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UHECR Working Groups

I Spectrum (TA+Auger)
I Anisotropy (TA+Auger), → ICRC #395

I Composition (TA+Auger) → this presentation, ICRC #307

I Hadronic Interactions (IC+TA+Auger)
I Multi-Messenger (IC+Auger+TA) → ICRC #1082

I Anisotropy (IC+Auger+TA)

UHECR Symposium 2012, CERN
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Data Samples
Auger:

I 8 years

I hybrid (at least one surface
detector station)

I 24 telescopes

I PRD 90 (2014) 12, 122005

TA:

I 5-year hybrid data sample

I hybrid (at least three surface
detector station)

I Middle Drum telescopes (MD)

I APP 64 (2014) 49

18 18.5 19 19.5 20

ev
en

ts

1

10

100

1000

Auger 2014 (8 yr)

TA MD 2014 (5 yr)

lg(E/eV)
18 18.5 19 19.5 20

ra
tio

 A
ug

er
/T

A
4

10

20
30

3



Composition from Shower Maximum (Xmax)

Telescope Array Collaboration, APP 64 (2014) 49:

“[...] good agreement is evident between data and a light, largely protonic, composi-
tion when comparing the measurements to predictions obtained with the QGSJetII-
03 and QGSJet-01c models.”

Pierre Auger Collaboration, PRD 90 (2014) 12, 122005:

“[...] simulations have been performed using the three contemporary hadronic inter-
action models (QGSJETII-04, EPOS-LHC, SIBYLL2.1). [...] there is an evolution
of the average composition of cosmic rays towards lighter nuclei up to energies
of 1018.27 eV. Above this energy, the trend reverses and the composition becomes
heavier.”
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Average Shower Maximum, 〈Xmax〉
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Average Shower Maximum, 〈Xmax〉
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Different Analysis Strategies
Steven Saffi, University of Adelaide Ben Stokes, University of Utah

Auger:

I minimize measurement bias
I result: “〈Xmax〉 in atmosphere”
I compare to: simulations at

generator level

TA:

I maximize statistics
I result: “〈Xmax〉 in detector”
I compare to: simulations including

detector effects
6



Different Analysis Strategies

Auger Xmax results:
I ∼ no acceptance bias

TA Xmax results:
I includes acceptance bias
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How to Compare 〈Xmax〉 of the Xmax Distributions from TA and Auger

Step 1: Construct a model of the Xmax distribution that describes the Auger data

proton, helium, nitrogen, iron
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FIG. 5: Xmax distribution of the fits for energy bin E = 1017.8�17.9 eV. Results using Sibyll 2.1

are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-

17

 0

 10

 20

 30

 40

 50

 500  600  700  800  900  1000

N

 

Sibyll 2.1

log(E/eV) =

19.0-19.1

p < 10-4

 

 

 

 

 

 

 500  600  700  800  900  1000

 

 

Sibyll 2.1

log(E/eV) =

19.0-19.1

p = 0.004

 

 

 

 

 

 

 500  600  700  800  900  1000

 

 

Sibyll 2.1

log(E/eV) =

19.0-19.1

p = 0.605

Fe
N

He
p

Auger

 0

 10

 20

 30

 40

 50

 500  600  700  800  900  1000

N

 

QGSJET II-04

log(E/eV) =

19.0-19.1

p < 10-4

 

 

 

 

 

 

 500  600  700  800  900  1000

 

 

QGSJET II-04

log(E/eV) =

19.0-19.1

p = 0.001

 

 

 

 

 

 

 500  600  700  800  900  1000

 

 

QGSJET II-04

log(E/eV) =

19.0-19.1

p = 0.064

 0

 10

 20

 30

 40

 50

 500  600  700  800  900  1000

N

Xmax  [g/cm2]

EPOS-LHC

log(E/eV) =

19.0-19.1

p < 10-4

 

 

 

 

 

 

 500  600  700  800  900  1000

 

Xmax  [g/cm2]

EPOS-LHC

log(E/eV) =

19.0-19.1

p = 0.781

 

 

 

 

 

 

 500  600  700  800  900  1000

 

Xmax  [g/cm2]

EPOS-LHC

log(E/eV) =

19.0-19.1

p = 0.819

FIG. 6: Xmax distribution of the fits for energy bin E = 1019.0�19.1 eV. See caption to Fig. 5.

markable agreement in their predictions of the protons and iron nuclei contributions despite

large di↵erences in the remaining composition. This can be seen in the right column of

Fig. 5. All three models give acceptable fit qualities with consistent fractions of protons,

but with distinctly di↵erent predictions for the remaining composition; results of EPOS-LHC

simulations favor a mixture dominated by nitrogen nuclei, while QGSJET II-4 simulation

favor helium nuclei, whereas Sibyll 2.1 modeling leads to a mixture of the two.

A substantial change in the proton fractions is observed across the entire energy range,

which rises to over 60% around the ankle region (⇠ 1018.2 eV) and subsequently dropping

to near-zero just above 1019 eV with a possible resurgence at higher energies. If the ankle

feature is interpreted as a transition from Galactic to extragalactic cosmic rays [14], the
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FIG. 7: Xmax distribution of the fits for energy bin E > 1019.5 eV. See caption to Fig. 5.

proton fraction in this energy range is surprisingly large as the upper limits on the large-scale

anisotropy [15] suggests that protons with energies below 1018.5 eV are most likely produced

by extragalactic sources. In order to accommodate a proton-dominated scenario for energies

above 1018 eV [16], the hadronic interaction models would need to be modified considerably.

The transition to heavier cosmic rays with increasing energy is reminiscent of a Peters

cycle [17], where the maximum acceleration energy of a species is proportional to its charge

Z. However further analysis that takes into account the energy spectrum and propagation

of UHECRs through the universe would be required to confirm this. Composition-sensitive

data above 1019.5 eV will be needed to allow a reliable interpretation of the observed changes

of composition in terms of astrophysical models (see e.g. Refs. [18, 19]).
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How to Compare 〈Xmax〉 of the Xmax Distributions from TA and Auger

Step 1: Construct a model of the Xmax distribution that describes the Auger data

here: use QGSJETII-03 for fitting composition fractions→ reasonable agreement
with data
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How to Compare 〈Xmax〉 of the Auger and TA Data

Step 2: Pass this “Auger-like” Xmax distribution through TA detector simulation,
reconstruction and analysis
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Result
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average difference: 〈∆〉 = (2.9± 2.7 (stat.)± 18 (syst.)) g/cm2
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Summary and Outlook

Comparison:
I account for acceptance bias included in TA result
I average Xmax agrees within uncertainties,
〈∆〉 = (2.9± 2.7 (stat.)± 18 (syst.)) g/cm2

Next Steps:
I improve model of Xmax distribution by using EPOS-LHC (describes Auger data

better than QGSJetII-03)
I compare full distributions
I repeat analysis for higher statistics TA analyses

(see John’s talk later this session)
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