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Abstract: The large collection area of the Pierre Auger Observatory and the availability of a variety of composition-
sensitive parameters provide an excellent opportunity to search for photons in the cosmic ray flux above 1018 eV. Upper
limits published previously, using data from the Observatory, placed severe constraints on top-down models. Now, the
increase in exposure by more than a factor 2 since 2008 together with the combination of different observables means that
the detection of GZK-photons predicted using bottom-up models is almost within reach. Current results will be presented
and their implications will be discussed.
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1 Introduction

Photons are one of the theoretical candidates for ultra-
high energy cosmic rays (UHECR) with energies larger
than 1018 eV. A large fraction (∼ 50%) of photons in
the cosmic-ray spectrum at the highest energies is in-
deed predicted within several “top-down” models to ex-
plain the origin of cosmic rays. Severe constraints to these
models were imposed by previous photon searches above
1019 eV [1]. A smaller contribution of typically (0.01 - 1)%
above 1019 eV [2] is additionally expected as the product
of the photoproduction of pions with the microwave back-
ground (GZK effect [3, 4]). The Pierre Auger Observa-
tory [5] has reported a suppression of the cosmic ray en-
ergy spectrum beyond 1019.6 eV [6] which is consistent
with the predicted GZK cut-off for protons but could also
be due to the photon disintegration of heavy nuclei or due
to a limit in the maximum particle energy reached at the
sources. The observation of a photon flux compatible with
this theoretical prediction could provide an independent
proof of the GZK process. The upper limits on the pho-
ton fraction were extended to 2 EeV in [7] using the hybrid
detection mode provided by the Pierre Auger Observatory.
The analysis was based on the measurement of the depth of
the shower maximum,Xmax , since photon induced show-
ers are expected to develop deeper in the atmosphere com-
pared to hadrons. In addition, they are also characterized
by a smaller number of secondary muons and a more com-
pact “footprint” at the ground.

In this work we improve the search for EeV photons with
hybrid events by: (i) combining observables of the fluores-

cence detector and the surface array for a better photon-
hadron discrimination; (ii) extending the energy range by a
factor 2, down to 1 EeV; and (iii) determining bounds on
the flux of photons.

2 Photon search

The Pierre Auger Observatory, located in Malargüe, Ar-
gentina, consists of a surface array (SD) [8] of 1660 water
Cherenkov stations spread over an area of 3000 km2 and
overlooked by 27 air fluorescence telescopes [9]. The SD
samples the density of the secondary particles of the air
shower at the ground while the fluorescence detector (FD)
observes the longitudinal development of the shower. The
analysis presented in this work useshybrid data (detected
by at least one FD telescope and one SD station) collected
between January 2005 and September 2010. Due to the
FD duty cycle (∼ 13%) the event statistics is reduced com-
pared to the SD-only detection mode. However, the hybrid
detection technique provides a precise geometry and en-
ergy determination with the additional benefit of a smaller
energy threshold for detection (around the EeV range).

To improve the photon-hadron discrimination power
we complement the previous analysis, based on the
Xmax measurement, with an SD observable,Sb, defined
in [10] as

Sb =
∑

i

Si

(

Ri

Rref

)b

(1)

where the sum runs over the triggered stations,Si is the
recorded signal in the station at distanceRi from the hybrid
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Figure 1: Scatter plot ofXmax vs log10(Sb) for proton (red
crosses) and photon (empty blue circles) simulated showers
with energy between 1018 and 1018.5 eV.

reconstructed axis andRref is a reference distance equal
to 1000 m for this analysis. The exponentb is chosen equal
to 4 for maximizing the separation power between photons
and hadrons. TheSb parameter combines the different am-
plitude of the signal in the surface detector and the sharper
lateral distribution function (i.e. the signals recorded in the
SD stations as a function of distance from the axis) ex-
pected for photon induced showers. Events with zenith an-
gle smaller than 60◦ and with a good geometry reconstruc-
tion are selected for the analysis. To ensure a reliable pro-
file reconstruction we require: a reducedχ2 of the longitu-
dinal profile fit to the Gaisser-Hillas function smaller than
2.5, aχ2 of a linear fit to the longitudinal profile exceed-
ing the Gaisser-Hillas fitχ2 by at least a factor of 1.1, the
Xmax observed within the field of view of the telescopes,
the Cherenkov light contamination smaller than 50% and
the uncertainty of the reconstructed energy less than 20%.
To reject misreconstructed profiles, only time periods with
the sky not obscured by clouds and with a reliable measure-
ment of the vertical optical depth of aerosols [11, 12], are
selected. On the SD side we require at least 4 active sta-
tions within 2 km from the hybrid reconstructed axis. This
prevents an underestimation ofSb (which would mimic the
behavior of a photon event) due to missing or temporarily
inefficient detectors. For the classification of photon candi-
dates we perform a Fisher analysis [13] trained with a sam-
ple of a total of∼30000 photon and proton CORSIKA [14]
showers generated according to a power law spectrum be-
tween 1017 and 1020 eV. QGSJET-II [15] and FLUKA [16]
are used as hadronic interaction models. To carefully repro-
duce the operating conditions of the DAQ, time dependent
simulations are performed according to the hybrid detec-
tor on-time [17]. The actual configurations of FD and SD
and realistic atmospheric conditions are also taken into ac-
count. The correlation betweenXmax andSb is shown in
Figure 1 for well reconstructed photon (empty blue circles)
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Figure 2: Distribution of the Fisher response for proton
(red) and photon (blue) for simulations with energy be-
tween 1018 and 1018.5 eV. Photon-like events are selected
requiring a Fisher value larger than Xcut (dashed line) as
indicated by the arrow.

and proton (red crosses) showers, in the energy interval be-
tween 1018 and 1018.5 eV. Photon-like events are expected
to lie in the top-left part of the plot because of the deeper
Xmax and of the smallerSb. A Fisher analysis is performed
in bins of 0.5 in the logarithm of energy and, for the mo-
ment, using only proton showers since they are expected
to be the main source of background for the photon search.
The impact of a mixed composition assumption will be dis-
cussed later. The Fisher response is shown in Figure 2, for
the same conditions of Figure 1. The best performance of
this combination of observables, compared to FD-only or
SD-only, is reached at the lowest energies. Particularly at
higher energies, the main contribution to the Fisher observ-
able comes fromXmax . Photon-like events are selected
by applying an “a priori” cut at 50% of the photon detec-
tion efficiency. This provides a conservative result in the
upper limit calculation by reducing the dependence on the
hadronic interaction models and on the mass composition
assumption. With this choice the expected hadron contam-
ination is about 1% in the lowest energy interval (between
1018 and 1018.5 eV) and it becomes smaller for increasing
energies.

Applying the method to data, 6, 0, 0, 0 and 0 photon can-
didates are found for energies above 1, 2, 3, 5 and 10 EeV.
We checked with simulations that the observed number of
photon candidates is consistent with the expectation for nu-
clear primaries, under the assumption of a mixed composi-
tion. For the two events with the deepestXmax (both larger
than 1000 g cm−2) the hadronic background has been in-
dividually checked by simulating 1000 dedicated proton
CORSIKA showers with the same energy, arrival direction
and core position as reconstructed for the real events. The
actual SD and FD configurations at the detection time are
considered. The profile of one candidate is shown in Fig-
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Figure 3: Example of one photon candidate. Top: longi-
tudinal profile and a Gaisser-Hillas fit. Bottom:Xmax vs
log10(Sb) for the candidate (triangle) compared to dedi-
cated proton simulations (crosses). Photon-like events se-
lected after the Fisher analysis are marked as empty circles.

ure 3 (top). The values ofXmax andSb are compared to
the expectation for protons (bottom). A fraction of about
2% of such background events passes the cut on the Fisher
observable (empty circles).

3 Photon upper limits

The 95% CL upper limits on the photon fluxΦ95CL
γ inte-

grated above an energy thresholdE0 is given by:

Φ
95CL
γ =

N95CL
γ (Eγ > E0)

Eγ,min

. (2)

whereEγ is the reconstructed energy assuming that the
primary particle is a photon (i.e., the calorimetric energy
measured by FD plus a correction of about 1% due to the
invisible energy [18]),N95CL

γ is the number of photon can-
didates aboveE0 at 95% of confidence level andEγ,min is
the exposure of the hybrid detector. To be conservative,
in equation (2) we use the minimum value of the expo-
sure aboveE0 and a possible nuclear background is not
subtracted for the calculation ofN95CL

γ . An additional
independent sample of 20000 photon showers is used for
determining the exposure of the hybrid detector using a
procedure as the one discussed in [17]. Events are se-
lected with the same criteria applied to data, and the fi-
nal exposure is shown in Figure 4 for photon primaries
after the Fisher analysis and the “a priori” cut discussed
before. To reduce the impact of statistical fluctuation, a
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Figure 4: Exposure of the hybrid detector for photon pri-
maries as a function of energy after all cuts.

fit of a Gamma function to the exposure values has been
performed and is shown as a dashed line. The arrow in-
dicates the energy region of interest for the analysis pre-
sented in this work. Upper limits on the integral pho-
ton flux of 8.2 · 10−2 km−2 sr−1 y−1 above 1 EeV and
2.0 ·10−2 km−2 sr−1 y−1 above 2, 3, 5 and 10 EeV are de-
rived. They are shown in Figure 5 compared to previous ex-
perimental results (SD [1], Hybrid 2009 [7], AGASA [19])
and Yakutsk [20] and to model predictions [2, 21]. The Hy-
brid 2009 limits on the photon fraction are converted to flux
limits using the integrated Auger spectrum [6]. The bounds
corroborate previous results disfavoring exotic models also
in the lowest energy region. Comparing the flux limits on
the measured Auger spectrum [6], upper bounds to the frac-
tion of photons of about 0.4%, 0.5%, 1.0%, 2.6% and 8.9%
are obtained for energies above 1, 2, 3, 5 and 10 EeV.

We studied the robustness of the results against differ-
ent sources of uncertainty. Increasing (reducing) all
Xmax values by the uncertainty∆Xmax = 13 g cm−2 [22]
changes the number of photon candidates above 1 EeV by
+1 (-2) not affecting the higher energies. As a consequence,
this leads to an increase of∼10% (decrease of∼ 25%) of
the first point of the upper limits. The uncertainty on the
shower geometry determination corresponds to∆Sb ∼5%,
changing the number of photon candidates by±0 (+1)
above 1 EeV. The overall uncertainty on the hybrid expo-
sure calculation for photons is about 5%. It includes the un-
certainty due to on-time calculation (∼4%), input spectra
for Monte Carlo simulations and dependence of the trigger
efficiency on the fluorescence yield model (∼2%). Another
source of systematic uncertainties is the energy scale which
has been estimated to be about 22% [23]. An increase (re-
duction) of the energy scale, keeping the energy thresholds
E0 fixed, would change the upper limits by +14% (-54%)
above 1 EeV and by +6% (-7%) above 2, 3, 5 and 10 EeV.
This is a consequence of a different number of photon can-
didates (+1

−4 in the first bin, unchanged in the others) and of

the exposure (−6%

+7%
).
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Figure 5: Upper limits on the photon flux above 1, 2, 3, 5
and 10 EeV derived in this work (red arrows) compared to
previous limits from Auger (SD [1] and Hybrid 2009 [7]),
from AGASA (A) [19] and Yakutsk (Y) [20]. The shaded
region and the lines give the predictions for the GZK pho-
ton flux [2] and for top-down models (TD, Z-Burst, SHDM
from [2] and SHDM’ from [21]). The Hybrid 2009 limits
on the photon fractions are converted to flux limits using
the integrated Auger spectrum.

As the photon induced showers have an almost pure elec-
tromagnetic nature, no significant impact is expected when
using another hadronic interaction model. However, since
the Fisher analysis is also driven by the hadronic showers,
we performed the same analysis using a sample of proton
CORSIKA showers with QGSJET 01 [24]. In this case
the separation capability improves by about 20% because
this model predicts shallowerXmax and a larger number of
muons for proton showers. The number of photon candi-
dates is then reduced by 1 above 1 EeV. The same effect
is obtained when a 50% proton - 50% iron mixed compo-
sition assumption is used in the classification phase. The
impact on the exposure is about a few percent.

4 Conclusions and Outlook

Using more than 5 years of hybrid data collected by the
Pierre Auger Observatory we obtain an improved set of up-
per limits on the photon flux, in an energy region not cov-
ered by the SD-alone, and we extend the range of these lim-
its down to 1018 eV. The derived limits on the photon frac-
tion are 0.4%, 0.5%, 1.0%, 2.6% and 8.9% above 1, 2, 3, 5
and 10 EeV, significantly improving previous results at the
lower energies, where limits well below the 1% level are
reached now. These bounds also help reduce the systematic
uncertainties on primary mass composition, energy spec-
trum and proton-air cross section measurements in the EeV
range. The photon search conducted in this work benefits
from the combination of complementary information pro-
vided by the fluorescence and surface detectors. While the
focus of the current analysis was the low EeV range, fu-

ture work will be performed to improve the photon-hadron
separation also at higher energies using further information
provided by the SD.
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