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Search for photons at ultra-high energies

radio MeV GeV TeV PeV EeV ZeV
OK OK

photons lK OK OK

starting ~400 years ago ..

» Photons, as the gauge bosons of the EM force, at such enormous energy are
unique messengers and probes of extreme and, possibly, new physics

» UHE photons are a smoking gun for non-acceleration models

» UHE photons are important when trying to constrain interaction parameters
such as the proton-air-cross-section at energies far beyond LHC energies

» UHE photons point back to the location of their production. Arrival directions
may correlate to possible sources

» UHE photons play a role in fundamental physics:
E.g. they help to constrain Lorentz invariance violation (LIV)

YUHE T Vb >§ e_l_ -+ e (more photons expected in LIV)
» UHE photons may help to interpret TeV observations
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Detection

primary primary
.~ Two main characteristics of photon iron
photon-induced air-showers: ) ~
» delayed shower development |

(larger Xmax) *
» Laclk of muons due to a smaller |

photo-nuclear cross-section

Lateral distribution:
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Auger Photon Searches

Diffuse photon searches

Directional searches for photon point sources
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Auger Photon Searches

Diffuse photon searches

Directional searches for photon pomt sources

0 Search for photons W|th E > 1019 eV
(C. Bleve for the Pierre Auger Collaboration ICRC 2015)

Experimental observables

Risetime: Lateral distribution:
Time difference between 10% and 50% Lateral distribution function (LDF) of EM rich
quantile of signal in surface detector events is steeper compared to average.

Larger for:
» Signals dominated by EM component
» Deep developing showers

o ‘© [\EM

risetime =

10% 50% quantil = H
«—>

distance to shower axis

signal

For photon searches select events

. with large risetimes and steep LDF
time
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© Analysis and photon identification

ObSGI’V8_b|6_S total signal in
station /
Lipp = logyy [ =3 > Deviation f data LDF*
2 Lipr = log,, N : LDF(r,) ,2oeviation from average data
expected signal at
distance r;
bench
Zi 57, 0; = t1/2 t . B : di
2 A= o,  ,Deviation from the data benchmark cut in median
N photon distribution
(spectrum ~E-2)
8
[ .  E,>101 eV . — Data
o ; x?n?fgg);z (non pre-showering) e Y - - —— MC y(no pre-sh))
" - = o — MC y(pre-sh.)
_|3 41 - : phOton
T 2 D10 * candidate
.GEJ OE CI:J : 4 region
o | q>, i t
o 10 E- 1.
QO 2 — ‘I‘
=0 N
4F Combine in principal B
- component analysis 1E H | I L
redefined A principal component
4 photon
candidates
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Results

T 10 . SHDM O AGASA Auger SD 2008 I:_eIQman-Cousins upper
*? - = TD ¢ Yakutsk m Auger SD 2015 prel. limit number of photons
N‘D 1 = === Z-burst [J TASD ® Auger Hybrid
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5 <

2 10° E2 spectrum weighted
-

average exposure

—
Q
N

107 =

= GZK p (Sarkar et al. ’11)
10 B GZK Fe (Sarkar et al. '11)

= GZK mixed

-7 \I\\ ] ] ] ] ] 1 1 | ] ] 1 1 1 |
10
10'® 10" 10%°
E [eV]

» No photon detection at ultra-high energies
» Top-down models severely constraint by current limits
» Start to constrain optimistic GZK scenarios
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|dea directional searches

e Directional searches for photon point sources
(A. Aab et al. ApJ 789 (2014) 160)

The signature is an ;

accumulation of events

| from a specific direction in the sky |
_ (neutral particles are not deflected in magnetic fields)

Idea:
Select photon-like air showers and search for an accumulation of events

source




© Background rejection

5 input observables

(fluorescence and surface detector)

X2 Greisen, EGreisen / EFD, Xmax,

+w Boosted decision trees -
S, shape parameter v

10

NOINCH-

[ photon (testing sample) ¢ photon (training sample)
/) proton (testing sample) e proton (training sample)

&N \\}\\

=

% 1

2 ~like ev

~ ents

-’ distribution
10’

-1 -08 -06 -04 -0.2 0 0.2 04 06 0.8 1
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2 Analysis details

» Blind search: 526200 target directions between declination -85° and +20°.
» Optimized [yt is determined by minimizing upper limit using Zech’s method

G. Zech, NIM A277, 608-610 (1989)
» Data:
» Energy range 1073 < E/eV < 1018
» Zenith angle range: 0° - 60°
» Angular resolution: 0.7°
» Top-hat counting with radius 1°

L P

galactic coordinates =z

04

40

02

cut
II|III|III|III|III|III|II#

_______________________________________________________________________

I [ 7Y ey +a
- = tn 'y

ag0..... 50, J20.. B0 B 2 24 80

-0.2

background count
optimized /3

-0.4

__________________

-0.6

-0.8

— mean value

declination dependent variation

Cassiday et al. Nucl. Phys. Proc. Suppl. 14A, 291 (1990)

Obtained using scrambling method DF—

10 I20I | | I30I | | I40I | | I50I 60
expected number of events
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© Results

Calculate p-value of observation

5 3 expected number
p = Poiss(> ng,..[ny)

observed number

= (Observed
— Expected

I Within 95%

number of targets
=

e jation
significant deviatic
No 819 ¢ expectation!

from isotropi —
||||I||||I||||I||||I|

0 1 2 3 4
-log(p)

Chance probability that pmin is
observed anywhere in the sky: 36%

5
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Calculate p-value of observation

5 3 expected number
p = Poiss(> ng,..[ny)

observed number

— (Observed

— Expected
o Within 95%

number of targets
=

flux upper limit [photons km™ yr|

No significant deviatic?n |
from isotropic expectation:

S R e ]
-log(p)

Chance probability that pmin is
observed anywhere in the sky: 36%
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Results

Derive flux upper limits

particle upper limit

photon exposure
T (from time-dependent
detector simulations)

correction factor for
top-hat choice (=0.9)

>0 gky map of photon flux upper o
limit from point sources =

0.09

T L L TSI F P, e o, ey R, | T,

0.08

AL T T = - - = e

: W g .
i B e &
0.07 N A G G
: . | , £ N i ! o
o 2 v 4 | Wi

(.06

0.05

0.04

0.03

0.02

0.01

» Average particle flux upper limit:
0.035 photons km2 yr!
» Average energy flux upper limit:

0.06 eV cm™2 st

(energy spectral index -2)
HAP Non-Thermal Universe Workshop
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Interpretation

Example: Naive extrapolation of recent H.E.S.S. galactic center results

—10E
w  F galactic center
Al |
= -
;'>1O'12 = '
R
510‘13 =
X =
o N
LL] -
10" &
= ¢ H.E.S.S. measurement
- 1o confidence band of the best-fit spectra
- = Auger avg. photon upper limit
10"° = ... spectral index with cutoff at Ecut =1.97 EeV
- --- fitted spectral index 2.32
i spectral index sys. uncertainty
10—16 ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIII:-l
10 1 10 102 10° 10* 10° 10° 10
E[TeV]
Furthermore:
Auger limit of neutron flux from Average particle flux upper limit of photon point

galactic center of 0.014 km-2 yr-' above sources in the region of H.E.S.S. extrapolation. A

1 EeV enables additional constraints!  paper targeting the galactic center is in preparation.
(Aab et al. Apd 789 (2014) L34)
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Juger oo AugerPrime

Main goals: Prototype detector

» Origin of the flux suppression
» Proton contribution in the flux suppression region &= o S
» Fundamental particle physics

Increase sensitivity to mass composition

— 1B — -
1—:(7) ; upper limits 95% CL GZK proton |
o b I GZK proton I
§1 0! = T GzKiron Il
s b 2011 10 m2 water Cherenkov counter
< [ v ¥ V7 T (mainly 17 component)
=102
S EN o
2 F Hyb 2025 3.8 m2 scintillator
o - —_ .
B 4 ideal) SD 2015 (mainly EM component)
S107E W\W\ (preliminary)
= r Y Sp 2025

10_4‘ ¥N__ L conservative estimate

- SD 2025 (ideal) | ideal estimate (no background)
10° 109 et expect improvement for diffuse
Energy [eV] and directional searches
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\ Summary
\\\\\Q\\\ Search for UHE photons with the Pierre Auger Observatory

\

» Search for ultra-high energy photons is an

11;%3(1}{]15{1]3{ interesting field with high discovery potential
OBSERVATORY » No photons in EeV range observed so far

» Diffuse searches:
» Top-down models are strongly disfavored
» Upper limits start to constrain optimistic GZK-scenarios
» Directional searches:
» First particle and energy flux upper limits of photon point sources in the EeV range
» Severe constraints on the continuation of measured TeV fluxes

s Auger SD 2008

‘;_;‘ 10 :E ....... SHDM O AGASA T
- - = TD 4 Yakutsk ®m Auger SD 2015 prel.
S
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b — i“‘, " =
"W, )
.;.10 E :‘uu“uui““‘ o 0.08
E R ARELET TR Y I oL """‘:‘:‘i",‘ E
‘-l_— 102 :‘ .; '; ----ﬁ. .......... Ji-.":‘i-..:.u‘, ,,,,,, o 0.07
g 3
+—
*GEJ 102 2 0.06
c =%
10 E 0.05 '3;'_1, .;* '*‘..-
= - ARAANLE, v g % i
- ' e L ARG < T o
10% S —oos L B R +_-;‘;,-',+-3;---§" f?%; ﬁﬁtfa’,’tr-'-:'rj--;—'
[]GzK p (sarkar et al. 11) = SR i doretts yy;g?j@p,gdjx
10 [} GZK Fe (Sarkar et al. '11) < 0.03 : ,»W '& }3’ i w
[ GzK mixed = Sl _{;ﬁf
107 L L oo Lo 0.02
10" 10" 10%
E [eV] 0.01

Daniel Kuempel

HAP Non-Thermal Universe Workshop




Daniel Kuempel

Backup slides

HAP Non-Thermal Universe Workshop

14



Hybrid detector

longitudinal profile Cross correlation _ lateral distribution

signal

SD energy estimator

_Acalorimetric™

slant dept

_ 1(.)00 m
distance to core

Coihueco _...

~‘0,r\i'° * Los Morados
n

» FD energy (angular) resolution < 8% (<1°)
» SD energy (angular) resolution < 12% (<1°)
above 10 EeV

Los Leones
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Galactic center extrapolation

TeV range EeV range
photon paper  neutron paper

243 0.011 km2yr'  0.001 km2yr
\ -2.32  0.045 km=2yr' 0.006 km2yr
~~...~E -2.217  0.187 km2yr'  0.027 km-2yr-1

1.92 x 10-12
TeV-1cm2s-1

N,
b,
b,
N,
N,
b,
b,
....
b,
b,
b,
b,
N,
N,
Ny,

@ photon limit  haytron limit

0.035 km2yr! 0,014 km2yr
(mean value)

H.E.S.S. ‘ Auger \

energy
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Input observables directional search

0.007
Observables 2 oas
'&:) > 0.005
farqeted search MC photon 55 oo
/A MC proton = 5 0.003
;D + 5D 8% 0.002
= 0.001
0 EemlZdi
500 550 60
X o [&/em’]
140 09FE o
2 120 z 0.8
S iy ) 0.7
< © N > <o U
ég 60 | = E 0.4
= : 52 o3k | p
SE 40F 7 == %7 '
= - 7 S 0.2 ////
S 20F X, = |
0 Eemns B . 2
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o’ FcH X,/ dof

0.5_—‘"'I""I""I""I""I""I""I""—
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041

0.3f
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number of events
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(@]
on

0

0 1 2 SSh4 5 6 7 8 02746 8 10 12 14 16 18 22

Sty (1, 0 ape S [VEM]
ShapeP(r,0) = — y (7, ) ’

Slate (Ta '9)
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Auger pp cross section

: | | | | L | | | | | | | | | / [ \I,\I\ | /
110 ATLAS 2011 e Lt
- -&- CMS 2011 AR
=100 = ALICE 2011 YRR Ll
E gof. 7 TOTEM 2011 // R4 W
_ - -+ UA5 /g':;‘ -
§ 80 - CDF/E710 /,.'// ,,,,,
I -@- Auger ICRC 2011 /{f' e
1 70 — N “"‘ 27dl .*°
£ 7 ‘ _Auger
E 60__ N WA I ULV T
o — = QGSJetll.3
3 =al — — Sibyll2.1
c 50—
o} T Epos1.99
40 = — . Pythia 6.115
L EEERY PhOjet PIERRE
= AUGER
30_I | | | | 1 1 1 | | | | | | L 11 | | | | | | 1 1 1 |
10° 10* 10°
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Auger Collaboration,
PRL 109,062002 (2012)

pp cross section
@ 57 TeV



