150914 are indicated in the plot by the shaded
rectangles. Bottom panel: Same as the top panel for the GW
event GW151226.
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Pierre Auger Coll., Phys. Rev. D 94, 122007 (2016) 
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Constraints on energy radiated from 
GW151226 in UHE ν (Eν > 0.1 EeV) 

44.1% of EGW Pierre Auger Coll., Phys. Rev. D 94, 122007 (2016) 
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A binary  neutron star merger 
GW170817 / GRB170817A: NS-NS merger

๏NS-NS merger seen in Gravitational Waves 
๏Con$rmed as short GRB (Fermi GBM, Integral)  
๏ Fermi LAT, H.E.S.S., HAWC observe region much later
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★ GW170817:  a NS-NS merger seen in gravitational waves 
★ GRB170817A:  confirmed as short GRB (Fermi GBM, Integral)  
★ UV, optical and IR observation  located the merger in NGC 4993 
★ Fermi LAT, H.E.S.S., HAWC observe region later 



!28

Figure 4 – Localization of GW170817 in equatorial coordinates together with the sensitive sky areas at the time
of the event for the three experiments - ANTARES, IceCube and Pierre Auger Observatory. The zenith angle of
NGC 4993 at the merger detection time was 91.9� for the Pierre Auger Observatory.

WCDs caused by surviving muons.
In August 2017 the Advanced LIGO and Advanced Virgo experiments discovered a gravita-

tional wave from a binary neutron star merger, known as GW170817. A short gamma-ray burst
following the event was observed by the Fermi and INTEGRAL satellites. Subsequent optical
observations allowed the localization of the merger in the galaxy NGC 4993.

The Pierre Auger Observatory together with dedicated neutrino experiments ANTARES
and IceCube were searching for high-energy neutrinos correlated with this event.8 Figure 4
shows the sensitive regions and summarizes the results of the search. No neutrino candidates
directionally coincident with the merger were found within ±500 s or within the 14-day period
following the merger. This non-detection is consistent with model predictions of a short GRB
observed o↵-axis. Nevertheless, the main message is that the Pierre Auger Observatory joined
the common e↵ort of numerous instruments and plays an active role in the new, multimessenger
era in astronomy and astrophysics.

4 Future prospects

The lack of clear correlation of UHECR arrival direction with astrophysical sources or structures
and the evidence of a dipole structure on a large scale suggest that the UHECRs are not formed
predominantly by protons as was commonly expected when Auger was first envisioned. The flux
suppression above 40 EeV has been observed with more than 20� significance. Given the fact that
the composition is getting heavier with higher energy as seen inX

max

measurements, the question
arises whether the suppression is caused by propagation (GZK e↵ect) or by the exhausted power
of the cosmic accelerators. Hadronic interaction models fail to describe su�ciently well all
aspects of air showers despite the great improvement in recent years, especially from LHC data.
Another mass sensitive observable e↵ective especially in the flux suppression region would be
instrumental in answering the current burning questions.

The Observatory is undergoing a major upgrade in order to reflect these facts. Each WCD
is being equipped with a 4 m2 plastic scintillator mounted on the top. A prototype upgraded
station can be seen in Figure 5. The two detectors provide complementary information about
the electromagnetic and muonic components of the shower, so both particle contents can be
derived. An enlarged dynamic range will permit the study of signals closer to the shower core.
A more powerful, modernized electronics will allow the integration of the additional devices and
faster FADCs (120 MHz instead of 40 MHz) will make it possible to further study the temporal

ν in coincidence with GW170817
★ ν follow up: Antares, IceCube and Pierre Auger Observatory 
★ At time of GW trigger: event in region of maximum sensitivity for Auger

ANTARES, IceCube and the Pierre Auger Observatory, AJL, 2017

Equatorial coord. 
zenith:  91.9o
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GW170817 ν  limits
18

jet burrowing through the stellar envelope in a core-collapse
event (Mészáros & Waxman 2001; Razzaque et al. 2003; Bar-
tos et al. 2012; Murase & Ioka 2013). Nevertheless, if the
observed gamma-rays come from the outbreak of a wide co-
coon, it is less likely that the relativistic jet, which is more
narrowly beamed than the cocoon outbreak, also pointed to-
wards Earth.

We further considered an additional neutrino-production
mechanism related to ejecta material from the merger. If a
rapidly rotating neutron star forms in the merger and does not
immediately collapse into a black hole, it can power a rela-
tivistic wind with its rotational energy, which may be respon-
sible for the sometimes observed extended emission (Met-
zger et al. 2008). Optically thick ejecta from the merger can
attenuate the gamma-ray flux, while allowing the escape of
high-energy neutrinos. Additionally, it may trap some of the
wind energy until it expands and becomes transparent. This
process can convert some of the wind energy to high-energy
particles, producing a long-term neutrino radiation that can
last for days (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017). The properties of ejecta material around
the merger can be characterized from its kilonova/macronova
emission.

Considering the possibility that the relative weakness of
gamma-ray emission from GRB170817A may be partly due
to attenuation by the ejecta, we compared our neutrino con-
straints to neutrino emission expected for typical GRB pa-
rameters. For the prompt and extended emissions, we used
the results of Kimura et al. (2017) and compared these to
our constraints for the relevant ±500 s time window. For
extended emission we considered source parameters corre-
sponding to both optimistic and moderate scenarios in Ta-
ble 1 of Kimura et al. (2017). For emission on even longer
timescales, we compared our constraints for the 14-day time
window with the relevant results of Fang & Metzger (2017),
namely emission from approximately 0.3 to 3 days and from
3 to 30 days following the merger. Predictions based on fidu-
cial emission models and neutrino constraints are shown in
Fig. 2. We found that our limits would constrain the op-
timistic extended-emission scenario for a typical GRB at
⇠ 40Mpc, viewed at zero viewing angle.

4. CONCLUSION

We searched for high-energy neutrinos from the first bi-
nary neutron star merger detected through GWs, GW170817,
in the energy band of [⇠ 10

11 eV, ⇠ 10

20 eV] using the
ANTARES, IceCube, and Pierre Auger Observatories, as well
as for MeV neutrinos with IceCube. This marks an unprece-
dented joint effort of experiments sensitive to high-energy
neutrinos. We have observed no significant neutrino counter-
part within a ±500 s window, nor in the subsequent 14 days.

Figure 2. Upper limits (at 90% confidence level) on the neutrino
spectral fluence from GW170817 during a ±500 s window centered
on the GW trigger time (top panel), and a 14-day window follow-
ing the GW trigger (bottom panel). For each experiment, limits are
calculated separately for each energy decade, assuming a spectral
fluence F (E) = F

up

⇥ [E/GeV]�2 in that decade only. Also
shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission
(EE) and prompt emission are scaled to a distance of 40 Mpc, and
shown for the case of on-axis viewing angle (✓

obs

. ✓j) and se-
lected off-axis angles to indicate the dependence on this parameter.
The shown off-axis angles are measured in excess of the jet opening
half angle ✓j . GW data and the redshift of the host-galaxy constrain
the viewing angle to ✓

obs

2 [0�, 36�] (see Section 3). In the lower
plot, models from Fang & Metzger (2017) are scaled to a distance
of 40 Mpc. All fluences are shown as the per flavor sum of neutrino
and anti-neutrino fluence, assuming equal fluence in all flavors, as
expected for standard neutrino oscillation parameters.

The three detectors complement each other in the energy
bands in which they are most sensitive (see Fig. 2).

This non-detection is consistent with our expectations from
a typical GRB observed off-axis, or with a low-luminosity
GRB. Optimistic scenarios for on-axis gamma-attenuated
emission are constrained by the present non-detection.

While the location of this source was nearly ideal for
Auger, it was well above the horizon for IceCube and
ANTARES for prompt observations. This limited the sensitiv-
ity of the latter two detectors, particularly below ⇠ 100TeV.

★ Time windows:  ±500 s,  14-days 
★ No neutrino candidate found  
★ Only optimistic model constraint by 

observations  
★ Consistent with model predictions 

of short GRB observed off-axis and 
low luminosity GRB 

★ Complementary searches  
★ An unprecedented joint effort of 

experiments sensitive to high-
energy neutrino

ANTARES, IceCube and the Pierre Auger Observatory, AJL, 2017
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The Pierre Auger Observatory upgrade
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The Pierre Auger Observatory Upgrade

  

Darko Veberic Bormio 2018 38/40

R&D Prototype

MIP
several prototypes
deployed in
2014-2015

Increased composition 
with SD! 

A new detector is needed  
★ add a thin scintillator on top of each 

WCD to enhance em/muon 
separation 

★  New electronics (120 MHz, three 
times the current rate)  

2016:  
Engineering Array 
2018-2019:  
deployment of 1200 SSD 
2019-2025:  
data taking 
(almost double exposure) 

Pierre Auger Collaboration, arXiv:1604.03637 
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The Pierre Auger Observatory Upgrade

Physics goals  
★ composition measurement at 1020 eV  
★ composition-enhanced anisotropy studies  
★ particle physics with air showers 


WCD and SSD  data 
★ Lateral distribution function 

determination

Martello, for the Pierre Auge Collab., ICRC 2017
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Engineering Array

2016: production of 15 SSD

taking data

deployment 5 to 10 stations/day

  

Darko Veberic Bormio 2018 36/40

Increased Composition Sensitivity
with SD

main goal!

X
max

 and muons
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Conclusions
Photons 
★ No photons with EeV energies detected so far 
★ Search for a diffuse flux of photons:  upper limits impose severe constraints on non-

acceleration models for the origin of UHECRs and the predictions from some GZK-
based models are within reach 

★ Targeted search:  no evidence for EeV photon emitters and the connection with the TeV 
energy regime enables new multi-messenger studies  

Neutrinos  
★ No neutrino found  
★ UHE neutrinos easy to identify: inclined showers with broad time fronts 
★ Search not limited by background but by exposure 
★ Sensitivity peaks at ~ EeV (peak of cosmogenic neutrinos) 
★ Diffuse bounds constrain UHE neutrinos models 

Follow-up of Gravitational-Wave events:  
★ Upper limits on UHE neutrinos in correlation with LIGO GW 2015 events: 
  First limits above 1017 eV (complementary to IceCube limits) 
★ GW170817:  upper limits with Antares and IceCube  
★ Active role in multimessenger era! 
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Backup slides 
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Neutrinos
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Hybrid Energy Calibration

FD: σ
E
 = 8%, σ

syst
 = 14%

SD: σ
E
 = 10% (at 1019 eV)

Hybrid energy calibration     

  

Darko Veberic Bormio 2018 16/40

Hybrid Energy Calibration

FD: σ
E
 = 8%, σ

syst
 = 14%

SD: σ
E
 = 10% (at 1019 eV)
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7

Pierre Auger Collab. 
in preparation

SD Data: 
up to March 2017 
excluding training 
data

Example: events with 6 < Nstation < 12

Candidate if  
Fisher > 3.28background

3 groups #st [4,6] [7,11] [>11]

ν search: DGH 75º < θ < 90º

No ν candidates
𝛎 search: DGH 75o < 𝛉 < 90o     

Fisher 
★ less than one 

bckg event in 
50 years of SD 
data 

★ 85% efficient 
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Limits to point sources of  UHE 𝛎      

★ assuming a single flavor point-like flux of UHE neutrinos dN/dE = kPS E-2 
★ note the different energy ranges 

𝛎



!39

Proton dominated sources      
Constraints on Cosmogenic neutrinos 

from proton-dominated sources

12
Above black line – excluded at 90% CL by IceCube (7 yrs of data) – PRL 2016 
Above white line – excluded at 90% CL by Auger 2016 (8.4 yrs of full Auger) 

Auger data 
Jan 04 – Mar 17 
IceCube data 
April 08 – May 15

Cosmogenic ν fluxes 
depend on: 

• m  source evolution  
    ψ(z) ~ (1+z)m  

• zmax  Maximum z  

• α Spectral index  
  of injected 
flux 
   dN/dE ~ E−α

Data 
★ Auger Jan 04 - Mar 17 
★ IceCube April 08 - May 15

Cosmogenic flux 
depend on: 

★          Source evolution 

★                     Maximum z    

★          Spectral index of 
injection at source  

★ Above black line:  excluded at 90% by 
IceCube (7 yrs of data )   PRL 2016 

★ Above white line: excluded at 90% by 
Auger 2016 (8.4 yrs of full Auger) 

Zas, for the Pierre Auger Collab., ICRC2017
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methodology is not applied to the data prior to 31 May
2010 since that data period was already unblinded to search
for UHE neutrinos under the older cuts [18].
Roughly ∼95% of the simulated inclined ντ events

producing τ leptons above the energy threshold of the
SD are kept after the cut on hAoPi. The search for neutrinos
is clearly not limited by background in this channel.

C. Downward-going (DG) neutrinos

In the high zenith angle range of the downward-going
analysis (DGH) the values of the cuts to select inclined
events are obtained in Monte Carlo simulations of events
with θ > 75°. Due to the larger angular range compared to
Earth-skimming ντ, less stringent criteria are applied, namely
L=W > 3, hVi < 0.313 mns−1, rmsðVÞ=hVi < 0.08 plus a
further requirement that the reconstructed zenith angle
θrec > 75° (see [19] and Table I for full details).
In the low zenith angle range (DGL) corresponding to

60° < θ < 75°, L=W, hVi and rmsðVÞ=hVi are less effi-
cient in selecting inclined events than the reconstructed
zenith angle θrec, and for this reason only a cut on θrec is
applied, namely 58.5° < θrec < 76.5°, which includes some
allowance to account for the resolution in the angular
reconstruction of the simulated neutrino events.
After the inclined shower selection is performed, the

discrimination power is optimized with the aid of the
multivariate Fisher discriminant method [20]. A linear
combination of observables is constructed which optimizes
the separation between background hadronic inclined
showers occurring during the downward-going training
period, and Monte Carlo simulated ν-induced showers. The
method requires as input a set of observables. For that
purpose we use variables depending on the dimensionless
Area-over-Peak (AoP) observable—as defined above—of
the FADC traces.

In the DGH channel, due to the inclination of the shower
the electromagnetic component is less attenuated at the
locations of the stations that are first hit by a deep inclined
shower (early stations) than in the stations that are hit last
(late stations). From Monte Carlo simulations of ν-induced
showers with θ > 75° we have established that in the first
few early stations the typical AoP values range between 3
and 5, while AoP tends to be closer to 1 in the late stations.
Based on this simple observation and as already reported
in [19], we have found a good discrimination when the
following ten variables are used to construct the linear
Fisher discriminant variable F : the AoP and ðAoPÞ2 of the
four stations that trigger first in each event, the product of
the four AoPs, and a global parameter that measures the
asymmetry between the average AoP of the early stations
and those triggering last in the event (see [19] for further
details and Table I).
The selection of neutrino candidates in the zenith angle

range 60° < θ < 75° (DGL) is more challenging since the
electromagnetic component of background hadronic show-
ers at ground increases as the zenith angle decreases
because the shower crosses less atmosphere before reach-
ing the detector level. Out of all triggered stations of an
event in this angular range, the ones closest to the shower
core exhibit the highest discrimination power in terms of
AoP. In fact it has been observed in Monte Carlo simu-
lations that the first triggered stations can still contain some
electromagnetic component for background events and, for
this reason, it is not desirable to use them for discrimination
purposes. The last ones, even if they are triggered only by
muons from a background hadronic shower, can exhibit
large values of AoP because they are far from the core
where muons are known to arrive with a larger spread in
time. Based on the information from Monte Carlo simu-
lations, the variables used in the Fisher discriminant

TABLE I. Observables and numerical values of cuts applied to select inclined and young showers for Earth-skimming and downward-
going neutrinos. See text for explanation.

Selection Earth-skimming (ES)
Downward-going
high angle (DGH)

Downward-going
low angle (DGL)

Flavours and interactions ντ CC νe; νμ; ντ CC & NC νe; νμ; ντ CC & NC
Angular range θ > 90° θ ∈ ð75°; 90°Þ θ ∈ ð60°; 75°Þ
N° of stations (Nst) Nst ≥ 3 Nst ≥ 4 Nst ≥ 4

Inclined showers

θrec > 75° θrec ∈ ð58.5°; 76.5°Þ
L=W > 5 L=W > 3

hVi ∈ ð0.29; 0.31Þ mns−1 hVi < 0.313 mns−1
rmsðVÞ < 0.08 mns−1 rmsðVÞ=hVi < 0.08

Young showers

Data: 1 January 2004–31 May 2010
≥ 60% of stations with

ToT trigger and AoP > 1.4 Fisher discriminant based
on AoP of early stations

≥ 75% of stations close to
shower core with ToT trigger

and
Fisher discriminant based
on AoP of early stations
close to shower core

Data: 1 June 2010–20 June 2013
hAoPi > 1.83

AoPmin > 1.4 if Nst ¼ 3

IMPROVED LIMIT TO THE DIFFUSE FLUX OF … PHYSICAL REVIEW D 91, 092008 (2015)

092008-7

𝛎 search: inclined and young showers

Phys. Rev. D 91, 092008 (2015)
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Systematic uncertainties
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Auger highlights
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Spectrum
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Search for magnetic monopoles

26

We have not searched for this kind of candidate, which
would not guarantee a high-quality reconstruction of the
shower development.

IV. MONTE CARLO SIMULATIONS AND EVENT
RECONSTRUCTION

Monte Carlo samples of ultrarelativistic IMMs were
simulated for Lorentz factors in the range γ ¼ 108–1012

at a fixed monopole energy of Emon ¼ 1025 eV, because the
monopole energy loss does not depend onEmon but rather on
γ in the ultrarelativistic regime of this search.While we used
a fixed Emon in the simulations, the results can be readily
applied to a much larger range of monopole energies.
To estimate the background from UHECRs, we simu-

lated proton showers with energy Ep between 1018 and
1021 eV. Proton primaries are chosen to obtain a
conservative estimate of the cosmic-ray background
(cf. Sec. VII). We used three different models—
QGSJetII-04, Sibyll 2.1 and EPOS-LHC—to account for
uncertainties in the hadronic interactions. Events were
simulated according to an E−1

p energy spectrum, to ensure
sufficient Monte Carlo statistics at the highest energy, and
then appropriately weighted to reproduce the energy
spectrum measured by the Pierre Auger observatory [33].
For both the IMM and UHECR simulations, we used the

CORSIKA package [26] to generate an isotropic distribu-
tion of showers above the horizon, and the Auger Ōffline
software [34] to produce the corresponding FD and SD
events. We found that the standard event reconstruction,
which is optimized for UHECRs, provides equally accurate
direction and longitudinal profile for ultrarelativistic IMM
showers. An example of reconstructed longitudinal profile
for a simulated magnetic monopole of energy 1025 eV and
γ ¼ 1011 is shown in Fig. 3 indicating the profile of the
generated CORSIKA shower (blue line) and the result of a

fit of the reconstructed profile with a Gaisser-Hillas
function [35] (red line). For standard UHECRs, the energy,
Esh, and the depth of maximum development, Xmax, of the
shower are estimated by the integral of the fitted profile and
by the position of its maximum, respectively. When applied
to an ultrarelativistic IMM shower profile, the Gaisser-
Hillas parametrization provides a very good fit of the
portion of the profile detected in the FD field of view
(cf. red and blue lines in Fig. 3 in the relevant range). Also,
due to the steep rising of the ultrarelativistic IMM profile,
the fit systematically converges to a value of Xmax beyond
the lower edge of the FD field of view, corresponding to the
largest visible slant depth, Xup. We use this characteristic to
reject most of the standard UHECR showers, which
constitute the background for this search. Since Xmax of
standard UHECR showers are located in FD field of view, a
specific selection is required to search for the IMM profile.
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FIG. 2. Longitudinal profile of the energy deposited by an
ultrarelativistic IMM of Emon ¼ 1025 eV, γ ¼ 1011 and zenith
angle of 70° (red solid line). The profile of a UHECR proton
shower of energy 1020 eV is shown as a black solid line.

FIG. 3. Reconstructed signals for a simulated magnetic mo-
nopole of energy 1025 eV and γ ¼ 1011. In (a), the FD camera
view is shown with color-coded timing of triggered pixels (time
increases from blue to red). The red (blue) line indicates the
reconstructed (simulated) shower direction projected on the
camera view. In (b), the reconstructed longitudinal profile of
the shower is shown. The red line is the result of a Gaisser-Hillas
fit of the profile, with the red cross indicating the position of
Xmax. The blue line represents the simulated profile of the
monopole shower. The selection variables Xup, the largest visible
slant depth, and dE=dXjXup, energy deposited at Xup, are also
indicated.
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and systematic uncertainties outlined in [38], which would
worsen the upper limit by a factor of 1.05, we adopted a
more conservative approach and multiplied Φ90%C:L: by a
factor of f ¼ 1þ n × 0.21, where n ¼ 1.28 corresponds to
the 90% C.L.
Our final 90% C.L. upper limits on the flux of ultra-

relativistic IMMs are reported in Table II and shown in
Fig. 8, together with results from previous experiments.
Following the treatment of [13], the MACRO and SLIM
limits extrapolated to γ ≥ 109 were weakened by a factor of
2 to account for the IMM attenuation when passing through
the Earth.
Several checks of the analysis were performed. Variation

of the selection criteria within reasonable ranges still
resulted in no candidate. The UHECR energy spectrum
was varied within its uncertainties [33], with negligible
effect on the background estimation. The background for
the IMM search is dominated by deeply penetrating
UHECR showers, which are found in the tail of the
Xmax distribution and depend on the characteristics of
the hadronic interactions. We used three different had-
ronic-interaction models (Sec. V) to simulate UHECR
protons for background estimation. Ultrahigh-energy pho-
tons are also expected to produce deeply penetrating
showers, which may mimic an IMM event. The photon
hypothesis should be carefully evaluated in case a candi-
date IMM is found. Since this search ended with a null
result, the zero background assumption produces the most
conservative limit also including the possibility of ultra-
high-energy photons. Lastly, we compared the CORSIKA
energy-loss model with analytical approximations and
other Monte Carlo codes [39], and found good agreement.

VIII. CONCLUSIONS

We presented the first search for magnetic monopoles
ever performed with a UHECR detector, using the Pierre
Auger observatory. The particle showers produced by
electromagnetic interactions of an ultrarelativistic monop-
ole along its path through the atmosphere result in an
energy deposit comparable to that of a UHECR, but with a
very distinct profile which can be distinguished by the
fluorescence detector. We have looked for such showers in
the sample of hybrid events collected with Auger between
2004 and 2012, and no candidate was found. A 90% C.L.
upper limit on the flux of magnetic monopoles was placed,
which is compared with results from previous experiments
in Fig. 8. Ours is the best limit for γ ≥ 109, with a factor of
10 improvement for γ ≥ 109.5. This result is valid for a
broad class of intermediate-mass ultrarelativistic monop-
oles (Emon ≈ 1025 eV and M ∼ 1011–1016 eV=c2) which
may be present today as a relic of phase transitions in the
early Universe. Since the background—less than 0.1 events
in the current data set—is not a limiting factor in the search,
the upper bound improves with the steadily increasing
exposure of the Pierre Auger observatory.
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FIG. 8. 90% C.L. upper limits on the flux of ultrarelativistic
IMMs: this work (black solid line); Parker bound (blue dashed
line) [15]; SLIM (sky-blue dashed line) [11], MACRO (green
solid line) [8], IceCube (blue solid line) [14], RICE (pink dotted
line) [12] and ANITA-II (red line) [13]. The MACRO and SLIM
limits above γ ¼ 109 were weakened by a factor of 2 to account
for the IMM attenuation through the Earth.
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Large-scale Anisotropy

harmonic analysis in right ascension α (exposure symmetrical):

modulation signifcance 5.3σ (5.6σ before penalization)
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Large-scale Anisotropy
3D dipole for E > 8 EeV

galactic coordinates (l, b) = (233o, -13o)
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Large-scale Anisotropy
3D dipole for E > 8 EeV

expected if sources distributed as nearby galaxies (2MRS catalog)

defection in galactic magnetic feld

strong indication for extragalactic origin
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Radio array:  energy determination

Energy fluence for an extensive air shower with an energy of 4.4 x 1017 eV and a zenith angle of 
25◦ measured with AERA (colored circles). The center indicates the shower core reconstructed 
with the radio data. The colored background indicates the two-dimensional LDF fit. The white 
star marksthe shower core reconstructed using the surface detector data of the Pierre Auger 
Observatory

The corrected radiation energy in relation to the cosmic-ray energy measured with the baseline 
detectors of the Pierre Auger Observatory.


