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Primary objective of the Pierre Auger Observatory ...

“Measure the properties of Ultra High Energy Cosmic Rays ( E > 10*8 eV ) with

Energy

o Cutoff at the highest energies? Ankle?

Direction

o Is the UHECR flux isotropic ?

unprecedented statistics and accuracy”

Flux (m?sr sec GeV)1

o Which are the UHECRSs sources?

Mass composition

o Is the UHECR flux proton/iron-dominated?
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Primary objective of the Pierre Auger Observatory ...

Energy - Phys. Lett. B 685 (2010) 239-246
Phys. Rev. Lett 101 (2008) 061101
o Cutoff at the highest energies? Ankle?
o JCAP 04 (2012) 040
Direction ' Astroparticle Physics 35 (2012) 354
o Is the UHECR flux isotropic ? JCAPO6 (2011) 022

o Which are the UHECRs sources? Astropart. Phys. 34 (2010) 314-326

Mass com position ‘ Phys. Rev. Lett 104 (2010) 091101

o Is the UHECR flux proton/iron-dominated?

.. . Phys. Rev. Lett. 109 (2012) 062002
Tests of hadronic interaction models ™ y (2012)

0 measurement of p-air cross-section

. ) Astrophysical Journal Letters, 755 (2012) L4
UHE neutral primary detection B  physical Review D 84, 122005 (2011)

a As a bonus, the Observatory has the Astropart. Phys. 31 (2009) 399-406

capability to detect UHE neutrinos, Phys. Rev. D 79 (2009) 102001
gammas and neutrons



The Pierre Auger Observatory

(Located in the province of Mendoza, Argentina)

Water Cherenkov stations (SD)
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T“e hyw mcept FD: measures the shower longitudinal profile.
- Calorimetric measurement of energy.

SD only De'Fermination of;hower meimum Xinax
Hybrid: FD + at least 1 SD tank (primary mass and o, analyses).
(— lower energy threshold) —
> Golden Hybrid: independent FD & SD reconstructions "§12 J X ax
(— SD calibration) s
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The UHECR flux

SD only + Hybrid spectra combined (agreement better than 1.5%)

log 10(E/eV)

18 185 19 195 20 205 Two power laws in the ankle region +
smoothly changing function above

(.’\]_‘ _I | I I I I | I I I I | T I I | I I I I | [ T I | I
>
0 J(E;E > Eanae) o E772 !
Ts- %8 ) an e lg E—]-H,El
A 107 1+exp | ——=
v ”
e [y 23272001  Y,=263%002
= ! i log (E /eV)=19.63+0.02
=) B N Main systematic uncertainty
ﬁ“ ]ogm(E‘ I\]‘/e\/): 18.62 =001 +
= - ankle ~22% from overall energy scale
) logm(WC/eV) =0.15+0.02
= ]037 l ]

® Auger combined ° l SD systematic on flux ~ 6%

— Fit (x*ndof = 33.7/16 = 2.3)

Hybrid systematic on flux ~ 10% at 1018 eV
(6% at 10%° eV)

18 19 20
10 10 10 due to exposure determination & E resolution

EleV]
v Ankle % : may indicate a change in origin of cosmic rays (Galactic to Extra Galactic origin).

v Flux suppression % : found with a significance >20c at higher energies.
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p-air cross section at Vs = 57 TeV

‘ Tail of the X, distribution sensitive to cross-section

dN
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v Define A, as primary observable via exponential shape

v Select a proton enriched data sample (n=20%)

v

v

Cross section (proton-air) [mb]

Use simulations to correlate AnMC with cross-section

An'\"C adjusted to reproduce the measured A,

Equivalent c.m. energy\'s,, [TeV]
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Phys. Rev. Lett. 109 (2012) 062002

Systematic uncertainties:
o Hadronic models
o energy scale
o simulations ... total +20 mb —15 mb
o photon and helium fraction:
= photon fraction 0.5%
= He fraction 25%

+10 mb
—-30 mb



Test of hadronic interaction models

The information on the nature of the EAS primary particle and cross-section depends on models used in MC simulations =

It is crucial to validate hadronic models!

Ground signals comparison in an event-by-event basis

18.8 < log(E/eV) < 19.2 — 227 golden hybrid events (library of MC events matching data LP)
Ground signal systematically lower than observed

Proton Sim Proton Sim =
Energy: (13.8 70.7) EeV [ron Sim -~ Iron Sim “
f\'g 30 | | Zenith: (56.5 70.2) Deg Data —e— | , Data e
© Xitax: (752 79) glem® 10
S 3 S(1000)4ys  ~1.5 vertical showers
> 20 L
£ % 1 S(1000)simy  ~ 2 horizontal showers
ke, 10
w 10
©
200 400 600 800 1000 1200 10° ‘ ' ‘ :
Depth [g/cm?] 500 1000 1500 2000
Radius [m] )
5— Total signal
4 independent methods to check the muon content relative = o
> o
to models > Syt ® Sey + S, 2
5— Muonic signal
. 3F
1. Smoothing of FADC traces me———) >
2. Multivariate muon counter - Far from the core i
3. Sh : lit muons produce spikes. 5¢ Electromagnetic signal
- Shower universality . S, determination: =4
4. Inclined showers systematic <8% ~ 2
I ~ 0
resolution ~20% 6 550 Time 1og] 1000 1200




Test of hadronic interaction models

All five different methods show that the hadronic interaction models UNDERESTIMATE the number of muons
by a factor 25% — 100% (depending on the model and primary).

Nu'e' ~1.5 -2 (for proton-induced showers)

The discrepancy can not be explained by the composition alone.

N, = number of muons with respect to QGSJETII protons at 10 EeV

= 6—m—m—m—m—m—m—m—m m @ @ @ @
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Search for UHE neutrino primaries

v = very inclined & “young” (deep) shower

>

Hadronic showers: “old”

“down-going” V : “young” :
going y g muons dominate at ground

1 e.m. component at ground

“Earth skimming:

~ horizontal + || -

A%

17

Due to the low neutrino cross-section — large amount of matter for interaction

v Why Very inc,ined ? —inclined neutrinos are likely to induce EAS close to ground

Atmosphere @Auger site Vertical ~880 g/cm? Horizontal ~32000 g /cm?
shower front

v Why young ? after1atm——"“ after 3 atm

‘old’ showers (1)

. . elec_t_rom‘ai_:j’n‘ _,,ff——-':*\’"f” hard muons | _ : m‘gﬁvzutmiu?‘i:tribution
_> v InteraCt deep In the atmosphere ’,C-aét_:_a'd_e,dz'-”r ________.__——.'r——____f-lrjd.@_{:._é_lgc-t-rons . Flat Iateral dlStrIbUthﬂ
S T ! in equil._\.yi_t_h_rggqr_lgl
— look for young showers o e e —— —
— high e.m. component in early stations ~--——______ A 'voung' showers (v) |- Iiiiii_r

) "» Wide time distribution
TR * Strong curvature
==.. ® Steep lateral distribution



Fisher discriminant method

QO “safe” cut on Fisher value such that expected background < 1 event / 20 years of Auger data

Fisher distribution - low mult. (4 < N<6)
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Fisher discriminant value
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UHE v search results

After un-blinding ... 0 candidates survive the cuts for the search period:
Down-going :

Nov 07 to May 10

Earth-skimming: Jan 04 to May 10
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Physical Review D 84, 122005 (2011)
Astrophys. J. Lett., 755 (2012) L4

Assuming
dN

f(E,)=k-E’
= (E)=KE

!

Differential limit  (Alog,,E =0.5)
NEX
f(E)im = -
E,-EE,)-AnE,
Integral limit

N, = [f(E,)-EE,)-dE,

<1.7x107GeVcm2slsrl Ee[1017,10%]eV

1

<3.2x108GeVcm?slsr! Ee[1.6x10Y7, 2x10°] eV

- Auger downward-going (2 years) Cosmogenic models ' =
— Auger Earth-skimming (3.5 years) =
T ———— IceCube-40 (333.5 days) Ahlers 2010 N
s Anita-ll (28.5 days) Kotera 2010 —
— | |||||\| | | ||||||| | | ||||\|| | | ||||||| | L 1 L1111
18 19 20
10" 10 10 10 10%
E, [eV]
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IceCube-40: Phys. Rev. D 83 (2011) 092003
ANITA II: Phys. Rev. D 82 (2010) 022004
Ahlers : Astropart. Phys. 34 (2010) 106
Kotera: JCAP 10, 013 (2010)
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Limits on point-like sources of UHE neutrings ~ Astrops-- tett. 755 (2012) 14

‘ Search for point-like sources of UHEV over a broad range of declinations: [ north —65° , south 55° ]

40— cosB(t) =sinA sind +cosA cosé sin(2rt/T — «)
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hd C 7 . . . . .
S 45 E compute a limit as function of the declination:
= O |
s .
§ 10— B Single flavour neutrino limits (90% CL)
w 5:7 j T | T T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T T
E = 10° Auger downward-going |
Co 1 I co b b by by Ly 1 — ]
=30 60 40 20 o0 20 40 60 80 - Auger Earth-skimming -
Source declination § [deg] "';' - -
N - i
£
T _ _
>
(]
0 10° E
e B N
“I f— —
™ = — —
Ll
||
2107 = =
k4 — -
| | L 1 | | | | | | | (I | L 1 | | | L 1 | [ | | | | | | | [ ‘ |

80 60 -40 -20 0 20 40 60 80
S.Navas (U.Granada) NOW2012 Source declination 3 [deg] 13



Summary

Spectrum

o Flux suppression established at E > 4 x 101% eV
o Ankle observed at ~ 4 x 1018 eV

Hadronic interactions

o First measure of the p-air cross section at 57 TeV
(much beyond LHC energies)
o Models underestimate the muon number by 25 — 100%

Neutrinos

o Improved neutrino limits on the diffuse flux
o Sensitivity to point-like sources in broad 6 range [-65°, 55°]
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Hybrid shower detection

Fluorescence
Detector site




