OBSERVATORY

Hadronic Physics with the
Pierre Auger Observatory

\ L. Cazon,
\ r epCollaboration
| . AN -A‘m

R
154cfe Dezembro de 2016

B
-~ .




Fluxes of Cosmic Rays COsmiC Ray SPECtrum

LY (1 particle per m*—second) & o

e 16 particles above
.;::-@é;,% 'l'(f;‘zlrticle per m*—year) ; Iog( E/eV) 18 6 arrlve

%
"Qs 174
*

* .

at Earth eac'h second

(Shower) °fse°°"°"’\f; '« The Pierre Auger
Ground Arrays -

- N\ ‘Observatory Qollects n:
BENSRR"IN around 3000 / year.

L J
12° 10" 10" 10" 10™ 10™ 10" 10™ 10" 10" 10" 10™® 10 -
Energy (eVv)
14 TeV 100 TeV : ¢ 5

N I



-

on Lake in Banff National Park, Canada

- By Johns

IC

o
o
()
S

IS'IS a

“Th




e Composition- -
R (Depth of EM cascade):

Auger FD ICRC17 (prel.) = stat.
Auger SD ICRC17 (prel.) = stat
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High Metalicity of UHECR (high , . "
abundance of A>2 elements)




e Global fit: - .

(Simple) Model of UHECR to reproduce the Auger spectrum and Xma)z distributions at the same time
Homogeneous distribution of identical sources accelerating p, He, N and Fe nuclei.

Fit parameters: injection flux normalization and spectral index y, cutoff rigidity Rcut, p-He-N-Fe fractions
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Best fit with very hard injection spectra (y < 1)
Flux limited by maximum energy at the sources (Rc,i< 107 eV
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We must use air shower simulations performed
with ngh Energy Hadronic Models :

data.

Models spread
ﬁwu

post LHC

.extrapolated beyond the LHC to mterpret our

Models spread .
extrapolatbns has been
reduged after LHC
measumrements: There are
still differences among
models.

O

Extrapolations veniure out
orders of magnitude out of
the confort zones .
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Models show contradictions in the
“interpretation of Xrhax . -
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" Xmax distributions are not well predicted by some models.
3» ding to unphysical results.(QGSJetll-04) T



Air Showers:the =, -

Primary:

H:';\dron - . englne . x

Muons are the smoking gun of the
hadronic shower which is the real
backbone of the whole shower.
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Hadronic cascade

E
In| =2
EF =20 GelV , _ [éﬁj

ln(3 N,
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J. Matthews
Astropart.Phys. 22 (2005)
387-397

1
Ntot :Nch +5Nch

The hadronic
cascade loses energy
that goes into the
EM cascade



EM/Hadronic Energy balance

Products of p-Air
reaction at 10*° eV
QGSJETII
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After only 2 generations, most
of the energy has been
transferred to the EM cascade.
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EM and hadronic cascade
decouple.
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k=05
EM cascade is mostly sensitive
to high-E hadr, int.

Hadronic cascade is sensitive to
high and low E hadr. int.
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dN /dX [a.u.]

Muon production depth

Muon Production Depth profile can be estimated from the muon arrival times distributions

Two assumptions:
¢ Muons are produced in the shower axis
¢ Muons travel following straight lines

2
Map from t to z muon by muon ~ 1 T A
c(t - <te>)

. Example of a real event
2 with: E= (33 + 1) EeV

i J.*let
200~ = muon production

i %o,b point
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Muon Production Depth vs. energy

data set: 01/2004 — 12/2012
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> QGSJetll-04: data bracketed by predictions

> EPOS-LHC: predictions above data .



Compatibility between Xmax and
XHmax
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1
¢ X:nax 8-
A Xmax Un B
QGSJetll-04 s Epos-LHC - ++
. | ¢
Fe n"+_+ < Fe -
Y =l
+ - 3=
P 1]
" 1 2 LT AT
gighy? oo opinistitd
""nnnnnxilﬁf“f“§ 1‘“ﬁ55A55ﬁ~““
ﬁﬁ‘é“ﬁuuu p 0 -
L . | Ll | |
10" 10" 10%° 10" 10"°
E [eV] E [eV]

> QGSJetll-04: compatible values within 1.5 ¢
> EPOS-LHC: incompatibility at a level of at least 6 o



‘Rmu in horizontal showers

PHYSICAL REVIEW D 91, 032003 (2015)
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Independent confirmation with

vertical hybrids’
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Results ot i i

«The observed muon signal is a factor
1.3to 1.6 largef than predlcted by .«

Systematic Uncert. ——— models : K ‘e
Qll-04p e ; . o
QllI-04 Mixed © y

EPOS-LHC p g * Smallest discrepancy for EPOS-LHC
POS-LHC Mixed O
with mlxed composition, at the level of -

190 . " :

Model R

QI-4 p 1.09 = 0.08 = 0.09 1.59+0.17 £ 0.09
QII-04 mixed 1.00 £0.08 = 0.11 1.61 £0.18 = 0.11 .

EPOS p 1.04 =0.08 =0.08 1.45£0.16 = 0.08
EPOS mixed 1.00 £0.07 £ 0.08 1.33 £0.13 £ 0.09



" Conclusions so far - .«

» QGSletll.04’ Xmax dlstrlbutlons produce unphy5|cal mass
results,, s, S >

LJ » .

~ Data does not favour achangein the energy scafe that would
reduce the significahce of the number of muons.,
— ‘Existence of new phenomena? s

— Just fine tunning? : : Y
e ’ gy
s Muon production depth is too shaltow for EPOS-LHC,

SATISFACTORY MODEL
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Longitudinal Shower profile

p-Alr 'cross
sectlon

Slant depth, X

= Tail of X,,.x—Distribution

M dN /dXax o< exp(—Xmax/Ay;)
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Possible He contamination is the
main source of systematic

uncertainty. 25% He maximum contamination

assumed for sys. uncertainties
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See more details
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.°'Th'e shower-to-shower fluctuations of
- . the muon content .

FIuct_uatic.zns are of the
'order of 14%.

This is compatible with
~50 independeMt *
" participants.
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. Conclusions:

* . Hadronic Physics with .UI-.IECR has been traditionally made by “brute
* force” comparison with full air shower 5|mulat|9ns/H|gh Energy -
Hadronic models. k o

— we have made |mpo.rtant contributions. Models have-been including
improvements after Auger results (muon number, MPD)

* We have been wqulng to change the paradigm
© —in to undestand how mform-a’gon of f|rst .
' ifteractionis trasmlted/degraded

— e.g: Possible to*access hadronig energy fraction of flrst interaction

"~ » we are exploring the physics of this distribution .
— low alpha tail . w &
« An auger publication on real data is being prepared : »

\ Expertise in cos'mic_ray muon -> applied’ffeld -> ma

29
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Longitudinal Shower profile

p-Alr 'cross
sectlon

Slant depth, X

= Tail of X,,.x—Distribution

M dN /dXax o< exp(—Xmax/Ay;)
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