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Composition and hadronic interactions: a vicious circle

Pure beams are needed 
to study hadronic 
interactions 

Selecting pure beams 
requires detailed 
understanding  
of hadronic  
interactions 

p, Fe
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Air showers recorded at Auger

15% duty cycle :-(
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Correlation between Xmax and SD Signal

18.5 < lg(E/eV) < 19.0, X*
max/S*(1000): scaled to 1019 eV

Pure compositions  
⇒ correlation ≳ 0 

Ranking coefficient rG [R. Gideon, R. Hollister, JASA 82 (1987) 656]
A. Yushkov for the Pierre Auger Coll., Proc. 34th ICRC, arXiv:1509.03732



Karlsruher Institut für Technologie (KIT) 
Institut für Kernphysik, Karlsruhe, Germany

5

The key idea
Heavier nuclei produce shallower showers with larger signal (more muons)  

General characteristics of air showers / minor model dependence

Correlation more negative ⇒ composition becomes more mixed

A. Yushkov for the Pierre Auger Coll., Proc. 34th ICRC, arXiv:1509.03732
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Correlation rG in data

rG(X*max,S*(1000)) for protons

Epos-LHC QGSJetII-04 Sibylle 2.1
0.00 +0.08 +0.07
≈5σ ≈8σ ≈7σ

Difference is larger for other pure beams

A. Yushkov for the Pierre Auger Coll., Proc. 34th ICRC, arXiv:1509.03732

Systematics plays only  
a minor role σsyst(rG) ≲ 0.01  

due to invariance of rG to additive and  
multiplicative scale transformations
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Relation of rG to dispersion of masses σ(ln A)

Relation to Mass DispersionrG(X⇤
max, S⇤(1000)) vs dispersion of masses �(ln A)
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Relation of rG to dispersion of masses σ(ln A)

Relation to Mass DispersionDispersion of masses: data vs simulations
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Relation of rG to dispersion of masses σ(ln A)

Relation to Mass DispersionDispersion of masses: data vs simulations
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Relation of rG to dispersion of masses σ(ln A)

Relation to Mass DispersionDispersion of masses: data vs simulations
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Relation of rG to dispersion of masses σ(ln A)

A. Yushkov for the Pierre Auger Coll., Proc. 34th ICRC, arXiv:1509.03732

Data are compatible with dispersion of masses σ(ln A)  ≳1
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Muons in air showers
Muons in Air Showers
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R. Ulrich, APS 2010

I muons are produced late in the shower cascade
! number of generations ⇠ 6 at 1019 eV
! amplified sensitivity to hadronic interactions

I Xmax is dominated by first interaction

[29 of 43]

muons are produced late in the shower cascade  
→ number of generations ∼ 6 at 1019 eV 
→ amplified sensitivity to hadronic interactions 

Xmax is dominated by first interaction
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Systematic uncertainties  
on RE and Rhad: 10 % 

Sresc = RE SEM+Rhad R↵
E Shad

↵ ' 0.9

ML fit adjusting  
EM and muonic  
contribution to  
S1000

Muon number in hybrid events with θ<60°

➤  No energy rescaling is needed

➤  The observed muon signal is a factor 1.3 to 1.6 larger than predicted by models

➤ Smallest discrepancy for EPOS-LHC with mixed composition, at the level of 1.9 σ

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 10

Auger Preliminary 2015
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FIG. 3. The contributions of di↵erent components to the
average signal as a function of zenith angle, for stations at
1 km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJet-II-04.

events for a given shower is smaller than the shower-to-
shower fluctuations in real events. More than 107 showers
must be simulated to create the analysis library of well-
fitting simulated showers for the 411 hybrid events of the
dataset. A high-quality fit to the LP is found for all
events, for at least one primary type.

QUANTIFYING THE DISCREPANCY

The history of all muons and EM particles (e± and �’s)
reaching the ground is tracked during simulation, follow-
ing the description in [23]. Most muons come from ⇡± or
K decay and most EM particles from ⇡0 decay. The por-
tion of EM particles that are produced by muons through
decay or radiative processes, and by low-energy ⇡0’s, are
attributed to the hadronic signal, S

had

; muons that are
produced through photoproduction are attributed to the
electromagnetic signal, SEM . The relative importance
of the di↵erent components varies with zenith angle, as
illustrated in Fig. 3. Once SEM and S

had

are known
for a given shower i, with assumed primary mass j, the
rescaled simulated S(1000) can be written as:

S
resc

(RE , R
had

)i,j ⌘ RE SEM,i,j+R
had

R↵
E S

had,i,j . (1)

The linear scaling of the EM contribution with RE is
obvious, as is the factor R

had

for the hadronic contribu-
tion. The factor R↵

E reflects the fact that the hadronic
signal increases slower than linearly with energy, since
higher energy events require more stages in the shower
cascade before the pions have low enough energy to decay
to muons rather than re-interact, and at each stage, en-
ergy is removed from the hadronic cascade. The value of
↵ is a prediction of the HEG and depends also on mass;
in practice both EPOS and QGSJet-II simulations find
↵ ⇡ 0.9, relatively independently of composition [24]. We

TABLE I. RE and R
had

with statistical and systematic un-
certainties, for QGSJet-II-04 and EPOS-LHC.

Model RE R
had

QII-04 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

investigated the sensitivity of our conclusions to the pos-
sibility that ↵ predicted by the models is incorrect, and
find its potential e↵ect is small enough to be ignored for
the present analysis [25].

The best fit values of RE and R
had

are determined
by maximizing the likelihood function

Q
i Pi, where the

index i runs over each event in the data set and the con-
tribution of the ith event is

Pi =
X

j

pj (X
max,i)q

2⇡�2

i,j

exp

"
� (S

resc

(RE , R
had

)i,j � S(1000)i)
2

2 �2

i,j

#
.

(2)
The index j labels the di↵erent possible primaries (p, He,
N and Fe), and pj (X

max,i) is the prior on the probability
that an event with X

max,i has mass j, given the mass
fractions fj in the interval 1019±0.2 eV (see [8] for the fit
to the observed X

max

distribution for each HEG):

pj(Xmax

) = fj Pj(Xmax

) / ⌃jfj Pj(Xmax

), (3)

where Pj(Xmax

) is the probability density of observing
X

max

for primary type j, for the given HEG. The
variance entering Equation (2) includes (a) measurement
uncertainty of typically 12%, from the uncertainty in
the reconstruction of S(1000), the calorimetric energy
measurement, and the uncertainty in the X

max

scale, as
well as (b) the variance in the ground signals of showers
with matching LPs due to shower-to-shower fluctuations
(ranging from typically 16% for proton-initiated showers
to 5% for iron-initiated showers) and (c) the uncertainty
in separating Sµ and SEM in the simulation, and from
the limited statistics of having only three simulated
events (typically 10% for proton-initiated showers and
4% for iron-initated showers).

RESULTS AND DISCUSSION

Table I gives the values of RE and R
had

which max-
imize the likelihood of the observed ground signals, for
the various combinations of HEGs and compositions con-
sidered. The systematic uncertainties in the reconstruc-
tion of X

max

, E
FD

and S(1000) are propagated through
the analysis by shifting the reconstructed central val-
ues by their one-sigma systematic uncertainties. Fig. 4
shows the one-sigma statistical uncertainty ellipses in the
RE�R

had

plane; the outer boundaries of propagating the
systematic errors are shown by the grey rectangles.

9

sample of events covering a wide range of X
max

and
zenith angles. By selecting simulated events which ac-
curately match the observed LP of each event, we largely
eliminate the noise from shower-to-shower fluctuations in
the ground signal due to fluctuations in X

max

, while at
the same time maximally exploiting the relative attenu-
ation of the EM and muonic components of the shower.

The LP and lateral distribution of the ground sig-
nal of an illustrative event are shown in Fig. 1, along
with a matching proton and iron simulated event; the
ground signal size is measured in units of vertical equiv-
alent muons (VEM), the calibrated unit of SD signal
size [13]. Fig. 1 (bottom) illustrates a general feature of
the comparison between observed and simulated events:
the ground signal of the simulated events is systemat-
ically smaller than the ground signal in the recorded
events. Elucidating the nature of the discrepancy is the
motivation for the present study.

The data we use for this study are the 411 hybrid
events with 1018.8 < E < 1019.2 eV and zenith angle
0-60� recorded between 1 January 2004 and 31 Decem-
ber 2012, which satisfy the event quality selection criteria
in [14, 15]. We thus concentrate on a relatively narrow
energy range such that the mass composition changes
rather little [8, 9], while having adequate statistics. This
energy range corresponds to an energy of 110 to 170 TeV
in the center-of-mass reference frame of the UHECR and
air nucleon, far above the LHC energy scale.

Fig. 2 shows the ratio of S(1000), the ground signal
size at 1000 m from the shower core [2], for the events in
our sample relative to that predicted for simulated events
with matching zenith angle, depth-of-shower-maximum
(X

max

) and calorimetric FD energy, for QGSJet-II-04 [3]
and EPOS-LHC [5]. For each HEG, the analysis is done
using the composition mix which reproduces the observed
X

max

distribution [8, 9]; we also show the result for pure
protons for comparison. The discrepancy between mea-
sured and simulated S(1000) evident in Fig. 2 is striking,
at all angles and for both HEGs, and for both the mixed
composition and pure proton cases.

The zenith angle dependence of the discrepancy is the
key to allowing RE and R

had

to be separated. As seen in
Fig. 3, the ground signal from the hadronic component is
roughly independent of zenith angle, whereas that of the
EM component falls with sec(✓), so that to reproduce
the rise seen in Fig. 2, the hadronic component must
be increased with little or no modification of the EM
component. This will be quantified below.

The analysis relies on there being no significant zenith-
angle-dependent bias in the determination of the SD and
FD signals. The accuracy of the detector simulations as
a function of zenith angle in the 0-60� range of the study
here, and hence the absence of a zenith-angle-dependent
bias in the SD reconstruction, has been extensively vali-
dated with muon test data [16]. The absence of zenith-
angle-dependence in the normalization of the FD signal

1
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FIG. 2. The average ratio of S(1000) for observed and simu-
lated events as a function of zenith angle, for mixed or pure
proton compositions.

follows from the zenith-angle-independence of E
FD

/E
SD

of individual hybrid events.

PRODUCTION OF SIMULATED EVENTS

The first step of the analysis is to generate a set
of Monte Carlo (MC) events, to find simulated events
matching the LPs of the data events. The MC air-shower
simulations are performed using the SENECA simulation
code [17], with FLUKA [19] as the low-energy HEG. Sim-
ulation of the surface detector response is performed with
GEANT4 [20] within the software framework O↵line [21]
of the Auger Observatory. We produce showers match-
ing each data event, with both HEGs and for all four
primary cosmic-ray types (proton, helium, nitrogen, and
iron nuclei), as follows:
• Repeatedly generate showers with the measured ge-
ometry and calorimetric energy of the given data event,
reconstructing the LP and determining the X

max

value
until 12 showers having the same X

max

value as the real
event (within the reconstruction uncertainty) have been
produced, or stopping after 600 tries. For data events
whose X

max

cannot be matched with all primary types,
the analysis is done using only those primaries that give
12 events at this stage, in 600 tries [22].
• Repeat the simulation of these 12 showers at very high
resolution, and select the 3 which best reproduce the
observed longitudinal profile based on the �2-fit. For
each of the 3 selected showers, do a full surface detector
simulation and generate SD signals for comparison with
the data. From these detailed simulations of 3 showers
which match the full LP of the data event, determine the
hadronic component of the simulated ground signal and
the shower-to-shower variance.

The choices of 12 and 3 showers in the two stages above
assure, respectively, that i) the LPs of the final simulated
dataset fit the real data with a �2 distribution which is
comparable to that found in a Gaisser-Hillas fit to the
data itself, and ii) that the variance within the simulated
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• E > 4 x 1018 eV 
• Zenith angles [60°, 80°] 
• 174 hybrid events after quality cuts
• Systematic uncertainty on Rμ: 11% 
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The measured muon scale factor N19 with respect to muon reference 
density profiles is converted to

Analysis details:

➤ data set: 01/2004 - 12/2013
➤  E > 4 x 1018 eV (100% SD trigger)
➤  zenith angles [62°, 80°] (low EM contamination)
➤ 174 hybrid events after quality cuts
➤ systematic uncertainty on Rμ: 11%

reference function 
ρμ,19 (θ,ϕ,x,y)

p QGSJetII-03
E = 1019 eV
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The measured muon scale factor N19 with respect to muon reference 
density profiles is converted to
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➤  E > 4 x 1018 eV (100% SD trigger)
➤  zenith angles [62°, 80°] (low EM contamination)
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➤ systematic uncertainty on Rμ: 11%
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The measured muon scale factor N19 with respect to muon reference 
density profiles is converted to

Analysis details:

➤ data set: 01/2004 - 12/2013
➤  E > 4 x 1018 eV (100% SD trigger)
➤  zenith angles [62°, 80°] (low EM contamination)
➤ 174 hybrid events after quality cuts
➤ systematic uncertainty on Rμ: 11%

reference function 
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Measuring muons with Auger SD
The muon content of EAS is sensitive to the primary composition and to the hadronic interaction properties

FD

SD

Pierre Auger Coll., JCAP 1408 (2014) 019

EM/μ signal ratio

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 3

➤ In inclined showers, the EM component is largely absorbed before reaching 
the ground

➤ The EM signal decreases with the distance from the core
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Data at variance with simulations

Pierre Auger Collaboration, PRD91 (2015) 3, 032003                 

Hadronic Interactions
muon number:
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MC energy scale:

Telescope Array Collaboration, UHECR14 Symposium
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➤  <Rμ> higher than MC iron predictions

➤ tension between the Xmax and muon measurements 

➤ older versions of QGSJet model are at odds with the data taking into account the large systematic uncertainty

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 6

• ⟨Rμ⟩ higher than MC iron predictions

• Tension between the Xmax and muon measurements

• Older versions of QGSJet model are at odds with data  
taking into account the large systematic uncertainty 
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The average muon content and the muon gain with energy The average muon content and the muon gain with energy

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 7

➤ muon deficit from 30% to 80% at 1019 eV depending on the model: 
best case for EPOS-LHC (minimum deviation of 1.4 σ)

➤ deviations from a constant proton (iron) composition observed at the level of 2.2 (2.6) σ

The average muon content and the muon gain with energy

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 7

➤ muon deficit from 30% to 80% at 1019 eV depending on the model: 
best case for EPOS-LHC (minimum deviation of 1.4 σ)

➤ deviations from a constant proton (iron) composition observed at the level of 2.2 (2.6) σ

Muon deficit from 30% to 80% at 1019 eV  
depending on the model:  
Best case for EPOS-LHC  
(minimum deviation of 1.4 σ) 

Deviations from a constant  
proton (iron) composition  
observed at the level of 2.2 (2.6) σ 
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Composition Fit (Xmax distribution)
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Measuring muons with Auger SD
The muon content of EAS is sensitive to the primary composition and to the hadronic interaction properties

FD

SD

Pierre Auger Coll., JCAP 1408 (2014) 019

EM/μ signal ratio

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 3

➤ In inclined showers, the EM component is largely absorbed before reaching 
the ground

➤ The EM signal decreases with the distance from the core

Surface detector data recorded with Auger
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Muon Production Depth distribution (MPD) in a nutshell

20

MPD Distributions
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Figure 2: Real reconstructed MPD, � = (59.06 ± 0.08)◦
and E = (92 ± 3) EeV, with the fit to a Gaisser-Hillas
function.

is not carefully chosen. Therefore the selection of the dis-
tance cut must be a trade off between the resolution of the
reconstructed MPD and the number of muons being ac-
cepted into such reconstruction [8]. We use Monte Carlo
simulations to choose the optimal value for rcut . To build
the MPD, we consider only those detectors whose distance
to the shower core is larger than 1700 m, regardless of the
shower energy. Choosing an rcut which is independent of
energy implies that any difference in resolution that we
find for different energies will be a consequence mainly of
the different number of muons detected at ground. To es-
timate the impact that the distance cut and the undersam-
pling in r have on the determination of Xµ

max, we have stud-
ied the variation of Xµmax as a function of rmax (upper limit
of the distance interval [rcut , rmax] used to integrate the
MPD). Our simulations show that the variation of the Xµ

max
value amounts to about 10 g cm−2 per km shift in rmax.
The fact that in the selected data we do not use triggered

stations further than∼4000 m implies that we build MPDs
by counting muons at ground in the distance range 1700 m
≤ r ≤ 4000 m. The MPD for a single detector is obtained
as the average of the three MPDs that each PMT yields.
For each event, the final MPD is obtained by adding the
individual MPDs observed by each of the selected surface
detectors. Figure 2 shows the reconstructed MPD for one
of our most energetic events.
We select longitudinal profiles measured using a simple
set of criteria: a) Trigger cut.We select EAS that fulfill a
T5 trigger condition which requires that the detector with
the highest signal has all 6 closest neighbours operating; b)
Energy cut.We restrict our analysis to events with energy
larger than 20 EeV as for the less energetic events the
population of the MPD is very small, giving a very poor
determination of Xµmax; c) Xµ

max error. We reject events
whose relative error in Xµmax is bigger than a certain value
	max, an energy-dependent quantity (see Table 1) since the
accuracy in the estimation of Xµmax improves with energy.
This is a natural consequence of the increase in the number
of muons that enter the MPD as the energy grows.
The event selection efficiencies after the cut in Xµmax un-

certainty (cut c) are greater than 80%. Monte Carlo studies
have shown that the cuts chosen introduce a composition
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Figure 3: Evolution with energy of the RMS of the dis-
tribution [Xµmax (reconstructed) - Xµmax (true)]. The simula-
tions were made using the QGSJETII-0.4 [13] and EPOS-
LHC hadronic models for proton and iron nuclei for 55 ◦ ≤
� ≤ 65◦.

log10E/eV 	max(%)
[19.3, 19.4] 15
[19.4, 19.6] 11
[19.6, 19.7] 10
[19.7, 19.8] 8

> 19.8 7

Table 1: Maximum relative errors allowed in the estima-
tion of Xµmax. The value chosen for 	max ensures no selec-
tion bias between the different primary species.

bias smaller than 2 g cm−2 (included as a systematic uncer-
tainty). Also, as shown in Figure 3, the absolute value of
the mean bias in reconstructions is< 10 g cm−2, regardless
of the hadronic model, energy and atomic mass of the sim-
ulated primary. The resolution, understood as the RMS of
the distribution [Xµmax (reconstructed) - Xµmax (true)], ranges
from 100 (80) g cm−2 for proton (iron) at the lower ener-
gies to about 50 g cm−2 at the highest energy (see Figure 3).
The improvement of the resolution with energy is a direct
consequence of the increase in the number of muons.

4 Application to data
The data set used in this analysis comprises the events
recorded from 1-January 2004 to 31-December 2012. We
compute MPDs on an event-by-event basis. We have
shown that for events with zenith angles in the interval
55◦ ≤ � ≤ 65◦, the total MPD is simply the direct sum
of the individual MPDs given by the set of selected water-
Cherenkov detector traces. For this angular range, our ini-
tial sample is therefore made of 663 events.
To guarantee an accurate reconstruction of the longitu-

dinal profile we impose the selection criteria described in
Section 3. Table 2 summarises how the different cuts re-
duce the number of events.
The evolution of the measured ⟨Xµmax⟩ as a function of

energy is shown in Figure 4. The data have been grouped
in five energy bins of width 0.1 in log10(E/eV), except

✓ = 59.06± 0.08�

E = 92± 3EeV

Geometric delay of arriving muons: Mapped to muon production depth:

Inclined events to avoid  
EM contamination:

c · tg = l � (z ��)

=
p
r2 + (z ��)2 � (z ��)

z =
1

2

✓
r2

ctg
� ctg

◆
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• E > 1019.3 eV (enough muons/event)

• Zenith angles [55°,65°] (low EM contamination) 

• Distances from the core [1700 m, 4000 m]

• 481 events after quality cuts

• Systematic uncertainties: 17 g/cm2 

Resolution:

• 100 (80) g/cm2 at 1019.3 eV for p (Fe) 

• 50 g/cm2 at 1020 eV 

fit: Gaisser–Hillas function

Muon Production Depth (MPD)

Analysis details:

➤ data set: 01/2004 - 12/2012
➤  E > 1019.3 eV (more muons/event)
➤  zenith angles [55°,65°] (low EM contamination)
➤  distances from the core [1700 m, 4000 m]
➤ 481 events after quality cuts
➤ systematic uncertainties: 17 g/cm2

➤ resolution:
100 (80) g/cm2 at 1019.3 eV for p (Fe) 
50 g/cm2 at 1020 eV

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 13

Example of a real event 
with: E = (33 ± 1) EeV

EPOS-LHC
30 EeV
55°-65°

Xμmax  vs. energy

➤ QGSJetII-04: data bracketed by predictions
➤ EPOS-LHC: predictions above data

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 14

QGSJetII-04: data bracketed by predictions  
EPOS-LHC: predictions above data 

Muon Production Depth
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Comparison of ⟨ln A⟩ from Xmax and Xmax 
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Comparison of lnA from Xμmax and Xmax
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➤ QGSJetII-04: compatible values within 1.5 σ
➤ EPOS-LHC: incompatibility at a level of at least 6 σ

see talk by T. Pierog on EAS and pion interactions (id=803)

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 15

QGSJetII-04:  Compatible values within 1.5 σ 
EPOS-LHC:  Incompatibility at a level of at least 6 σ 

μ
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• ⟨Xmax⟩, σ(Xmax), rG(Xmax/S(1000))  
➙ Mixed composition around and above the ankle 
    (if LHC-inspired extrapolations are ok) 

• Muon number  
➙ At odds with predictions for mixed composition 
➙ Muon deficit in simulations 

• Muon production depth vs. Xmax 
➙ QGSjetII-04: marginally compatible 
➙ EPOS-LHC: incompatible

23

Summary

 Xmax
μ

 Xmax

Auger is going to extend the composition 
measurements up to highest energies  
measuring e±/γ & muons with 2 arrays: 

AugerPrime 
 (szintillators accompanying WCDs; see Tiina’s talk)

Hadronic Interactions
muon number:
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Pierre Auger Collaboration, PRD91 (2015) 3, 032003

MC energy scale:

Telescope Array Collaboration, UHECR14 Symposium
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➤ QGSJetII-04: compatible values within 1.5 σ
➤ EPOS-LHC: incompatibility at a level of at least 6 σ

see talk by T. Pierog on EAS and pion interactions (id=803)

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 15

Muon number in hybrid events with θ<60°

➤  No energy rescaling is needed

➤  The observed muon signal is a factor 1.3 to 1.6 larger than predicted by models

➤ Smallest discrepancy for EPOS-LHC with mixed composition, at the level of 1.9 σ

Laura Collica - Measurement of the muon content in air showers at the Pierre Auger Observatory 10

Auger Preliminary 2015
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Measurement of the UHE Proton+Air Cross section
Measurement of the UHE Proton+Air Cross
Section

tail of Xmax distribution:
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Figure 2.27: Principle of the Xmax-distribution decomposition method. The Xmax-distribution results
from the convolution of the distributions of X1 and DX1, where DX1 = Xmax � X1.

kX = Lobs/lp�air. The found dependence of kX on a changing multiplicity as well as cross sec-
tion has never been taken into account by any air shower based cross section measurement.

Xmax-RMS method. For a short time it was believed that the proton-air cross section can be
obtained just from the measurement of Xmax-fluctuations [115, 116]. In fact, the fluctuations
are depending on the cross section, but nowadays it is well known that the RMS of the Xmax-
distribution does mostly reflect the primary composition of cosmic rays. As a matter of fact,
it is the best handle we currently have to learn about the primary mass composition. Only
the extremely doubtful assumption of a pure proton cosmic ray composition may allow a
measurement of the cross section this way.

Unfolding of the Xmax-distribution. A real improvement of the cross section measure-
ment techniques was proposed by taking the air shower fluctuations more explicity into
account [109]. This allows us to use not only the slope but more of the shape of the Xmax-
distribution, by at the same time restricting the analysis to a range in Xmax, where the pos-
sible contribution from primaries other than protons is minimal. The ansatz unfolds the
measured Xmax-distribution (2.14), by using a given DX1-distribution to retrieve the original
X1-distribution (see Figure 2.27). The HiRes Collaboration claimed model independence of
the used DX1-distribution, leading to a model independent result for the cross section.

Indeed, this would have been a major step forward, since all the previous techniques
are heavily depending on air shower Monte Carlo simulations and are therefore implicitly
model dependent. Of course also the DX1-distribution can not be accessed by observations,
but has to be inferred entirely from simulations. Recently this triggered a discussion about
the general shape and model dependence of the DX1-distribution [117]. Ultimately this in-
troduces a comparable amount of model dependence, as in the k-factor techniques (see Fig-
ure 2.28, left). This is a natural consequence of the fact that all air shower based analysis
techniques are based on expression (2.14) in one or the other way.

Figure 2.28 (left) visualizes the dependence of the DX1-distribution on hadronic inter-
action models. The DX1-distribution, which mostly reflects the shower startup phase, is
strongly depending on the parameters of the hadronic interaction models, like the cross

33

Measurement of ⇤⌘
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Unbinned likelihood analysis
Data corrected for detector acceptance ! Can be used directly by theorists

Ralf Ulrich for the Pierre Auger Collaboration 5
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Measurement of the UHE Proton+Air Cross section
Measurement of the UHE Proton+Air Cross
Section

Proton-air cross section
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 Nam et al. 1975
Siohan et al. 1978
Baltrusaitis et al.1984
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Honda et al.1999
Knurenko et al.1999
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I. Aielli et al.2009
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This Work 2015
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Results, �
p�air

in mb

Lower energy point
457.5±17.8(stat)+19/-25(syst)

Higher energy point
485.8±15.8(stat)+19/-25(syst)

Ralf Ulrich for the Pierre Auger Collaboration 12

R. Ulrich for the Pierre Auger Coll., Proc. 34th ICRC, arXiv:1509.03732
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