Search for ultra-high energy photons with the Pierre Auger Observatory
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Abstract

The Pierre Auger Observatory [1] has an unprecedentedtisétysio photons at energies above'8@V. Particularly the com-
bination of ground array and fluorescence detection teciesigfers a unique power to discriminate the primary particlegtas
on different observables. Implications of photon searches eXtendastrophysics to fundamental and particle physics.reur
results and future prospects are reported.
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1. Introduction
180,

In addition to the nuclear component of the Ultra-High En-
ergy Cosmic Rays, a substantial photon flux, with fractiops u
to ~50% at the highest energies, is expected according to the
predictions of the non-acceleration models [2]. Fractiatihe
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level of ~ 0.1% [3] are expected from the decay of neutral pi- 120 photon
ons produced in the interaction of nucleons with the cosmic

microwave background (GZKfkect). Discrimination between 100

the diferent scenarios for the origin of the UHECR is possible, 80

based on observables sensitive to the distinctive chaistate

of extensive atmospheric showers. Deviation of data from ex 60

pectations for showers induced by nuclear primaries d¢er o
a clear signature for photons, detectable by fluorescemee te
scopes as well as by arrays of surface detectors. Hence, by 20
combining both the detection techniques, the Pierre Auder O D e e ] e
servatory hybrid instrument has an unique potential fos¢he fo0 700 500 900 1000 1100 1200 1300 1400 1800
kind of searches. The detection of primary photons at these e Xmax [9 €]
treme energies will open a new window to the Universe, with
large impact also on fundamental physics [4]. So far no ebser_ o
- . . .. Figure 1: Discriminating observable for the Auger fluoreseedetector: the
vation of UHE phOtonS has been claimed, but stringent IImlt%epth of shower maximunXmax. Distribution of Xnaxare shown for Monte
on their fraction in the integral CR flux have been placed [5, 6 carlo events induced by photons (solid blue line), protaiasiied red line) and
These limits help to reduce uncertainties related to photorn  iron nuclei (dotted black line) at 10 EeV.
tamination in other air shower measurements like the determ

nation of the primary composition and of energy spectrum and . . .
orthe p Y posit . gy’ sp with respect to the hadronic ones. The smaller cross section
the derivation of the proton-air inelastic cross section.

for photonuclear and direct muon pair production are in turn
responsible for the dominant electromagnetic component.

2. Photon searcheswith the Pierre Auger Observatory

Showers induced by photon or nuclear primaries are expecteqt - Searches with the Auger fluorescence detector
to develop diferently: distinctive characteristics of photon in-  The key observable in searches for photon primaries with the
duced showers are a deeper shower maximMmx, and a  Auger fluorescence detector ¥ axitself. Since the fluores-
smaller muonic component. The delayed development of phazence telescopes follows the longitudinal shower devetagm
ton showers is a consequence of the smaller multiplicity inthe derivation of theX,axposition can be performed with very
electromagnetic interactions compared to hadronic intemas.  high accuracy. The procedure highly benefits from the small
Above 10 EeV the LPM fect becomes important and the de- uncertainty in the geometry reconstruction of hybrid esené.
velopment of photon induced showers is even further delayethose events recorded by both the fluorescence telescoges an
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the ground array. In Fig. 1 the distributionXf.a«, is plotted for
Monte Carlo samples of showers induced by photons (solig blu
line), protons (dashed red line) and iron nuclei (dottectlbla
line) at 10 EeV. The dierence between the averag.xvalue

for showers induced by protons and photons at this energy is
~ 200 gcmi?. The shower-by-showeXyaxresolution, ob-
tained when information from the ground array is availatde,

~20gcn? [7].

Based on the direct observation of the longitudinal shower
profile by the Auger fluorescence detector a limit of 16% (95% 100
c.l.) has been obtained on the photon fraction in the integra B 1
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cosmic ray flux above 10 EeV (see Ref. [5]). For a sample of sec(®)

29 high quality hybrid events, recorded in the period betwee

January 2004 and February 2006, the measured depth of shower
maximum has been compared to the theoretical expectations
for showers of the same geometry and energy, but assuming a

primary photon origin.
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Figure 2: Upper panel: longitudinal shower profile of a tybievent recorded
by the Auger fluorescence detector. Lower panel: data paitht statistical
uncertainty along wittmax distribution from photon simulations. Figures from

Ref. [5].

In Fig. 2 (upper panel) the reconstructed longitudinal jpeofi
is plotted for a typical event recorded by the Auger fluorasee
detector. In the lower panel the data point is plotted aloitg w
the corresponding photon simulations. Thfeatence between
data and average photdgaxvalue corresponds ta2in units
of standard deviations, i.e. a photon origin is unlikely tiois
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Figure 3: Discriminating observables for the Auger groundyarupper panel
the signal risetimesf, lower panel the radius of shower front curvature. The
parameterization of the mean behavior for 20 EeV primary phoi®mplotted

as a function of shower zenith angle along with a sample ofeeants. The
deviation of the observed values from those expected fongmy photons is
evident. Figures from Ref. [6].

2.2. Searches with the Auger surface detector

The results of the search for UHE photons with the Auger
surface array data, recorded between January 2004 and Becem
ber 2006, have been published in Ref. [6]. A limit to the pho-
ton flux is derived by comparing photon-like events to thel wel
known experimental exposure. The discriminating obsdegb
connected to showefmaxand muon content, are: the risetime
of the signal at 1000 m from shower core and the estimated
shower front curvature. A detailed Monte Carlo study hasbee
performed to characterize the behavior of photon inducedsh
ers. The distribution of arrival times of particles in thevaler
front is expected to become more dispersed for deeply pEnetr
ing events. The delay of the arrival times of particles atigh
with respect to a planar shower front approximation is etquec
to increase with increasingyax .

In Fig. 3 signal risetime (upper panel) and radius of shower
front curvature (lower panel) are shown for a subset of tha da
along with photon simulations. The deviation of real datarfr
photon expectations is evident. A combination of both the ob

event. The probability for each event to be a photon has beeservables is obtained via principal component analysisutA ¢
then combined to derive the upper limit on the primary photonis then set priori at the median of the distribution of the sim-
fraction. This limit has been the first derived by the use ef th ulated photon sample. No event in the large statistics datas

fluorescence technique, improving on and confirming thedimi found to be photon-like and the limit on the photon fractien i
derived previously by ground array data.

placed at the level of 2% (95%c.l.), see Fig. 6.



3. First limitsin the EeV range with hybrid data
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Observations in hybrid mode (i.e. observed by both the flu- ¢
orescence and surface detectors) are also possible aiemnerg 51050
below 10 EeV. Decreasing the energy threshold increases the
event statistics, which to some extent balances the factor
smaller duty cycle compared to observations with the ground 1000
array alone. A high quality hybrid data sample is selectexhnf
data recorded between December 2004 and december 2007, by
applying a set of reconstruction quality, fiducial volumedan
cloud cuts (for details see Ref. [8]). The quality critenesare
the high accuracy in the shower geometry and longitudira pr
file reconstruction. Events with large contamination ofdir
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Cherenkov light and withX,xoutside of the field of view are 850

rejected. The criterion aKnaxbeing observed can introduce a Lol o

bias against the deeply penetrating photon primaries. dace 8007":'&;:4\5- T N "‘19‘4‘ b
the dependence of the detector acceptance on compositieh, a lg(E/eV)

of energy dependent fiducial volume cuts is applied, whieh re

jects showers at small zenith angles and showers Iandlrfgltoo Figure 5: Closeup of the scatter plot ¥f,axvs energy for all events (blue
from the detector. The presence of clouds miigai the recon-  dots) with Xmaxabove 800 gcm?and energy above 2 EeV, all cuts applied.
struction of the Iongitudinal proﬁle towards deep’(ﬁ{axvalues_ Red crosses show the 8 photon candidate events (see text)solit red line

Clouds can in particular obscure the early parts of the show indicates the typical median depth of shower maximum for prinpdogtons.
he dashed blue line results from simulations of primary pretoA fraction

proflle, so that the remaining proflle would be similar to tofit of 5% of the simulated proton showers Rggaxvalues larger than indicated by
deeply penetrating photon events. Therefore data aretsélec the line. Figures from Ref. [8].

only when any disturbance by clouds can be excluded by the
monitoring devices information.

Applying the selection cuts to the data, there remain
ntota|(Et7hr) = 2063, 1021, 436 and 131 events with energies
greater tharEtyhr =2, 3, 5 and 10 EeV respectively. The la-
bel y in E}, indicates that the missing energy correction for
photons [10] has been applied. Accepting only events where
any disturbance by clouds can be excluded reduces the sample
by a factor~ 2. The closeup of th&axVvs energy plot for
all the selected events witkinaxabove 800 gc? and energy
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04" aboveE], = 2 EeV, after quality, fiducial volume and cloud

02F- cuts, is shown in Fig. 5. Events with largg..xvalues are of in-
L terest, in particular events havidXgaxabove the photon median
s W2 184 186 188 19 192 194 value are deemed as "photon candidates”. The obsetygaf

Ig (EleV) . . . :
all the photon-like events is compared with expectationsfr

Figure 4: Relative exposure after trigger, quality cuts fiducial volume cuts ~ Photon induced showers of the same geometry and energy.

for prima!'y p.hotons, protgns and iron nuclei (normali;ed mms at 10 EeV). F|na||y 8, 1, O, 0 photon candidate events are found with en-

Polynomial fits are superimposed to the obtained points. Egitom Ref. [8]. ergies greater than 2, 3, 5 and 10 EeV, respectively (redesos
in Fig. 5). Their number is used to obtain the upper limit te th
photon fraction in the data sample abd:"(wgqr after accounting

A detailed study of the detectoffigiency as a function of for the correspondingfciencies. The limit is largely indepen-

energy for diferent primary particles has been performed withdent of uncertainties related to hadronic interaction neded

a high statistics CORSIKA sample [9]. In Fig. 4 the energy-conservative as no nuclear background is subtracted. A sim-

dependent relative exposure obtained after trigger, tyualis, ulation study has been performed in order to find out whether

and fiducial volume cuts for primary photons, protons and iro Primary photons appear to be required to explain the photon

nuclei (normalized to 10 EeV protons) is shown. The accepcandidates. The conclusions are that observations areatbmp

tance for photons is close to the acceptance for nuclear prple with the expectations from nuclear primaries.

maries, and the relative abundances are preserved to a goodUpper limits of 3.8%, 2.4%, 3.5% and 11.7% on the frac-

approximation at all energies. An correction factor, comse tion of cosmic-ray photons above 2, 3, 5 and 10 EeV are ob-

tive and independent of assumptions about the actual pyimartained at 95% c.l.. The total uncertaintyXgaxis ~16 g cnt?.

fluxes, is derived and applied to the selected data. ForlgletaiThis includes the systematic uncertaintyl( g cni?), the en-

see Ref. [8]. ergy scale uncertainty~f gcnt?) and the uncertainty related



to the high-energy extrapolation of the photonuclear erossproton-air inelastic cross section [12]. The limits alspsort
section ¢10 gcnt?). Increasing (reducingdll reconstructed  fundamental physics. In particular constraints on Loréniz
XmaxValues by this amount changes the limits to 4.8% (3.8%)ariance violation have improved on by several orders of-mag
above 2 EeV and 3.1% (1.5%) above 3 EeV, while the limitsnitude [13].
above 5 and 10 EeV are unchanged. Uncertainties connectedIn future photon searches, the separation power between pho
to the variation of the selection cuts within the experinaént tons and nuclear primaries can be enhanced by adding the de-
resolution don’t &ect the derived limits. tailed information measured with the surface detectorglmid

The new hybrid limits [8] (Auger HYB) and surface array events. The construction of the northern Auger site wilbwll
limits [6] (Auger SD) are shown in Fig. 6 along with other the extension of the total collection area of a factor 8, lyigh
experimental results, model predictions and GZK bounds (seincrementing the statistics and achieving the full sky cage.
Ref. [8] and references therein). The thick red line (AugerPhoton fractions below 0.1%, as expected due to the interact
South 20 years) is an estimate of the sensitivity to UHE phoof primary nuclei with the cosmic microwave background | wil
tons of the southern Auger site after 20 years of operatiem, s be soon in reach.
Ref. [4].

Acknowledgments

- — —— E - N .
2 - . This work was supported by BMBF (Bundesministeriuim f
L TD — .
£ 1Ig ZBurst i Bildung und Forschung). Many thanks to the RICAPQ9 orga-
c = o = . . . ..
g = N i ] nizers for an excellent conference in such an inspiringtiona
510'1 ? Auger H_}/_b.riq’ Auger'SD é
A AugerSD o Refer ences
102 5 3
E 3 [1] Pierre Auger Collaboration [J. Abraham et aNucl. Instr. Meth. A523
2 : & (2004), 50-95.
10° e 3 N& = [2] P. Bhattacharjee and G. Sigl,Phys. Rep. 327 (2000), 109,
E S 3 (arXiv:astro-ph/9811011).
nE 7 [3] G. Gelmini, O. Kalashev, and D. V. SemikozlCAP 11 (2007),
107 g 3 (arXiv:0706.2181 [astro-phl).
= L Sy 7 [4] M. Risse and P. Homola,Mod. Phys. Lett. A22 (2007), 749,
10%° 102 (astro-ph/0702632).
threshold energy [eV] [5] Pierre Auger Collaboration [J. Abraham et alAstropart. Phys.27
(2007), 155(astro-ph/0606619).
[6] Pierre Auger Collaboration [J. Abraham et alAstropart. Phys.29
Figure 6: Upper limits on the photon fraction in the integrasmic-ray flux (2008), 243,(arXiv:0712.1147 [astro-ph]).
for different experiments: AGASA (A1, A2), AGASA-Yakutsk (AY), Yatek [7] J. Bellido [Pierre Auger Collaborationg1%' ICRC,Lodz, Poland (7-14
(Y), Haverah Park (HP). In black limits from the Auger surfaletector (Auger July 2009)
SD) [6], in blue the new Auger hybrid limits above 2, 3, 5, andEHY (Auger [8] Pierre Auger Collaboration [J. Abraham et alAstropart. Phys.31
Hybrid), see Ref. [8] and references therein. Lines indigakedictions from (2009), 399,(arXiv:0903.1127v2 [astro-phl).
top-down models. The shaded region shows expected GZK bd@hdShe [9] D.Hecketal, Report FZKA 6019, 609{998), Forschungzentrum Karl-
solid red line (Auger South 20 years) is an estimate of theithatysto UHE sruhe.
photons of the southern Auger site after 20 years of opevasiee Ref. [4]. [10] T.Pierog, R. Engel, and D. Heckzech. J. Phy$6 (2006), A161-A172,

(astro-ph/0602190).
[11] Pierre Auger Collaboration [J. Abraham et alBhys. Rev. Lett101
(2008), 061101(arXiv:0806.4302 [astro-phl).
[12] R. Ulrich et al, Nucl. Phys. B Proc. Suppll75 (2008), 121-124,
. (arXiv:0709.1392 [astro-phl).
4. Conclusions [13] M. Galaverni and G. Sigl, Phys. Rev. D78 (2008), 063003,
(arXiv:0708.1737 [astro-phl).
The Pierre Auger Observatory already demonstrated its
unigue potential for UHECR photon searches. The published
limits favor astrophysical scenarios for the origin of thgh
est energy particles putting severe constraints to thenaliige
non-acceleration models. The new hybrid limits are the first
ones at energies below 10 EeV and, together with limits ddriv
in Ref. [5], the only ones obtained so far from fluorescence ob
servations (all other limits coming from ground arrays).eTh
derived photon bounds provide a test of model predictions in
different energy ranges and usingfelient experimental tech-
niques thus giving an independent confirmation of the model
constraints. They help to reduce systematic uncertaiintitse
measurement of the primary composition and in other analyse
regarding air showers, namely the energy spectrum [11]tand t
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