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Figure 1: Left - Layout of the Pierre Auger Cosmi
 Ray Observatory. The dots indi
ate the positionsof 1600 water Cerenkov tanks of the surfa
e dete
tor (SD) spa
ed 1.5 km apart. The 4 �uores
en
edete
tor (FD) sites at Los Leones, Los Morados, Loma Amarilla, and Coihue
o are indi
ated on theborder of the array. The points marked CLF and XLF are UV laser installations for atmospheri

hara
terization and FD 
alibration. The low energy extensions, whi
h are lo
ated near Coihue
o,and add another 60 tanks, are not indi
ated. Right - The 
omplete HAWC Observatory with SierraNegra in the ba
kground. (Figure from www.haw
-observatory.org)Part IExe
utive SummaryOur resear
h fo
uses on the �Cosmi
 Frontier�, one of the three prin
iple thrusts of the DoE O�
eof S
ien
e High Energy Physi
s resear
h program. The 2013 
ommunity summer study �Snowmasson the Mississippi� 
atalyzed joint work to des
ribe the status and future prospe
ts of this resear
hthrust. Below we in
lude an ex
erpt from one of the white papers [1℄ (Nitz is a 
o-author) whi
hprovides a good introdu
tion to the resear
h.The origin and nature of the highest energy parti
les ever observed are fundamentalquestions whose answers appear to be within our rea
h in the 
oming de
ade. Thehistory of 
osmi
 ray studies has witnessed many dis
overies 
entral to the progress ofhigh-energy physi
s, from the watershed identi�
ation of new elementary parti
les inthe early days to the 
on�rmation of long-suspe
ted neutrino os
illations, to measuring
ross-se
tions and a

essing parti
le intera
tions far above a

elerator energies.In our resear
h we 
ontinued this tradition, employing 2 instruments to study high energy physi
squestions using 
osmi
 rays.One approa
h to addressing parti
le physi
s questions at the 
osmi
 frontier is to study thevery highest energy 
osmi
 rays. This has been the major thrust of our resear
h e�ort. Below wein
lude another ex
erpt from the white paper [1℄ to provide an introdu
tion into this approa
h ofour resear
h.Ultra-high energy 
osmi
 rays (UHECRs), now 
ommonly taken to be CRs with en-ergies > 6×1019 eV, were �rst reported just over 50 years ago by John Linsley [2℄. Theseare the only parti
les with energies ex
eeding those available at terrestrial a

elerators.1



The Large Hadron Collider (LHC) will rea
h an equivalent �xed-target energy of 1017 eV,whereas UHECRs have been observed with energies in ex
ess of 1020 eV. With UHECRsone 
an 
ondu
t parti
le physi
s measurements up to two orders of magnitude higherin the lab frame, or one order of magnitude higher in the 
enter-of-mass frame, thanthe LHC energy rea
h. As dis
ussed in more detail below, the properties of UHECR airshowers appear to be in
onsistent with models whi
h are tuned to a

elerator measure-ments; one possible explanation is that new physi
s intervenes at energies beyond therea
h of the LHC. UHECR experiments are the only way to a

ess this energy rangeand make detailed measurements of air showers in order to address this question. It isworth noting that 
osmi
 ray experiments have already yielded parti
le physi
s resultsat energies far ex
eeding those a

essible to the LHC, one of the latest being a mea-surement of the p-air 
ross-se
tion at √
s = 57 TeV [3℄, a result whi
h ex
ludes somehadroni
 models extrapolations beyond LHC energies.The two largest 
urrently operating UHECR observatories are the Pierre Auger Observatory in theSouthern hemisphere, 
overing an area of 3000 km2, and the Teles
ope Array (TA) in the North-ern hemisphere, 
overing about 700 km2. The observatories sample the 
osmi
 ray air showers atground level (with 1660 water Cerenkov stations in the Auger surfa
e dete
tor (SD)), and also mea-sure the longitudinal development of air showers on 
lear moonless nights (≈ 10% of the events)using atmospheri
 �uores
en
e dete
tors (FDs). The observatories have re
ently installed low en-ergy extensions, whi
h provide an overlap with the LHC energy regime. The layout of the AugerObservatory is shown in Fig. 1 (left). The Auger and TA teams have established joint workinggroups to dis
uss experimental methods, 
ompare data analyses and modeling, and perform 
ross
alibrations [4�6℄.Another approa
h is to study high energy gamma rays. The High Altitude Water Cerenkov(HAWC) gamma-ray observatory is lo
ated at 4100 m above sea level near Pi
o de Orizaba in
entral Mexi
o. HAWC is the most sensitive, wide �eld of view, TeV gamma-ray observatory inoperation. After 4 years of 
onstru
tion, operation of the full dete
tor began in Mar
h 2015. TheHAWC dete
tor 
ontains 300 tanks ea
h 7.3 m in diameter and 4.5 m deep 
ontaining pure water.Ea
h water tank is instrumented with 4 upward-viewing photomultiplier tubes mounted at theirbottom. The water tanks re
ord the energy deposited by and arrival times of the 
onstituent
omponents of impinging extensive air showers (EAS). The tanks are 
lose-pa
ked to optimize thespatial sampling of the shower front. The distribution of deposited energy a
ross the shower is usedfor γ−hadron reje
tion. Showers with large energy deposit away from the 
ore are reje
ted as beinghadron-initiated. The dete
tor operates at full e�
ien
y above 3 TeV. The angular resolution abovethat energy approa
hes 0.1◦. As the dete
tor operates both day and night, the wide �eld of viewof ~2 sr, allows ~2/3 of the sky to be observed ea
h day. A photo of the 
ompleted observatory isshown in Fig. 1 (right).
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Part IIA

omplishments1 Introdu
tionThis �nal report 
overs the progress during the period May 1, 2014 through Mar
h 31, 2016.The prin
ipal investigator was Professor David Nitz. Professor Brian Fi
k was the Co-PI. PhDstudents Tolga Yapi
i and Niraj Dhital were a
tive during the period of the report. Both have now�nished and re
eived their degrees (spring/summer 2015). Resear
her Johana Chirinos Diaz waspart of the group until Mar
h 31, 2015, and PhD student Binita Hona parti
ipated in the resear
has well.The Mi
higan Te
hnologi
al University (MTU) group plays a strong role in the Auger Collabora-tion. Professors Nitz and Fi
k are both founding members of the Auger Collaboration and 
ontinueto hold leadership positions within the 
ollaboration. Nitz is Front-End Ele
troni
s Sub-task leader,Communi
ations Co-task leader, serves on the Collaboration Board, and has served on several Pre-liminary Design, Criti
al Design, and Operational Readiness Reviews for the proje
t. Fi
k servedas 
o-task leader of the Exoti
 Sear
h Analysis Task. He 
haired the trigger 
ommittee and servedon several Criti
al Design Reviews during the early development stage of the experiment. Fi
k wasalso a member of the Auger Upgrade Committee whi
h 
hose the basi
 design of the proposed AugerUpgrade.Additionally, sin
e 2011, 
o-PI Brian Fi
k has devoted a portion of his resear
h e�ort to theHAWC experiment. Dave Nitz also 
ontributed to the HAWC experiment during the �nal 6 monthsof this reporting period..2 Physi
s MotivationCorrelations between shower observables provide strong 
onstraints on the shower models, whi
h 
anenable understanding of the hadroni
 intera
tions involved in air shower development. Currently,Auger measures several observables, in
luding Xmax, Xµ
max (the depth at whi
h muon produ
tionis maximum), dE

dX
(X) (the full development pro�le), dNµ

dX
(X) (the full muon produ
tion pro�le) andthe number of muons at the ground, for a fra
tion of the events.Lower energy observations [7�10℄, indi
ate that the 
omposition be
omes lighter as energy in-
reases toward ∼ 1018.3 eV, suggesting that higher energy (presumably extragala
ti
) 
osmi
 areprimarily protons. However the Auger data exhibits a de
reasing elongation rate (the rate of 
hangewith energy of the mean depth-of-shower-maximum, Xmax) and a de
reasing spread in Xmax within
reasing energy above 1018.3 eV. Interpreted with present shower simulations, this is in
onsistentwith a proton dominated 
omposition [11, 12℄. This is shown in Fig. 2 (left).None of the present hadroni
 intera
tion models 
an satisfa
torily reprodu
e the data. Forexample, the a
tual hadroni
 muon 
ontent of UHE air showers measured in hybrid events ex
eedsthe predi
tions of models tuned to LHC data by a fa
tor 1.3 − 1.6 [13℄, even allowing for a mixed
omposition.Looking towards the future, it is 
lear that resolving the fundamental questions of UHECR 
om-position and origins, and investigating parti
le physi
s above a

elerator energies, will require both3



Figure 2: Left - Pierre Auger data in the (〈ln A〉, σ2 (ln A)) plane for di�erent hadroni
 intera
tionmodels. Data points are shown as full 
ir
les with statisti
al errors. The marker sizes in
rease withthe logarithm of the energy. Systemati
 un
ertainties are shown as solid lines. The gray thi
k lineshows the 
ontour of the 〈lnA〉 and σ2 (lnA) values allowed for nu
lear 
ompositions. Here 〈lnA〉 isthe average logarithmi
 mass of the primaries and σ2 (ln A) is the variation of the ln A distribution.Right - An �Upgraded Uni�ed Board� under test at MTU.enhan
ed experimental te
hniques implemented at the existing observatories, as well as a signi�-
ant in
rease in exposure to 
at
h the ex
eedingly rare highest energy events. Pursuing improvedground-based dete
tion te
hniques and pioneering spa
e-based observation will o�er 
omplementarytools to pie
e together answers to these important but 
hallenging puzzles.To that end, we should note that the Auger Collaboration has prepared a design report [14℄and proposal for the upgrade of the Auger Observatory. Our group at Mi
higan Te
h has beendeeply involved in formulating those plans. The proposal has been reviewed and endorsed by anindependent S
ien
e Advisory Committee appointed by the Auger Collaboration Finan
e Board offunding agen
y representatives. This 
ollaboration wide proposal has subsequently been used as thebasis for proposals already submitted to funding agen
ies in the US and various other 
ountries, aswell as those being prepared for submission.3 Spe
i�
 Resear
h with the Auger Instrument3.1 SD Trigger3.1.1 Histori
al ba
kgroundThe work during the period of this report builds upon work dating from the beginning of the Augerobservatory.The signals from ea
h of the three 9� PMTs in ea
h Auger SD water Cerenkov dete
tor arere
orded at a 40 MHz rate by �ash ADCs (FADCs). Programmable logi
 devi
es (PLDs) on thefront-end board in the surfa
e dete
tor ele
troni
s generate the lowest level surfa
e dete
tor triggers4



using these FADC tra
es. For the �rst years of operation, two main triggers were employed: 1) asimple threshold trigger requiring the signal to be above 3.2 verti
al equivalent muons (VEM) in atleast 2 of the 3 PMTs, and 2) a time-over-threshold (ToT) trigger whi
h requires 13 or more of the25 ns time bins within a 3µs sliding window be above 0.2 VEM in 2 of the 3 PMTs. This lattertrigger has proved to be extremely powerful and pure.In June 2013, the Auger Observatory installed a
ross the entire array two additional SD triggersimplemented by Nitz. The additional triggers are variations of the time-over-threshold (ToT) trigger,the mainstay of the Auger Observatory events. The ToT trigger evaluates the number of FADCtime bins above a spe
i�ed threshold within a sliding window [15℄. This trigger e�e
tively sele
tslarge showers amid the large ba
kground of nearby small showers. Indeed, a 
ompa
t 
on�gurationof 3 stations satisfying this trigger is nearly 100% e�
ient for hadroni
 showers with zenith angles
< 60◦ above 3 × 1018eV, with negligible ba
kground. However, the e�
ien
y falls o� for purelyele
tromagneti
 showers su
h as those expe
ted from photon or neutrino primaries.The time-over-threshold-de
onvolved (ToTd) trigger de
onvolves the exponential tail of the dif-fusely re�e
ted Cerenkov light pulses before applying the ToT 
ondition. This has the e�e
t ofredu
ing the in�uen
e of muons in the trigger, sin
e the typi
al signal from a muon, with fast risetime and ≈ 60 ns de
ay 
onstant, is 
ompressed into one or 2 time bins.The multipli
ity-of-positive-steps trigger (MoPS), on the other hand, 
ounts the number ofpositive going signal steps in 2 of 3 PMTs within the 3µs sliding window. The steps are requiredto be above a small FADC value (≈ 5 times RMS noise) and below a moderate value (≈ 1

2
verti
almuon step). This redu
es the in�uen
e of muons in the trigger. Both the ToTd and MoPS triggersalso require the integrated signal to be above ≈ 0.5 VEM.The additional level 1 triggers (operated in parallel with the existing triggers) have improved theperforman
e of the array (with no additional hardware 
osts) by: 1) lowering the energy thresholdof the array (espe
ially important in the in�ll); 2) redu
ing the in�uen
e of muons in the trigger;3) redu
ing the proton/iron 
omposition dependen
e of the trigger; 4) improving photon and neu-trino trigger e�
ien
y; 5) providing more stations in already triggered events; and 6) redu
ing thedependen
e of the trigger on details of the falling edges of signals.3.1.2 More re
ent workTrigger work during the period of this report migrated towards the design of triggers for the proposedupgrade of the observatory. Nitz played a key role in this regard in both his role as the Front-EndEle
troni
s Sub-task leader, his appointment to lead the �rmware development task (work pa
kage)for the proposed upgraded surfa
e dete
tor ele
troni
s, and as the primary developer of the trigger
ode (both for the 
urrent ele
troni
s and the proposed upgraded ele
troni
s). During this period,he 
ontributed to the study and sele
tion of the optimal FADC speed for an upgrade, and has beenworking on the implementation of the level 1 triggers in the upgraded ele
troni
s. A prototype of theupgraded ele
troni
s is shown in Fig. 2 (right). Additionally, he elu
idated modi�
ations requiredof the wireless data 
ommuni
ations system in the in�ll portions of the surfa
e array that would berequired along with the Auger Upgrade, and demonstrated that no 
hange to the 
ommuni
ationssystem is required in the standard spa
ing portion of the array.
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Figure 3: A weakly intera
ting parti
le produ
ed at X1 de
ays at X2 and produ
es its own sub-shower.3.2 New Parti
le Physi
sThe Auger Observatory is 
apable of investigating extremely high-energy parti
le 
ollision phenom-ena. The dete
tor was designed to operate with full e�
ien
y for 
osmi
 ray 
ollisions with air atlab energies above 1 × 1019 eV. The CM-energy available for produ
ing new parti
les is thus wellabove √
s = 10 TeV. The falling 
osmi
 ray spe
trum limits the maximum pra
ti
ally observable√

s to √
s ∼100 TeV, however.Produ
tion of su
h massive parti
les with lifetimes in the range of pi
ose
onds to a nanose
ondare predi
ted in some extended models of parti
le intera
tions. An exoti
, weakly-intera
ting parti
leprodu
ed in this mass range 
an be dete
ted by the distortions it imparts to the development ofits asso
iated EAS. The s
enario is as follows: A fra
tion of ECM goes into the produ
tion of anormal EAS. The remaining fra
tion goes into the 
reation of the new parti
le. The parti
le travelsinvisibly through the the dete
tor volume until it either de
ays or re-intera
ts. In either, 
ase ase
ond EAS superimposed on the �rst shower is the result (see Fig. 3). Hen
e, the basi
 signaturefor exoti
 parti
le produ
tion is a double-bump shower development pro�le (SDP).In his PhD thesis [16℄, Niraj Dhital undertook a sear
h for su
h double-bump showers in datafrom the Auger SD. The natural instrument to use for this study would have been the AugerFluores
en
e Dete
tor as it dire
tly measures the ele
tromagneti
 
omponent of the SDP. However,the volume of the FD data set is quite limited by the FD's 10% duty 
y
le. The SD, on theother hand, operates nearly 
ontinuously. The shower development pro�les were re-
onstru
tedby de
onvolving the time tra
es from the hit SD stations. Candidate double-bump events weredistinguished on the basis of the fra
tion of energy deposited beyond a given atmospheri
 depth.Ba
kground (normal) events and double-bump events were simulated extensively (using CORSIKA[17℄ and the Auger OffLine framework [18℄) to get the expe
ted instrumental responses. Simulationsof double-bump showers were performed by superimposing two separate air showers ea
h initiatedat a di�erent atmospheri
 depth. No 
andidate events were identi�ed above ba
kground at the 95%
on�den
e level. Limits on the fra
tion of UHECR events produ
ing a new parti
le were 
al
ulatedand reported at the end of the thesis.
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Figure 4: Left - Brightness temperature T3 versus brightness temperature di�eren
e T2-T4 of theCoihue
o LiDAR satellite pixel in 2007. Open blue 
ir
les (red stars) were tagged 
lear pixels (
loudypixels) as determined from the LiDAR study. Xp is the prin
ipal axis of the �tted line (bla
k) to thedata tagged by the LiDAR. The green line is the �tted line to the data tagged by the CLF in ourprevious study. Right - Core ve
tor di�eren
e (m) and spa
e angle di�eren
e (deg) for simulatedmuons in the HAWC dete
tor re
onstru
ted with using an arti�
ial neural network.3.3 Composition and Hadroni
 Intera
tionsThe development of an EAS 
arries important information regarding the nature of the primary
osmi
 ray. Of parti
ular importan
e for the identi�
ation of a 
osmi
 ray primary is its mean freepath. The distribution of �rst intera
tion lengths for a single spe
ies set of 
osmi
 ray showers isdes
ribed by a unique mean free path. In prin
iple, then, one 
an get at the 
hemi
al 
ompositionof a set of 
osmi
 ray showers by analyzing their �rst intera
tion lengths. What is required is amethod of extra
ting the �rst intera
tion length from measured shower development pro�les.In his PhD thesis [19℄, Tolga Yapi
i demonstrated that the �rst intera
tion length of individual
osmi
 ray primaries 
an be found on an event-by-event basis using an arti�
ial neural network(ANN) te
hnique. The ANN was trained on a set of simulated muon produ
tion depth distributions(MPDs). It was shown that the te
hnique is essentially independent of the 
omposition and hadroni

ollision model used to simulate a test set of showers. He further illustrated how the set of �rstintera
tion lengths 
ould be used to determine the properties of a two-
omponent 
omposition of
osmi
 rays.3.4 A Satellite-Based Cloud Monitoring SystemOver the past few years the MTU group (Chirinos) developed a method to monitor 
loud 
overageover the Observatory using readily available satellite data. A 
ross 
he
k of the method versusLIDAR data is shown in Fig. 4(left). The output of this method is, for every night the FD ran, aset of 
loud 
overage maps whi
h indi
ate the probability that there was a 
loud in any 30 minuteinterval for ea
h of 360 pixels 
overing the Observatory. The 
loud 
overage maps are 
ondensedinto a database that is used by the Auger OffLine analysis pa
kage. This is do
umented in a paper7



[20℄ spearheaded by Chirinos. The MTU group (Chirinos) 
ontinued to update the 
loud probabilitydata through Mar
h, 2015.The 
loud data has been extensively used inside the 
ollaboration [21�23℄. Unfortunately, sin
ethe departure of Chirinos, resour
es have not been found in the 
ollaboration to 
ontinue this work.3.5 Data 
he
ksThe AMIGA low energy extension to Auger aims to enhan
e the 
omposition sensitivity of Augerat the lower energy end of the 
osmi
 ray spe
trum. Chirinos performed an analysis of data fromthe AMIGA unitary 
ell to verify the quality of the data.The AMIGA unitary 
ell 
onsists of an Engineering Array of buried muon dete
tors deployedas a hexagon of six 30 m2 modules plus one at the 
enter. Two of the muon 
ounters are pairedwith a nearby twin. At the time of these 
he
ks only one set of twins was fully deployed. Be
ausethe separation between twin dete
tors is small in 
omparison to the dimensions of a shower atthe ground, the responses of the dete
tors 
an be 
ompared without signi�
ant 
orre
tions for theshower lateral distribution.Using AMIGA data from 2013, we 
ompared the number of muons re
orded in a 30 m2 muondete
tor with its nearby twin. In addition, studies of the 5 m2 versus 10 m2 modules were performed.As a result of these studies we were able to do
ument a number of performan
e issues with the
ounters, whi
h helped lead to the dis
overy that some �dis
riminator� thresholds had not beenproperly set.4 Spe
i�
 Resear
h with the HAWC Instrument4.1 Muon Calibration StudiesThe intent of this study was to determine the feasibility of obtaining an absolute amplitude 
ali-bration of the PMTs in a tank using the emission from single muons as a standard 
andle. TheHAWC �ber 
alibration system is already an ex
ellent way to get the relative time and amplitude
alibration. But, the muon 
alibration would allow us to assign the photo-ele
tron s
ale based onthe Cerenkov photon distribution from an a
tual relativisti
 parti
le traversing the dete
tor. Theamount of light hitting the PMTs depends heavily on the traje
tory of the muon. In our study we
on
entrated on �nding the geometry of the muon tra
ks. To �nd the geometry we trained an arti-�
ial neural network (ANN) on a large set of 5,000 simulated single muon events with randomizedtraje
tories. Input to the ANN were the hit times and amplitudes of the 4 PMTs as well as thetrue muon path. We tested the resulting ANN model against an additional 5,000 simulated muonevents. The performan
e is shown in Fig. 4 (right), where we plot histograms of the spa
e-angledi�eren
e (between true and re
onstru
ted quantities) and 
ore ve
tor di�eren
es. The re
onstru
-tion a

ura
y is better than anti
ipated, but whether it is su�
ient to do reasonable 
alibrationsmust be determined by future studies.4.2 Lightning Prote
tion GridBrian Fi
k, who designed and built the CASA lightning prote
tion system, was 
onsulted on apotential lightning prote
tion system for HAWC. To mitigate the e�e
ts of a dire
t strike on theinstrument and to suppress the e�e
ts of distant lightning strikes on the small signals in the DAQ8



system it was de
ided to build a high-frequen
y Faraday 
age to surround the entire HAWC ex-periment. Upper and lower wire planes were 
reated by 
onne
ting the tops and bottoms of ea
hHAWC tank to those of its neighbors.4.3 OutriggersAn outrigger array (a sparse array of water Cerenkov dete
tors surrounding the 
losely pa
kedmain HAWC array) will in
rease HAWC's aperture, extend the energy range, improve the energyresolution, and improve the angular resolution, and improve the γ − hadron separation. This, inturn, improves the limits HAWC 
an set on new parti
le phenomena, in
luding Dark Matter [24℄,Q-balls [25℄, Lorentz Invarian
e Violation [26℄, primordial bla
k holes [27℄, and Axions [28℄.Los Alamos National Lab provided internal funding for hardware for the outrigger array su�
ientto equip several hundred outrigger dete
tors. During the last 6 months of this reporting period Nitzbegan development of HV pi
k-o� ele
troni
s for the outrigger array. Ph.D. student Binita Honaassisted Nitz in this endeaver. That work was passed on to the University of Wis
onsin HAWCgroup at the end of the period reported here.5 Produ
ts5.1 Ph.D StudentsDuring the period reported here, 2 graduate students re
eived their Ph.D from Mi
higan Te
h.Tolga Yapi
i developed a method to determine the intera
tion length of 
osmi
 ray primaries inthe atmosphere using an atri�
al neural network te
hnique. This work is do
umented in his Ph.Dthesis �A Method for Determining the Mass Composition of Ultra-High-Energy Cosmi
-Rays byPredi
ting the Depth of First Intera
tion of Individual Extensive Air Showers�.Niraj Dhital performed a sea
h for the produ
tion of long lived weakly-intera
ting massiveparti
les produ
ed in 
osmi
 ray air shower 
ollisions. This work is do
umented in his Ph.D thesis�Sear
h for Long-Lived Weakly Intera
ting Parti
les Using the Pierre Auger Observatory�.5.2 Re
ent Refereed Publi
ationsThe publi
ations listed below are all �full author list� Auger Collaboration papers, and as su
hinvolve support from multiple 
ountries and funding agen
ies.1. �Azimuthal asymmetry in the risetime of the Surfa
e Dete
tor signals of the Pierre AugerObservatory�, Pierre Auger Collaboration, Phys. Rev. D93, 072006 (2016).2. "Nanose
ond-level time syn
hronization of autonomous radio dete
tor stations for extensiveair showers", Pierre Auger Collaboration, JINST 11, 01018 (2016).3. "Prototype muon dete
tors for the AMIGA 
omponent of the Pierre Auger Observatory" ,Pierre Auger Collaboration, JINST 11, 02012 (2016).4. "Sear
h for 
orrelations between the arrival dire
tions of I
eCube neutrino events and ultrahigh-energy 
osmi
 rays dete
ted by the Pierre Auger Observatory and the Teles
ope Array", PierreAuger Collaboration, JCAP, 1601, 037 (2016).5. "Improved limit to the di�use �ux of ultrahigh energy neutrinos from the Pierre Auger Ob-servatory", Pierre Auger Collaboration, Phys. Rev. D91, 092008 (2015).9



6. �Large s
ale distribution of ultra high energy 
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osmi
-ray-indu
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tions of Cosmi
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h for point sour
es of EeV photons�, Pierre Auger Collaboration, ApJ, 789, 160 (2014).17. �Muons in air showers at the Auger Pierre Auger Observatory: measurement of atmospheri
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