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Depth of shower maximum
<Xmax> and U(Xmax)
» Eun-Joo Ahn, talk at the ICRC 2013 (arXiv:1307.5059)
interpretation in terms of logarithmic mass
> JCAP 02 (2013) 026 (arXiv:1301.6637)

Muon production depth
> Phys. Rev. D 90 (2014) 012012 (arXiv:1407.5919)

Muons in highly inclined air showers
» Submitted to Phys. Rev. D
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The Pierre Auger Observatory

Location: Loma Amarilla mi

. . - [k
Mendoza province, Argentina i
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Fluorescence detector (FD):
[longitudinal profile]
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24 + 3 fluorescence telescopes at 4 locations
duty cycle 13 %
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Surface detector (SD): o

Campus |
[lateral distribution]

area of 3000 km?
1660 water Cherenkov detectors at 1500 m spacing
duty cycle 100 %
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Update on Xpmax measurements
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event 201022604238

8 years of data 12/2004 — 12/2012
energies E > 10178 eV

the highest energy is 79 =2 EeV
19872 high-quality FD events

systematics:
below 10 g/cm?

resolution:
26 g/cm? at 10178 eV
15 g/cm? for E > 10193 eV

E [EeV] X [af0] slant depth [g/cm?]
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First two moments of Xmax distributions
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Elongation rate d(X,,,.,)/dIgE
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680 F- single line: x?/Ndf = 128.1/16, P = 1.51.0™°
F broken line: x%/Ndf = 10.3/14, P = 0.74
660 —
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E[eV]
D1g = d(Xppay) /d1g E [g/cm? /decade]
Data Models, A = const
E<Ey 80.3 £ 5.5 (stat.)
54 — 64
E > Ep 19.9 4+ 2.7 (stat.)

Ig(Eg/eV) = 18327009 (stat.)
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(In A)

(Xinax) = (XEax) — (In A)D1g/ In(10);
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transition from lighter to heavier composition above 2 EeV
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. 2
Variance of masses Tin A

02 (Xmax) = <(752h> + UlznA (D1g/ 1r1(10))2

0, — shower-to-shower Xmax fluctuations for a fixed mass,

UﬁA: zero for pure compositions; ~ 4 for 50% p —50% Fe
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possible problems for QGSJetll 04?7 (02 , < 0, but within 20)
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Combining ¢, , and (In A)

P
E wof
2 b
B b
models are consistent with mixed composition i3
ok
within systematic uncertainties o
anf-
sl

\ ,
10" 10" 10°
EleV]
< <
~E ~E F QGSJetll-04

2
InA

0 05 1 15 2 25 3 35 4

IhAO

line indicates the evolution of mass composition with energy

interactions by the Pierre Auger Observatory




Combining ¢, , and (In A)
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Muon production depth (MPD)

Method: use muon arrival times to get MPD X#

o
"muon production point

2

zz%<c(tl’w7£(t7<t£))>+A7<zn> %

Jt= P F(z-B¢
,// muon traveled distance to ground

X+ :/ p(z")dz'

¥
impact (r,Q)
point 0
(te) — mean kinematic delay; (z;) — pion decay length

Analysis details

MPD for an event with

» data period 01/2004 — 12/2012; E=(33+1) EeV

fit: Gaisser—Hillas function

energies > 20 EeV (more muons/event);

b

zenith angles [55°; 65°] (low EM contamination);

dN/dX [a.u.]
5]

distances from the core 1700 m < r < 4000 m;

&

481 events after selection;

systematic uncertainty 17 g/cm?; 1

3

>
>
>
>
>
>

resolution:
100 (80) g/cm? at 103 eV for p (Fe)
50 g/cm? at 10200 eV
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Mean reconstructed MPD

DYy = d{Xhax)/d1g E [g/cm?/decade]

Data Models
35.9 £1.2 (proton)
48.0 £ 1.2 (iron)

—25 4 22 (stat.) & 21 (sys.)
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EPOS LHC predictions above data
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Mean logarithmic mass: MPD vs Xiax

Inconsistent (In A) from Xmax and MPD for EPOS LHC
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EPOS LHC deeper Xhax (larger elasticity) is due to better description of LHC rapidity-gap distributions
(see talk of T. Pierog)
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Muons in highly inclined events

Method: measure muon scale factor Nig wrt muon
reference density profiles p;, 19 for 10 EeV proton

o = N19 py,19(7;8, D)

data reference profile p;, 19 (hits/station)
19
Convert to Ry = —5= MC: proton, QGSJet I-03  9ge
N]g E=10"eV
6 = 80° o o
oo 135 45

Universal features

> Pu19 shape weakly depends on energy and mass;

> 0,19 is consistent for different models and EAS codes; 1807

» Ny is independent of the zenith angle.

Analysis details 25° 315°
» data period 01/2004 — 12/2012; 270°
> energies > 4 EeV (100% trigger);
> zenith angles [62°; 80°] (low EM contamination);
» 174 events after selection;
>

Ry systematic uncertainty 11%.
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Mean muon scale (R;)
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(Rﬂat"‘) is larger than MC values for iron, at odds with (In A) from Xmax

similar conclusions for vertical showers can be found in G. Farrar and B. Kegl talks at the ICRC 2013

systematic uncertainty on (Ry) is 18%
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Mean logarithmic muon scale (InRy,)
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»> muon content in MC for (In A) from Xmax is (30 — 80)% smaller than measured values;

> minimal difference on (Ry) at 1.40(s ) is between data and EPOS LHC
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Summary

Mass composition

> Elongation rates (if hadronic models fairly describe them)

® Xmax analysis:

light composition below ~ 2 EeV,
then increase of the primary mass up to 40 EeV;

e muon production depth: indications on increase of (In A) for E > 20 EeV;
e muon scale (R,): indications on increase of (In A) for E > 4 EeV.
» Conversion of Xpnax to the logarithmic mass

all models are consistent with mixed composition within systematic uncertainties.
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Hadronic models

» Xmax moments

unphysical variance (UlznA < 0) for QGSJetll 04 for E > 3 EeV, but within 20.

» Muon production depth
(Xr”nax) below prediction for Fe for EPOS LHC, inconsistent with (In A) from Xmax;
deeper <X§1ax> of EPOS LHC is due to better fit of LHC rapidity-gap distributions.

> Number of muons in inclined showers (assuming (In A) from Xmax analysis)

muon content in models is (30 — 80)% smaller than in data, but the difference
with EPOS LHC is at 1.40(5ys );

similar conclusions for the vertical events were obtained in (G. Farrar, B. Kegl, ICRC 2013).
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