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1. Introduction

Ultra-high energy photons, with energy higher thad®1®V, are one of the theoretically plau-
sible candidates to be part of the flux of UHE cosmic rays. A fraction ofgi®) typically (0.01-
1)% of the all-particle flux above 1BeV, is expected as a by-product of the photo-production of
pions by cosmic rays interacting with the microwave background (the so catkiden-Zatsepin-
Kuz’min or GZK effect [1, 2]). The existence of such a process carelsted by the observation
of a cut-off of the all-particle energy spectrum above abodfi@V. Such a suppression of the
cosmic-ray flux has been observed, with high significance, by the FAeger Observatory [3, 4]
and independently by the Telescope Array and HiRes experiments [BloBlever, other scenar-
ios, such as a limitation in the maximum acceleration power of the astrophysigakso could
conceivably produce a similar spectral feature and cannot be excluitle the current results.
The observation of a photon component would be an independent pfabe origin of this flux
suppression and could possibly prove the GZK effect. A large fractio®@{%) of photons in
the cosmic-ray spectrum is also predicted within most “top-down” models éeiper-heavy dark
matter, Z-burst, topological defects) which had been introduced to exjaiorigin of cosmic
rays at the highest energies [7]. Constraints on these models can bethipathe observation (or
non-observation) of UHE photons.

Given their extremely low flux, UHE photons (and cosmic rays) can be etealy by means
of the extensive air showers (EAS) induced when the primary particlesethie atmosphere. The
development of these cascades of secondary particles, as well apéiseatyd the abundances
of secondaries, are related to the chemical nature and the energy afirtteypparticle. The
identification of UHE photons relies on the accurate determination of the sisdeatures and on
the fact that EAS initiated by primary photons have different developmeuits aifferent content
of secondary particles. The Pierre Auger Observatory [8], with itgiy@oncept and its huge
exposure, allow us to perform a search for UHE photons with unpested statistics and by using
independent, complementary techniques. In this proceeding the searcldiftuse photon flux,
performed at the Auger Observatory, is reviewed and a brief descriptithe phenomenology of
EAS induced by photons is also provided by way of introduction.

A directional search for photons, complementing the results given hasealbo been carried out
and is discussed in detail in [9].

2. Photon identification

One of the most robust and powerful observables for the discriminafiphatons and for
mass composition studies ¥nax, Which is defined as the atmospheric depth at which a shower
reaches its maximum development (in terms of particle count or energyitjepoparticular, air
showers induced by photons are expected to develop deeper in the héreogge., resulting in a
larger value oXyax) because of the smaller average multiplicity in electromagnetic interactions as
compared to hadronic ones. The aver&gex for photon and nuclear primary cosmic rays is shown
in Fig. 1 as a function of energy. Given the lack of detailed knowledge ®@halkronic interactions
at ultra-high energies, different model predictions [11, 12, 13],atgdl according to the most
recent LHC results, are also given for nuclei. Contrariwise, photonlaitoas only rely on the



Ultra-high energy photons with the Pierre Auger Observgtor Mariangela Settimo

) T T T T T T T T T °s C
glzoo o HiRes-MIA S 250~ primary photon LPM
2 o HiRes (2005) pre-shower “north ™. no pre-showering no

A 1100 < Yakutsk 2001 ; -

g * Fly's Eye

£ [ 200
ol & Yakutsk 1993

V1000 % Auger (2010) LPM Auger South™.. -

900

‘H\\‘HFS\‘\HA"(HH‘\

800

700

T
600, ok @W iron — EPOS LHC 50

¢ ez — SIBYLL2.1

—— QGSJETII-04

| Ll IR | R | bt Ly [ | i

I Tl . i i
10Y7 108 10" 10%° 400 600 800 1000 1200 1400 1600 1800 2(%00
Energy (eV) X (gem™)

500

Figure 1: Left: AverageXmax Of photon and nuclear cosmic ray primaries, as a functiomefgy. Different
hadronic interaction models are plotted for nuclear priesaf10]. Right: Particle count as three sample
showers develop, as a function of atmospheric depth, riliting the impact of the Landau-Pomeranchuk-
Migdal effect on the longitudinal development of photonundd showers [16].

well-known electromagnetic processes, making more robust the predicfioins features of the
EAS. As shown in Fig. 1, th¥nmax for photon showers is typically a few hundred gfdarger than
nuclei with the same energy. Moreover, as a consequence of ther despdopment and a much
reduced abundance of muons, photon showers are expected to $raadler size at the ground, a
steeper lateral distribution of secondary particles, a sparser distrilmftarnival times of particles
in the shower front and a larger delay with respect to a planar showetr dpproximation. The
differences between photons and nuclear primaries are further@sthanenergies above @V
because of the Landau-Pomeranchuk-Migdal (LPM) effect [1}witich suppresses the cross-
section for a symmetric electron pair production. Because of this effedetredopment of the air
shower is slowed and the event by event fluctuations are enhanegigs4, right) [16, 17].

At higher energies, above 50 EeV (1 EeV =t4@V), photons entering the atmosphere have
a non-negligible probability to convert in the geomagnetic field, producig epairs which then
emit synchrotron photons. The probability of photon conversion angraftsotron emission by
the electrons (or positrons) depends on the energy of the photon atite @omponent of the
local magnetic field orthogonal to the direction of the particle’s motion [18, F&jr converted
photons, a bunch of low-energy electromagnetic particles, called ahtpres”, is thus entering
the atmosphere. Nevertheless, since the spread of the preshowdeganticzansverse distance
and in arrival time is well below the detector resolutions, the air shower isreéd as one single
event. The impact of the preshower on the avepggsgis shown in Fig. 1 (left) at the Auger South
site: because of the local magnetic field, the preshowering effect iggsiréor photons arriving
from the south direction than from the north. In addition, converted steare expected to have a
flatter lateral distribution and smaller fluctuations than unconverted phaioisg. 2, the impact
of the preshowering on the longitudinal profile and on the number of mu@h®isn assuming two
different site locations (i.e., two different conversion probabilities). W&he significant differences
are observed for the average value and the spreXd,gfor converted and unconverted photons,
the number of muons remains significantly smaller for photons than for nuctéthe differences
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Figure 2: Impact of the preshowering effect on the longitudinal depeient of a shower (left) and on the
evolution of the muon population with atmospheric deptbh() [20].

between the converted and unconverted cases are in part due to ¢nerdKf, .

3. The Pierre Auger Observatory

The Pierre Auger Observatory, located near Malargtie (provinceeoiddza, Argentina) con-
sists of an array of over 1600 water Cherenkov Surface Detectb)g23] deployed over a trian-
gular grid of 1.5 km spacing and covering an area of 3008.Kihe ground array is overlooked by
27 fluorescence telescopes, grouped in five sites, making up the fianocesdetector (FD) [22].
Whereas the SD samples the density of secondaries at the ground, tihhséiies the longitudinal
development of the shower in the atmosphere (i.e., the energy depositiastiari of the atmo-
spheric depth) by detecting the fluorescence light emitted by excited nitrogkatules and the
Cherenkov light induced by shower particles in air. Using FD, the elecyoete energy released
by the shower in the atmosphere can be measured from the integral of ¢fieidtmal profile and
the total energy of the primary particle is then derived by correcting fointhsible energy carried
by penetrating particles. Thus the FD provides a calorimetric measuremthet pfimary energy,
in a way that is only weakly dependent on the primary type and on the det#ils badronic inter-
action models. However, unlike the SD array, the FD may only operate deléagand moonless
nights and thus with a duty cycle reduced to about 13% [23]. Since the $leemee emission and
the light scattering and attenuation depend on atmospheric conditionsalssxgtems monitor the
weather conditions, the aerosol content and the cloud coverage evar#ly [24]. Events detected
by at least one FD telescope and one SD station are named “hybridgheserevents, the combi-
nation of the timing information from the FD and the SD provides an accuratematgion of the
geometry of the air showers. The hybrid events allow a calibration of then8fyg estimator (i.e.,
the signal recorded at 1000 m from the shower axis), reducing trendepce on hadronic models
generally associated with SD-based measurements. Moreover, in hybrél thedomplementary
SD and FD mass sensitive parameters can be used together to improvettireigantification.

3.1 Photon search with SD

The photon search with SD has been conducted using the showerddiung of curvatureR)
and the signal risetime at 1000 m from the shower axjg((L000), as these two observables are
connected to shower development and muon content [25]. In fact, dyeptoetrical reasons, the
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Figure 3: Risetimet; , and radius of curvaturR for SD events as a function of §&5. The shaded area
indicates the expectation for photons while points are #ta dollected from 2004 up to 2006 [25].

shower front can be represented, to a first approximation, by aespligr a radius of curvatur®
that depends on thé,ax. Events developing deeper in atmosphere (i.e., photon-like) are expected
to have smaller radiuR than nuclei. Moreover, showers with a larger muon content have typically
a larger radius of curvature since the muons reaching the ground rzeeatjg produced at higher
altitudes and they have a smaller time spread than the electromagnetic compoaroernig
the second observable, for each SD station the risetgimds defined as the time to increase from
10% to 50% of the total signal deposited in that station. The risetime at 109(,(@000), is then
derived from a fit of the risetime in each station with a quadratic function ¢tdude. In Fig. 3 the
signal risetime (left panel) and the radius of curvature of the showst {right panel) are shown
as a function of sd@), with 8 the zenith angle of the incident parent, for a subset of the data and
for photon simulations. Data points, which are expected to be dominated bganycimaries,
are distributed differently from photon expectations. The separatioripofithe risetime and the
radius of curvature is strengthened by a combination of these two obses\through a principal
component analysis (PCA). The training of the PCA is performed usintpptsimulations and 5%
of the acquired data (see Fig. 4, left). Such a choice is due to the lackwatdage of the hadronic
interaction models, and consequently on the prediction of the particle distnbattithe ground,
which is especially important for SD observables. It is worth remarking tba$D, the energy
estimator is the signal at 1000 1%,1000), which is related to the size of the shower at the ground,
and consequently to the energy of the primary particle. However, faoptend hadron primaries
with the same initial energy, the expected value of S(1000) may be a factoaleg because of
the lower muonic content in photon showers. For this reason two differegy scales have been
used in the analysis. The one for nuclear primaries is obtained by calibtia¢icgllected data with
the energy measured by FD [26], while the energy scale for photonsivedeising the measured
S(1000) and the expectation from photon simulations. The procedursdsluEd in detail in [27].
The search for photons has been carried out for the data recoydtuk Isurface detector
between January 2004 and December 2006 [25]. Given the steep tistribution of photon
primaries and their smaller muon content, the SD array is fully efficient to plestemts at energies
higher than for nuclei, and the analysis here is thus limited to events with enaigiee 18 eV
and with zenith angles between°3ihd 60. For a reliable determination of the risetime and of the
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Figure 4: Left: Deviations ofR andt; (1000 from photon predictions for 5% of the data (squares) and for
photon simulated events (black pluses). The solid lineagtincipal component axis. Right: PCA response
for data (black asteriscs) and photons (red open circles)fasction of the primary photon energy. In both
figures, the dashed line indicates the cut at the median gfftbton distribution (see text) [25].

radius of curvature, only events are selected which are well contairibd array, and which have
at least 5 stations each with a signal larger than 10 VEM (vertical equivalgon), before applying
the principal component analysis. Once the PCA is trained and applied {qdatan-like events
are selected with an “a priori” cut set at the median of the distribution of th& Wi@iable of the
simulated photon sample (Fig. 4, right). No photon-like events were foumbypper limits to the
integral photon flux are obtained for three different energy threstigd 10, 20, 40 EeV:

oscL _ NyTH(Ey > Bo)
@ T 0eBAxfxe
whereA is the geometrical aperture of the SD array, 0.95 is the fraction of datafoistue
analysis,f ande = 0.5 are the efficiencies of the selection of good events and of the PCAd&=pr
cut, respectively. The limits obtained from this analysis are discussedtinrséc

(3.1)

3.2 Photon search with Hybrids

At energies less than eV, the photon search has been performed by taking advantage of
the low energy threshold and the high quality of events detected in hybrid [@88d&9]. Since
the FD provide a direct measurement of the longitudinal profile, the andlgsisfits from the
direct observation of th¥y,x. Moreover, to improve the photon-hadron discrimination power we
complement th&XmaxWwith an SD observables,, defined in [30] as

Ao o2

where the sum runs over the triggered stati& the recorded signal in the station at distaRce
from the hybrid reconstructed axis aRgy; is a reference distance equal to 1000 m for this analysis.
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Figure 5: Left: Simulated distribution 0Knaxas a function of logy(S,) for proton (red crosses) and photon
(empty blue circles) showers with energy betweeA®land 168° eV. Right: Distribution of the Fisher
response parameter for proton (red) and photon (blue) fiaulsited showers with energy betweertéand
1085 eV. Photon-like events are selected requiring a FisheeMalger than X (dashed line) as indicated
by the arrow.

The exponenb is chosen equal to 4 which maximizes the separation power between photbns a
hadrons in this energy range. TBgparameter combines the varying strength of the signal in the
surface detector and the steeper lateral distribution function expectpdton-induced showers.
Events with zenith angle less than°&nd with a good geometric reconstruction are selected for
the analysis. Moreover, to ensure an accubgig«measurement, we require a good fit of the
longitudinal profile to a Gaisser-Hillas function, & axthat is observed within the field of view

of the FD telescopes, a Cherenkov light contamination smaller than 50% amatariainty on the
reconstructed energy of at most about 20%. To reject misreconstroiciles, only time periods
with the sky not obscured by clouds and with a reliable measurement ofttealaerosol optical
depth are selected. On the SD side, at least 4 active stations are requaegvithin 2 km from

the hybrid reconstructed axis. This prevents any underestimati@ @fhich would mimic the
behavior of a photon event) due to missing (not deployed or temporariljciest) detectors.

To carefully reproduce the operating conditions of the data acquisition,deapendent simu-
lations are performed according to the hybrid detector on-time historyd®gj taking into account
the actual atmospheric conditions. The correlation betw@grandS, is shown in Fig. 5 (left) for
photon (empty blue circles) and proton (red crosses) showers, in ¢ngyeinterval between 18
and 132° eV. Photon-like events are expected to lie in the top-left part of the distribbtcause
of the deepeKmaxand of the smalle§,. For the classification of photon candidates, and to enhance
the discrimination capabilities 0naxandS,, the two observables are combined in a Fisher analy-
sis trained on a sample of photon and proton showers. The Fisher sesparameter distribution
is shown in Fig. 5 (right) for photon and proton primaries. Similarly to the SDxalanalysis,
photon-like events are selected by applying an “a priori” cut at the medi#imedalistribution of
the Fisher response for photons. This approach provides a catigerupper limit by reducing
the dependence on the hadronic interaction models and on the mass compasitioption. With
this choice the expected hadron contamination is about 1% in the lowesyeémnyal (between
10'8 eV and 1685 eV) and it becomes smaller for increasing energies.
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Figure 6: Left: Upper limits on the integral photon flux derived by Augéth the hybrid [28] and SD [25]
detectors, compared to the results of AGASA (A) [32] and YakyY) [33]. The shaded region and the lines
give the predictions for the GZK photon flux and for top-downduals, respectively (TD, Z-Burst, SHDM
from [7] and SHDM’ from [34]). Right: the same plot but inclindg also the estimates of the sensitivity
with data until 2015, as derived by scaling the current it account for the relative expected increase
of the exposure, and assuming that the number of backgraremdseremains constant. The shaded regions
are the predictions from [7] assuming protons at the sogi@y(band), from [35] (red and blue, under the
assumption of proton and iron acceleration), and for the oéa single source as Centaurus A [36] (green).

Applying the method described above to the data collected between JafOars&d Septem-
ber 2010, we found 6, 0, 0, 0 and O photon candidates for energiee dh 2, 3, 5 and 10 EeV,
respectively. We checked with simulations that the observed number tdrpbandidates is con-
sistent with the expectation from nuclear primaries, within the assumption of @ mixeposition.
In addition, for each of the photon candidates, the background contaomingas individually
checked by simulating 1000 dedicated CORSIKA proton showers with the saergy, arrival
direction and core position as reconstructed for the real events. T &D and FD configura-
tions at the detection time are also considered. For each of the analyskdatas we found that
a fraction of proton induced showers between 1% and 2% can be wrselgigted as photon-like
events.

Given this result, upper Iimitsqef‘c'-) have been obtained at the 95% confidence level on the
photon flux integrated above an energy thresligtd

NJ*L(Ey > Eo)
@@%min

95CL _

@ . (3.3)

whereE, is the reconstructed energy assuming that the primary particle is a photothé.eajori-
metric energy measured by FD plus a correction of about 1% due to the lavisibrgy [31]),
Nf,’5CL is the number of photon candidates ab&eat the 95% confidence level ad min is the
exposure of the hybrid detector [3]. To be conservative, the minimune\althe exposure above
Eo is used in equation (3.3) and a possible nuclear background is notcebtfar the calculation
of Ng=°L,

4. Discussion and Outlook

No photon events have been identified so far with either the SD or the hytalgsis. Upper



Ultra-high energy photons with the Pierre Auger Observgtor Mariangela Settimo

bounds on the integral photon flux have been placed and are shown & Figom hybrid analysis,
upper limits of 82 x 1072 km2sr 1y~1 above 1 EeV and.2 x 10 2km2sr ly-1 above 2, 3,5
and 10 EeV have been derived (red arrows). At higher energies, @8 x 103, 2.5 x 1073,
2.2x 1072 km~2sr 1y~ are obtained from the SD analysis (black arrows). Other experimental
results (AGASA [32] and Yakutsk [33]) and model predictions [7, 3] also shown for compar-
ison. The derived bounds correspond to a fraction of photons aftahd%, 0.5%, 1.0%, 2.6%
and 8.9% for energies above 1, 2, 3, 5 and 10 EeV, respectively ah@%, 5.1%, 31% above
10, 20 and 40 EeV, respectively. The robustness of these resultsheaked against hadronic
interaction models and chemical composition, as well as the resolutions in tharemeast of the
discriminating observables and the energy determination. We refer to teesgap] and [28] for
detailed discussions. The current results of the Auger Observatdayalithe exotic models for
the origin of UHECR available in [7, 34] over a wide energy range, andeagion of the expected
GZK photon flux in the most optimistic scenarios will be within reach in the nextyfears. An
estimate of the sensitivity to photon fluxes with data collected until 2015 is illustiatéa left
panel of Fig. 6. It is derived by scaling the current limits to account ferrtHative expected in-
crease of the exposure, and assuming that the number of backgrams emains constant. Such
results may have a potential impact to understand the cut-off at the endexi¢hgy spectrum, to
prove (or disprove) the existence of the GZK process and to conss@opaysical and top-down
scenarios for the origin of UHECRs. Moreover, the observation (oratuservation) of UHE pho-
tons can have implications on fundamental physics since the predicted fRxkophotons can be
affected by any Lorentz Invariance Violation (see for example [37Pyopossible photon-axion
conversion [38] during photon propagation.
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