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Scientific case ﬂ(“

Experimental results:

a Energy spectrum

a Anisotropies in the distribution of their arrival directions
m Mass of the primary particles

a Hadronic interactions

ALL images and results, if not differently specified, are from ICRC13 Auger Collaboration’s talks.
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Why measure composition?

Karlsruhe Intitute of Technology

Some important features: source, flux suppression, ankle explanation, ...
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Measuring the mass of the primaries...

Fluorescence Detectors Surface array Detectors
(FD) (SD)

Observable used:

® Xpyax: measured through the data reconstruction using hybrid events
(FD and SD data combined)
® Xhax: reconstructed through the Muon Production Depth method
(MPD)
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Hybrid reconstruction ﬂ(“
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Through fluorescence light, the profile of the longitudinal shower
development can measured.
Combining with the SD triggered stations, a high quality fit can be done.
The profile maximum is the Xy ax
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Remind: 2011 results ﬂ(“

(Xmax) and o(Xmax):
compared with hadronic interaction models
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Remind: 2011 results ﬂs“

Karlsr

e of Technology

(Xmax) and o(Xmax): study of their systematics
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ICRC13 results - Update summary ﬂ(“

Update on reconstruction:
Extended the data period to 31/12/2012
Lower energy threshold: 1078 eV
Improved reconstruction
Updated energy scale

Update of statistics:
19872 events selected
New binning at high energy thanks to more statistics available
38 events above 10'%5 eV

Update of hadronic interaction models:
@ LHC-retuning
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(Xmax) and o (Xmax)

Preliminary results!

Auger 2013 preliminary
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Models of hadronic interaction taken into account to interpret the results:
Epos-LHC (solid), QGSJETII (dotted) and Sibyll (dashed)
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Update in details

New reconstruction and calibration
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Update in details ﬂs“

New reconstruction and calibration

e of Technology
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AXpax ~ 10 g/ cm? at low energies of systematics
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Mass Composition Xmax MDPs Compare Results Conclusions Backups

Alessio Porcelli for the Pierre Auger Collaboration — Auger Mass Composition August 27th, 2013 9/25



Update in details ﬂs“

Xmax acceptance correction (after the data selection)

te of Technology
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Update in details ﬂ(“

Xmax acceptance correction (after the data selection)
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Update in details

ICRC13 old binning
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Update in details

ICRC13 new binning
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Update in details

ICRC13 new binning
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Enough statistics for new binning at high energies
(a complete studies about the systematics will be available soon)
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Xmax and the mass composition Q(“
Proportionality between the moments of experimental observable ( Imx)
and the moments of the mass distribution (In A):

(Xmax) = (XRax) — Dp(INA)  02(Xmax) = (07) + D20? (In A)
given:

Dp: elongation rate (d(Xmax)/d l0g,(E)) - from data

(Xhax): average depth of protons - from proton simulation
(02): mass-averaged shower fluctuations - from simulations

Xmax Interpretation: model of hadronic interaction are needed.

The moments of the mass distribution are:
(INA) => " filn A
e.g.pure p — (INnA) = 0, pure Fe — (InA) ~ 4,50 : 50 p/Fe — (InA) ~ 2
o?(InA) = (In? A) — (In A)?
e.g. pure p/Fe — a?(InA) = 0,50 : 50 p/Fe — o*(In A) ~ 4
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Xmax t0 IN A A

Karlsruhe Institute of Technology.
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Interpret results: In A vs o(

transition:
*p- Fe

nitrogen fraction
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Interpret results: In Avs o2(In A) m
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Interpret results: In A vs 02(In A) meaning

Karlsruhe Intitute of Technology
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Interpret results: In A vs 02(In A) meaning
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Interpret results: In A vs o2(In A) applied AT

Karlsruhe Institute of Technology.
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Interpret results: In A vs o2(In A) applied AT

e of Technology
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Measuring the mass of the primaries...

Fluorescence Detectors Surface array Detectors
(FD) (SD)

Observable used:

® Xhax: reconstructed through the Muon Production Depth method
(MPD)
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Muon Production Depths method (MPD) ﬂ(“

Muons at the ground carry information about their production point:
reconstruct their production distribution along the shower axis
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The maximum of this distribution is the observable X/,
(Similar correlation to In A as Xj,ax do)
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MPD estimation: geometry delay ﬂ(“

w are produced along the shower and follows straight lines
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MPD estimation: total delay ﬂ(“
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MPD estimation: shower geometry ﬂ(“

Decay probability shape of MPD distribution at the ground
(an electromagnetic component is also present at the ground)

x10° «10°
%m; —full MPD distribution gaool —full MPD distribution
Z*°C  --MPD at 1000 m from the core St ~-MPD at 1000 m from the core
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1000 — . 4 L
aooi 200;
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X" [gcm?] X" [g cm?]
There is a zenith angle and core distance dependence!
60° is a good candidate!
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Analysis criteria ﬂ(“

Selection of the data:

a Inclined event:

m [55°,65°] as fixed zenith angle to avoid dependency to that
m avoid electromagnetic contamination

m Surface detectors far from the core:

m Optimization to reduce the systematics given by the time delay of the
muon arrival to the detectors
a Shower energies > 20 EeV to have enough station far from the core

Analyzed data:

Data set: 1 January 2004 =- 31 December 2012
Event left after selection: 481
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MPD results: (Xiax)

Models of hadronic interaction taken into account to interpret the results:
Epos-LHC (dot-dashed) and QGSJETII (solid)
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(Larger differences between hadronic models compared to the Xyax)
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MPD results: systematics

source

syst. uncertainties (g/cm?)

core time
atmospheric profile
fitting procedure
selection efficiency
energy uncertainties
seasonal
Reconstruction bias
(driven by hadronic model
and primary)

5

0 W N W oo

Total

17

Reconstruction bias: 60% of the systematics contribution!
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MPD results: reconstruction bias AT

Karlsruhe Institute of Technology.
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Xmax and Xmax
Compare results with Epos-LHC (left) and QGSJETII (right)

LHC EPOS QGSJETII04
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Model discrepancy
Further investigation needed.
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Conclusion ﬂ(“

a FD though the X;,.x measurement:
» results compatible with previous findings
» all interpretation, thought different hadronic model, are compatible with
a CR mixed composition
» (In A) decrease until ~ 10'82 eV and increase at high energy
» Ultra high energy showers fluctuate less then predicted by proton
simulation
® SD through X}.x measurement from MPD method:
» new and promising approach to use the longitudinal development of
extensive air showers to measure the mass composition
» strong dependence to hadronic model to interpret the results
m Compare Xpnax and Xhax through hadronic interaction models:
» discrepancy between models
» Further understanding about hadronic model is needed to use the
combined potential of Xynax and X£.
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Outlook ﬂ(“

» Long Xnax journal paper is ongoing

Studies to extend measurement to lower energies (HEAT, Infill, ...)

» Studies to improve knowledge about muons and extensive air shower
(AMIGA, collaboration with NA61/SHINE and LHC, ...)

» More methods to use the longitudinal development of extensive air
showers for study the mass composition (Universality, .. .)

» Planed SD upgrade (increase muon detection capabilities)

v
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Outlook ﬂ(“

» Long Xnax journal paper is ongoing

Studies to extend measurement to lower energies (HEAT, Infill, ...)

» Studies to improve knowledge about muons and extensive air shower
(AMIGA, collaboration with NA61/SHINE and LHC, ...)

» More methods to use the longitudinal development of extensive air
showers for study the mass composition (Universality, .. .)

» Planed SD upgrade (increase muon detection capabilities)

v

Thank you!
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Backups
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Muons kinematics ﬂ(“

Angle to the shower:

o uF4uu(B)) ~100% L CPt
+ + — o Siha ~ —
K = o F(Dn)  ~64% E
- af4q° ~21%
— s+ fermions ~ 15% Distance traveled before decaying:
| =~err = CTpl
VT = 2O
H+
II* (E, p) 5 7, Transverse distance:
pe R TP
MGy === ~0.01° =1 =Isina = == ~ few 10 m!!!
pc ™
independent of pion E!
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Why SD far from the core? ﬂ(“

Muon product point must be measured

% &7 1 f2
%, 5V z=-(——ct) - A
\</;b [ — 2 Ctg
2, A2+ @A)
\{9/;& 9 /" muon traveled distance 1 r2
“ground  \[> # toground = — —ct — C<tg> — A
NG 2 \ct—c(t)
N
00
XH = / p(Z')dZ
= z
ot
ré cos
(p is the atmospheric density in function of the distance z’)
Using tanks far from the core reduces d X*
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EPOS and QGSJETII

EPOS

a Constrained to reproduce LHC data
a LHC Proton-proton rapidity gap is reproduced

QGSJETII

a Constrained to reproduce extensive air shower experiments
m LHC Proton-proton rapidity gap is not reproduced

Minimal assumption:
same diffraction for p — p, p —

and m — air.

air,

Probably this is the reason for the

differences for X4 .«

Mass Composition

Xmax

MDPs

do / A" (mb)

Alessio Porcelli for the Pierre Auger Collaboration — Auger Mass Composition

b I hed
N e o oa

o
o v =

N

[P

z

ATLAS Vs =7TeV p,>200 MeV

Compare Results

3 4 5 6 7

More studies are needed to find the best description
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Auger-TA Difference Problem AT

Karlsruhe Insttute of Technology.

HiRes
QGSJet Il
rails after full
detector
simulation
(bias &
detector
acceptance
included)

©  HiRes stereo (2009)

Auger (2010)

640

AN IR AU AN AAAEN TR A A
182 184 186 188 19 192 194 196 1938
log, (E/eV)

@[T

- Measured <X__ >

between HiRes and
Auger agree.

- Interpretations
differ.

William F. Hanlon, 33rd ICRC, Rio de Janeiro, Brazil, 6 July 2013 ~ —————————— u

Slide taken from “Progress towards understanding the analyses of mass composition”, W. F. Hanlon, ICRC13
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Auger fit of the data
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Assumption: Auger reconstruct shower X, with very little bias
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provided a 4 composition (H, He, N, Fe) sample based on fitting Xpax

from ICRC11 with x? function

8 ¢g/cm? of bias: poor fit on the tail (with low statistics) of Xy distribution

Pictures from “Progress towards understanding the analyses of mass composition”, W. F. Hanlon, ICRC13
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TA simulation: Auger data reproduction AT

Karlsruhe Institute of Technology.

TA simulate using Auger composition: test it to reproduce Auger data

820
E
S800 = . n Composition Mixture
“A780) >
H " Auger data (ICRC11)
> 760
]
740 "
" —_—

LA A RanR R AR

" b =
700 40 5 ;‘: #‘Q*{H{\ " " L]
80 E = A )
“ 3BE // —
S S m Composition Mixture E oo
ol 0 Y *
640 E
E Auger data (ICRC11) S
620 BE =iy G ;
E E e
0qC I I I | oqL | | | I
M8 182 184 186 188 19 192 194 _ 196 “Ng 182 184 186 188 19 192 194 _ 196
log, (E/eV) 10, (E/eV)

Simulations in agreement!

Pictures from “Progress towards understanding the analyses of mass composition”, W. F. Hanlon, ICRC13
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TA simulation: reconstruction ﬂ(“

Thrown the composition mix simulation with TA folding their telescope
resolutions
~780
£ E
o -
S770F
A c _$_
E760
X OUF ;4_'{_
" 5ok b
740 - *A*_A_izi:_f_%
E - ——
C e
730F
E e
C A MC thrown
720 e
E_A_ ® MC reconstructed
710F Auger Data (ICRC11) |
700153 184 1856 188 19

19.2
Iogw(E/eV)

TA successfully reconstructs the Auger mix X,a.x With a small
reconstruction bias (~ 5g/cm?)
Pictures from “Progress towards understanding the analyses of mass composition”, W. F. Hanlon, ICRC13
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Conclusion AT

Karlsruhe Institute of Technology.

Work still in progress!
Moreover Auger improved the fit to the data (using maximum likelihood)
using the same elements:

- - — T70f
£ 780F £ E
3] E S E
ER: } 3 %t
—~, T70[ %) E
H E E 60E
Z 760F s5F-
7501 50F
7401 asp
E a0F
730 E
g 3
70 "3
710F 25F
700ELL NPT PP E PEEPENP | M
10" 10" 107 10" 10" 107
E eVl E eVl
Pictures from “Progress towards understanding the analyses of mass composition”, W. F. Hanlon, ICRC13
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