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Pierre Auger Observatory

1600 SD stations, 1.5km spacing
Surface Detector (SD)
3000km?

Malargle, Argentina
69°W,35°S Tog Ea, Pamps
1400m as.l. - X = 870g/cm? e

stector (FD)

Ef Chacay ®

Malargue

’\KR’ _r‘j LEOS . - :

el “ 4 FD buildings
Taking data since 2004
6 telescopes each

Installation completed in 2008

+ Auger Enhancements: HEAT, AMIGA, Radio Array, ...
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Communication
antenna

GPS =
Cerenkov water detector

10 m? water surface area

Electronics enclosure
40 MHz FADC, local

Solar Panel
triggers, 10 Watts /

-~ > 1.2m water depth (12 tons)
- > 3 PMTs
> solar panel
i Plastic tank H :
PMg‘;j;:sos) w1 s » communications system
> 100% duty cycle

> Sensitive to muons, electrons and very
high energy photons

» Signal proportional to geometric
muon track length in water

» 85% of EM component is absorbed
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Fluorescence Detector (FD)

Measures EM longitudinal shower profile

Fluorescence Telescope

» Schmidt optics

> 11m?2 spherical mirror

> 440 PMTs at focal surface
>

30° x 30° FoV (180° azimuth for 6
telescopes)

Measure UV light (250 - 450 nm)
il / = ~ 13% duty cycle
Shutter /4 Tt > Full efficiency for E > 10'%eV

vy
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Event Reconstruction

SD
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P Lateral Distribution Function (LDF) >

> Energy estimation at 1000m from the shower
core - $(1000)

P High statistics

Hybrid Events

Longitudinal Shower Profile

Energy estimation by integral of longitudinal
profile

Direct Xmax measurement

High precision energy measurement

P>  Measured by SD and FD
P FD provides energy calibration to SD

> Higher accuracy in shower parameters
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Composition Sensitive
Variables
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Energy deposit [PeVIgIcmz]
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Xmax correlates with first interaction point

Proton showers reach the shower maximum later in the atmosphere
Shower-to-shower fluctuations larger for proton primaries

Xmax evolves with the energy of the primary by:

< Xmax >= Xg + D1g(E/EgA) (Elongation Rate)

< Xmax > is sensitive o changes in average cosmic ray composition with energy

RMS(Xmax) is sensitive to the shower-to-shower fluctuations
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shower profile
shower direction

field of view

depth of shower maximum

rejected

fluorescence:
telescope

Data from December 2004 to
September 2010

6744 events selected

Quality cuts

Low aerosol content and cloud
coverage

> £ > 108V with atf least one friggered
SD station

P Angle towards the telescope above 20°
P Xmax inside the telescope FoV

P Event statistical uncertainty below

40g /cm?

Anti-bias cuts

P Viewable Xmax range large enough to
accommodate the full Xmax distribution

P Zenith angle and distance to SD station
must provide a trigger independent of

the primary composition
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Resolution

Qnef ®  data: RMS=18:1.1 glem® P < Xmax > 22 g/em? over all range
ﬂ:) ; MC: RN&ls*nJ(suL)'j(synngF
3 50 > RMS(Xmax): 27 o 17 g/em? as energy
ol increases
30 Systematics
N P> < Xmax > : 1010 13 g/em?, increasing
20 with energy
10| P RMS(Xmax): 5 g/cm? over all range
[ul eI NN RN BN R Ll - .
780 %0 40 20 0 20 40 60 80 100 . Systematics cover:
AxmeﬁE [g!cm“"] uncertainties in the calibration,
P atmospheric data and
Taken from stereo events
P event reconstruction and selection
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180> log(E) > 8.0 182> logtE) > 1.0 183> logtE) > 182 x
1407 events 1281 events 98 evenis max
distributions
As the energy increases:
X g [fem’] X s [gfem’] Xy [Rem’]
184> log(E) > 183 : 18.5> logiE) > 18.4 ek - 185| - distributions become
781 events 619 events 4s1evens | N@Arrower, and
100f iﬁj . 11 *ﬁ
o ' o® ol & i'i“. = : *.1. - deep X.,,, tail becomes
LY r less evident
G e e g
X [Wfem’) X ey [gfem’) Xy [@/em’]
§ 187> log(E) > 186 ; F 18.8 > logiE) > 187 g 189 > log(E) > 188 X .
o eor Mevents | D M0eenss| D gof woens| INterpretation, especially at
aof high energy, is difficult since
L * we have to rely on the
»} é 20 i $ - # 4 extrapolation provided by
[ s 4 the different models
L o o
X [Wfem’) X ey [@em’) Xy [Rfem’)
E 19.0> log(E) > 189 E 192> logiE) > 190 5 A0 194> log(E) > 19.2
i Mdevents| @ gof woovens| & 106 events
30
. k{' S } u #
1 : L ¢ b ] §§
L o o
Xy [fem’) Xy [em’] X, [@/em’) Xy [¢/em)

DA



Imu'“ 098 731 619
7

TR -

AR AR R R T
e
—.—

/

Fe

0 0

EleV] E [eV]

< Xmax >
Data best described by two slopes changing at RMS(Xmax)

+0.07
logip(E/eV) < 18.3875%; > 55g/cm? (Low energy)

> D= 82t‘138g /em? /decade (Low energy) > 268 /em? (High energy)

> Dy = 2714 g/em? /decade (High energy)

Slope change is nearly the energy of the ankle

Data is described by a mixed composition changing from a very light to a heavier composition

(CNO or higher) as energy increases, provided that the hadronic models argjbaslcolly correct



EM signal

P More affected by Multiple Scattering

— total signal

Aw
Ret,y

> Signalis spread out in time
P Time distributions reflect the shower age

signal [VEM]

. P Dominate close to the shower core and low
10 X

zenith angles

Muon signal
K b i, P Few interactions during propagation
0 10 20 30 40 50 60 70 80 90 100
time [25 ns] > Arrives first o the ground
P Muon arrival time is related with the
production distance
Rise time (f; /5): time required fo go from 10%

> )
to 50% of the fofal integrated SD signal. Dominate far from the shower core and at

high zenith angles

Rise time is related to the shower development, thus it is sensitive to the primary composition

=] F = = DA



symmetry in the signals

Very inclined
no asymmetry

< t/2/r >=a+bcos¢
(by grouping events in E and secf bins)

bla

AsymHeight

Early-late asymmetry b/a.
© is the b/a maximum,

is sensitive to the primary mass

XAsymWWicih
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Quality cuts

Events with £ > 3 x 10'8ev
> 30° < 0 < 60°
P Event must pass the fiducial trigger (T5
triggen)
» 3D stations with S > 10VEM at
500m < reore < 2000m

P Hottest station cannot be saturated

Systematics: © < 10g/cm?

P Core reconstruction
P Event selection

1
10"

E[svl’m > Value of ty 5 vs 1
Data from January 2004 to
December 2010
18581 events selected
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Muon Production Depth - MPD

Muons produced close to the shower axis and travel in nearly straight lines

Muons arrive with a time delay wrt shower core due to

HES fg+fg+f5+f,ws+ ‘

MPD Muon Energy Spectrum
oN _dNox| [(av _aNaE
dty — dX dfy dft. — dF df.

MPD reconstruction requires stations at
Tcore > 1000m

z~lﬁ+A :X—T dz *
24 Zp

R O S/ /S /S /S /S

Reconstructed Muon Longitudinal Profile
(event by event basis for E > 10'9-2¢v)

‘ E=95 EeV, 0~60°
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Data from January 2004 to December

2010

244 events selected

Quality cuts

Events with £ > 2 x 10'%V
55° < 0 < 65°

Event must pass the fiducial trigger (T5
trigger)

SD stations with § > 3VEM at
rcore > 1800m

Gaisser-Hillas fit must be good

Shower radius of curvature with

R < 29000m

Systematics: Xk, = 11g/cm?

>

\ 2 A A

Reconstruction bias
Core position

EM contamination
X2 cut

Selection efficiency
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FD and SD

— EPOSV199 P Xmax Results compatible with previous publications
QGSJETI-0.3
SIBYLLZA P Xmax distributions become narrower with increasing energy
proton

E:::«-um P Direct FD composition measurements extended to higher

energy by the SD measurements

»  Direct and indirect independent composition variables
yield compatible results with different systematics

Interpretation

> Atlow energy data is compatible with a significant fraction
of protons

P Break on the elongation rate slope seems to indicate a

change in composition towards a predominance of heavier
nuclei at higher energies

(X, [BfEM?]

s @

< Xmax > and RMS(Xmax) show similar trends towards
heavy-like showers at high energies, but exact values of
several variables are difficult to explain with existing
hadronic interaction models, for simple mass composition
scenarios
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Results are model dependent. Any changes on the model

1
energy [ev] predictions will affect our interpretation of primary mass

composition




Back-Up Slides

10/03/2013 The nuclear mass composition of UHECR with the Pierre Auger Observatory E. Santos 17/19



Tevatron E = 10'%V

— EPOS199
[ aesuetios
-- sibyiz.1

-~ QGSJet0t

Q\O‘d\ =

EfeV] E[eV]
LHC E = 10"7ev

o

=

E gspr — EFOSLC o
) QGSJer0s ?
“3 - siyiz 1 .

H
=

S2)CN(E2




