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Outline

Motivation to study mass composition of cosmic rays of
ultra-high energies (above ~1018 eV, UHECR)

Mass composition of UHECR — current state of knowledge

Sensitivity of Attenuated Signals in Surface Detectors to
Primary Masses

— MC study of current and future observatories

Combined Analysis of Ground Signal and Depth of Shower
Maximum

— applied to the data measured at the Pierre Auger Observatory

Number of Muons with Resistive Plate Chambers
— potential of possible upgrade of the Pierre Auger Observatory
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What is the origin of flux suppression?
Propagation effect or acceleration limit?

Greisen-Zatsepin-Kuzmin effect (1966) loglo(EﬁeV)
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The mysterious 10%° eV particles

Hillas plot (1984)

Ernax ~ BoZ-B-L

Need accelerator of size of Mercury’s orbit
to reach 1029 eV with LHC technology
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Distortions in magnetic fields | g E10 ¢V
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Anisotropies at the highest energies

Telescope Array (eq. coord.)

[R. Abbasi et al., ApJ 790 (2014) L21]

~5 0 Iocal significance
(no obvious source nearby)

20 deg hot spots!

Pierre Au ervatory (gal. coord.) ~ 3 G local significance
[A. Aab et al., Ap) 804 (2015) 15] (around Cen A—AGN 4 Mpc)
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Weak dipole ~ 49 observed

[A. Aab et al., Phys. Rev. D 90, 012012 (2014)]
P=6.4-10"

E > 8 EeV

0.44

0.36

Pierre Auger Observatory (eq. coord.)

Smaller than expected => Stronger extragalactic fields?
UHECR of higher charge?
Inhomogeneous distribution of sources in the sky?
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Shower parameters sensitive to the mass
composition of primary particles

Depth of shower maximum Number of muons on ground
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Pierre Auger Observatory
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Telescope Array
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(Xmax) [g/cm?]

Mass composition — X

moments
at the Pierre Auger Observatory

max

[A. Aab et al., Phys. Rev. D 90, 122005 (2014)]
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Mass composition — X __. moments
interpreted with In A moments
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Mass composition — Mean X___
at the Telescope Array

[J. Belz et al., PoS (ICRC2015) 351]
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(X__ ) [g/em?]

<X__ > measurements of the Pierre Auger

max

Observatory and Telescope Array
are in good agreement !
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e fraction

N fraction

e fraction

p fraction

Fitting the X distributions

Plerre Auger Observatory data
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Correlation between Ground signal and X

[A. Aab et al., accepted in Phys. Lett. B (2016)]
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Measurement of the Muon Production Depth
at the Pierre Auger Observatory

[A. Aab et al., Phys. Rev. D 90, 012012 (2014)]
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Rhad

Excess of muons in measured data wrt. MC
Pierre Auger Observatory
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[Accepted for publication in PRL (2016)]
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Mass composition of UHECR is important for:

* Anisotropy searches at the highest energies
(we need to select protons)
e Estimation of Gal. & EGal magnetic fields
* Explanation of the spectral features
* Theoretical origin of the most energetic particles
e Tests of consistency between MC and data

But it is uncertain due to different predictions of models of hadronic
interactions and it is even unknown at the highest energies ...
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Correction for attenuation of ground signal

MC-based approach CIC method
« MC predictions for primary * Measured data used
protons simulated with one model «  Selection of Nt largest signal S in
of hadronic interactions bins of cos?(®) of measured data
* Used at Telescope Aray (isotropy assumption)
* Energetic dependence * Cut N ~ flux @ certain energy
* Used at the Pierre Auger
Observatory
* Energy independence assumed
[D. Bergman et al., Proc. UHECR Physics 2012] [V. Verzi, PoS(ICRC2015)015] [R. Pesce et al., Proc. of ICRC 2011]
........................... lgo_s a E
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Toy MC (wide energy range) was used in combination with outputs of shower
simulations produced by CORSIKA (detector response) at energy 10%° eV



Advantages and proof of stability of CIC method

[J. Vicha et al., Proc. of the 33rd ICRC 2013, ISBN: 978-85-89064-29-3, arXiv:1310.0330 [astro-ph.HE]]
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Different zenith angle dependence
of EM and u components

[J. Vicha et al., Astropart. Phys. 69 (2015) 11]

1L density, ET_ =500 MeV EM density, ETh =1 MeV
E E: Bre
= = m— EPOS-LHC
S .16F o =16 N
w w == QGSJet 11-04 H
— — e
)
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Q@
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128
o
1
0.8 | | | |
0.5 06 0.7 0.8 0.9 1 05 06 0.7 0.8 0.9 1
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* Hypothetical observatory with EM and muon detectors considered
* CIC approach applied to introduce parameter sensitive to the
spread of primary masses
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*(InA)

Sensitivity to
the spread of
primary masses

[J. Vicha et al., Astropart. Phys. 69 (2015) 11]
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X

Esp/Efp is sensitive to N,
(see e.g. GAP-2011-042)

* In fact the same as S;5* from
“Correlation paper”

max

Xrlriﬂx = Xipax T D-(19— Iog(EFD [eV]))
using D = 56 g/cm? per log E;
D 54, 58> g/cm? [GAP-2014-083]

E.,/E;p and X7 are
energy and zenith

independent

Note that the sensitivity to
the energy scale is only in Xmax
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Measured Golden data (SD+FD)
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No reconstruction issue found => Mass composition bias in Egp
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Origin of the
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“two-break” structure ...
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i EPOS-LHC —
1.0 e 1+

Method = p, He, O, Fe I

0.9+ ,i'"'. M
<ESD/E|:D I(Xmax) parametrized with -!“-..

qguadratic functions for 4 primaries

<Ego/Erp™

0.7
Normalized X, distributions ol
parametrized with Gumbel functions e
149 2
8/(X,.,) for 4 primaries T~ X [g/em]
g 'e——— EPOS-LHC ——
fsp is rescaling factor of <Egp/Eqp>; ~ f, L
Combination of 4 primaries with 2 vE
fractions f. then gives 2 w0
4 \ E 10°
<ESD/EFD>:Z Wi'<ESD/EFD>i ‘ fSD) s
i=
.- (. 4 m_EE.[;{] 560 700800 91:'1[: 1000 1100 1200
W, = I gI X2 [g/em?
I 4 ] Z fi :1
Z fi gl =1
i=1 — 4-parameter (f,, f,, f; and f,;) fit
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Tests of method with CONEX simulations

[J. Vicha et al., Proc. of the 34th ICRC 2015, PoS(ICRC2015)433]
Primary fractions
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 When hadronic interactions are known, the method returns
precise values around few %

* When hadronic interactions are different, the method returns
still precise value of R , but much worse primary fractions



<Esp/Erp>

<Egp/Erp>

Trend of data can be described by MC
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f., values for f +f,.>=0.5

a 20
L [Accepted for publlcatlon in PRL 2016]
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EPOS-LHC 10-20%
QGSJet 11-04 needs by 25-35%  higher SD signal to match
Sibyll 2.1 55-70% the measured data
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Muon Auger RPC Tan
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Evaluation of MARTA potential

* Detailed MC
simulations
used
(Simulation
challenge for
5 upgrade
proposals)
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Conclusions on Topic 1

CIC method found stable, most appropriate
and moreover sensitive to primary masses

CIC method provides unbiased E., wrt. zenith angle in case
of mixed composition

Observation of varying dependence of <E.,/E.,> on cos?0
with Telescope Array data -> mixed composition or wrong
attenuation correction

CIC method is negligibly influenced even in case of strong
anisotropic sources

Shape of CIC curve is sensitive to the mass composition of
primary particles

Applying CIC method to a surface array of independent
muon and EM detectors the spread of primary masses can
be inferred with the introduced method
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Another method combining X

Conclusions on Topic 2
and N,

max

measurements investigated in detail and
applied to Pierre Auger Observatory data

* Original method how to infer primary masses and simultaneously the
rescaling of the number of muons was introduced and tested with MC

* Preliminary application of the method to the data of the Pierre Auger
Observatory:

22.9.2016

EPOS-LHC gives consistent results among different analyses, QGSJet 11-04
and Sibyll 2.1 do not

Combination of SD and FD measurement indicates a mixed composition of
primaries with 62(InA) € < 1, 3 > in energy range 107-819.0 gy

Results were an important cross-check of a paper prepared by the Pierre
Auger Collaboration

SD signal in MC needs to be increased by 10-20%, 25-35% and 55-70% for
EPOS-LHC, QGSlJet 11-04 and Sibyll 2.1, respectively, to fit the measured
data
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Conclusions on Topic 3

Potential of RPC array at the Pierre Auger
Observatory quantified, input for the Upgrade

committee

e RPCin combination with water-Cherenkov tanks is a
promising novel detection technique suitable for
measurement of the muonic component

* For the detector spacing (1.5km) of the Pierre Auger
Observatory at the highest energies a separability of
primaries comparable with X__ measurement can be
achieved selecting almost all events with a resolution
6(N )/N =10%

 However the EM bias was found too large (up to 25%)

 Upgrade Committee selected for upgrade scintillators
placed above the water-Cherenkov tanks
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Thank you for your attention!

AugerPrime

The story continues ...
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Back-up slides
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 Water Cherenkov tanks sensitive to muons and EM component
* 100% duty cycle
* Signal attenuation corrected by the CIC method
* Energy calibration using FD, resolution 17-12 %, angular < 1° above 10 EeV
* For zenith angles > 60° SD signal from muon component
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Fluorescence Detector Bz

AUGER

OBSERVATCORY

 Calorimetric measurement
(+ correction for invisible energy)
* 13% duty cycle

* Hybrid detection improves the precision
of shower reconstruction
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Photon and neutrino limits
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Attenuation length

Proton
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Xmax Systematics [g/cm?]

15 [

15 [

X . Systematics and resolution
at the Pierre Auger Observatory
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Modelled description of shower
development (Heitler-Matthews)

XA

max — XE]EIX — Xo - In(A),
A _ arP | —
N} =Ny AP,

Xmax = X1 +Xo - ln( ) Nji = Njox = (Nep)™ = (?f)
=l

S'N{‘h'gg
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Reference signals from CORSIKA as
input to Toy MC

n density, ET|1 = 500 MeV EM density, ET|1 =1 MeV

19 ¢ 2
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19 ;.2
Sgy [M™]

[ =)

[

T

mim EPOS-LHC . N

40
mi G5 Jet 104 .;IE
= | | | | | 307 | | | | |
-01 0 0.1 0.2 0.3 04 -01 0 0.1 0.2 0.3 0.4
cos(@) - cos*(38°) cos3(©) - cos?(38°)
dN _ 1
Enc) = N _ b
B0 = Gpc = Ee—mmgmrr Emc = a- S5

1 +e oD

22.9. 2016 J. Vicha (vicha@fzu.cz) 49



E.,/E;, ~ muon signal

* <BEop/Epp(X,,.,)> is sensitive to the muon content
— GAP-2011-042, talk @ Compostela 2011

* Eqp/Epp is similar as S19 (Jetf @ Malargue, Mar 2011)
— talk @ Malargue, Nov 2011

* Eqp/Epp is very similar to S"(1000) used in GAP-2014-006

A =0.19 EeV,

19 1/B
107 eV
— B = 1.025 [ICRC 2013]

FD

S*(1000)=S,, - ( E,=A-S2

10®eV

1/B
* 1/B
S"(1000)=(Egp / Ep ) [ A j ‘see GAP-2016-001

S*(1000)= (Ey, / E )-47.8 VEM
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S(1000) [VEM]

Mass composition bias in E
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o/Eep”

o/Erp”

Dependencies checked for:

=> manifestation of mass composition bias in Ej
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* Time evolution

* Energy scale

* FOV cuts (limited
aperture effect)

* Attenuation curve

* Elongation rate

e Different stage of
evolution

e Zenith angle
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No distinct minima found
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Rescaling of ground signal for all
combinations of primaries

22.9. 2016
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Maximal effect of SD trigger on
InA moments
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Considering trigger efficiency for p: 55%, He: 60%, 0:65%, Fe: 70%
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Further RPC plots
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