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Deflection in Regular JF12: Proton, 60 EeV

color scale truncated at 20 deg.
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Deflection in Regular JF12: Iron, 60 EeV

color scale truncated at 20 deg.
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Deflection in Regular JF12: Iron, 60 EeV

color scale truncated at 20 deg.
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Energy and Mass with the Pierre Auger Observatory
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Energy Scale Uncertainty

largest contribution 
from FD calibration 

Absolute fluorescence yield 3.4% 

Fluores. spectrum and quenching param. 1.1% 

Sub total (Fluorescence Yield) 3.6% 
Aerosol optical depth 3% ÷ 6% 

Aerosol phase function 1% 

Wavelength dependence of aerosol scattering 0.5% 

Atmospheric density profile 1% 

Sub total (Atmosphere) 3.4% ÷ 6.2% 
Absolute FD calibration 9% 

Nightly relative calibration  2% 

Optical efficiency  3.5% 

Sub total (FD calibration)  9.9% 
Folding with point spread function 5% 

Multiple scattering model 1% 

Simulation bias 2% 

Constraints in the Gaisser-Hillas fit 3.5% ÷ 1% 

Sub total (FD profile rec.)  6.5% ÷ 5.6% 
Invisible energy 3% ÷ 1.5% 
Statistical error of the SD calib. fit 0.7% ÷ 1.8% 
Stability of the energy scale   5% 
TOTAL 14% 

FD CORRELATED  
UNCERTAINTIES 

TOTAL 
UNCERTAINTY 

14%  
≈ energy independent 

1500 m array  θ < 600	
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Energy Scale Uncertainty↔ Deflection Uncertainty

∆E/E = 14%, regular JF12 at R = 60 EeV
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Primary Mass and Longitudinal Shower Profiles
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Primary Mass and Longitudinal Shower Profiles
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Primary Mass and Longitudinal Shower Profiles
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Xmax Distributions
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Moments of Xmax Distributions – All Models
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Moments of Xmax Distributions – ’post-LHC’ (7 TeV)
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Moments of ln(A) Distributions
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Fit of Xmax Distributions
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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-
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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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Fit of Xmax Distributions
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Event-by-Event Charge Estimate?

P(Z |Xmax) =
P(Xmax|Z )P(Z )

P(Xmax)
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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-
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Additional Prior at UHE: Propagation

(Allard et al. JCAP 0810:033,2008)
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Moments of Xmax Distributions – Comparison to TA
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Caveat: Hadronic Interactions at UHE
Ep = 60 EeV ↔ √s = 340 TeV!!
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FIG. 7. Impact of hadronic interaction features on the shower maximum, Xmax, for proton (left) and iron (right) primaries.

val from 1019 to 1020 eV. For each point in the parameter
space under investigation, 1000 showers are simulated.

In the discussion of our results we will frequently com-
pare to the analytic Heitler model predictions summa-
rized in Table I, and also refer to the dependence of EAS
fluctuations on the longitudinal shower development as
shown in Fig. 5.

A. Longitudinal Shower Development and Depth
of the Shower Maximum

The results for the mean depth of shower maximum,
〈Xmax〉, and the fluctuation of Xmax, characterized by
RMS(Xmax), are summarized in Fig. 7. The extrapola-
tion of the total cross section for particle production has
by far the biggest impact on Xmax. It can shift 〈Xmax〉
by almost 100 g/cm2 for protons and 40 g/cm2 for iron
in both directions, and exhibits a strong correlation with
the fluctuations of Xmax. All the other interaction char-
acteristics considered here change the fluctuations only
within a few g/cm2, except the elasticity for proton pri-

maries. A high elasticity leads to a moderate increase in
fluctuations, at the same time shifting the 〈Xmax〉 deep
into the atmosphere. The secondary multiplicity is al-
most as effective in shifting 〈Xmax〉 as the cross section.
This is a consequence of the distribution of the same en-
ergy onto a growing number of particles, which is also
predicted by the Heitler model. However, the depen-
dence we find is somewhat different from the simple pro-
portionality to − ln nmult for larger deviations from the
original model. For proton primaries the dependence on
the cross section is similar to 1/σ as in the Heitler model,
especially at larger cross sections; For iron primaries, on
the other hand, this change is more like − lnσ. Further-
more, in contrary to the independence of 〈Xmax〉 from
the pion charge ratio c we find a slight trend ∝ ln c. The
impact of the elasticity is approximately ∝ κel.

In addition to studying Xmax we also considered the
quantity ∆X = Xmax − X1, with X1 being the depth of
the first interaction in a shower. ∆X is only sensitive to
the shower development that follows the first interaction.
In Fig. 8 the results for ∆X are summarized.

As can be seen, only modifications of the cross section

R. Ulrich, R. Engel, MU, Phys. Rev. D83 (2011) 054026 18



Muon studies with inclined hybrid events (62◦-80◦)

event 201114505353, θ = 75.6◦, E = 15.5 EeV
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Muon scale vs. Xmax (FD)
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100% p + New Physics?
’Chiral Symmetry Restauration’ model (suppression of π-production)

UHECR 2012, CERN, Feb. 13-17, 2012

Possible	  mechanism	  for	  meson	  
suppression	  in	  CSR	  phase	  

	  	  	  	  	  	  q-‐qbar	  wavefunc@ons	  don’t	  
match	  at	  boundary	  =>	  
mesons	  only	  produced	  a{er	  
CSR	  phase	  evaporates.	  	  

3/11/12	   G	  Farrar	  Malargue	   11	  

Meson	  wavefunc@n	  

Baryon	  wavefunc@ons	  
inside	  and	  outside	  match,	  
so	  baryons	  can	  escape	  

Low	  Temperature	  Phase:	  	  
chiral	  symmetry	  spontaneously	  broken	  

Hi	  T:	  CSR	  phase	  

Inside,	  q-‐qbar	  is	  loosely	  bound	  and	  heavy.	  	  
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Fig. 2: (lhs): Illustration of a mechanism by which meson production may be suppressed. If the wave
function of a qq̄ bound state in the CSR phase has little overlap with a meson in the low temperature
exterior phase, it will experience near-total internal reflection making the q and q̄ available for re-
assembly into other bound states. Oh the other hand, a qqq or q̄q̄q̄ bound state can be expected to have
a larger overlap with the wave function of its corresponding baryon or anti-baryon and thus escape.
The color hyperfine interactions which are responsible for the mass splittings within hadron multiplets
act to induce formation of bound states even though confinement is not operative. (rhs): The predicted
CIC curve – ground signal as a function of zenith angle – at EFD = 9 EeV for, top to bottom, the
Chiral Symmetry Restoration CSR model (black solid), Mixed Composition-with-boosted-pt (orange
heavy dash-dot), EPOS-Fe (blue dash), EPOS-Mixed (grey light dash-dot), and QII-p (red short-dash)
models.
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Fig. 3: (lhs)< Xmax > versus energy from Ref. [16,17]; the systematic uncertainty in the Xmax mea-
surement is 11 g cm−2 [17]. The black (barely perceptible) and grey error bars on the highest CSR
datapoint contain 68% and 95% of the values in different samples of 47 events. (rhs): RMS variance
in Xmax as a function of energy from Ref. [16,17]; the systematic uncertainty in the RMS(Xmax) is 5
g cm−2 [17]. The black and grey error bars on the highest CSR datapoint contain 68% and 95% of the
values in different samples of 47 events.
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Comparison of lnA from Xµ
max and Xmax
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Auger Beyond 2015
I origin of flux suppression?
I proton fraction at UHE?
I hadronic physics above

√
s = 70 TeV
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The Next 10 Years in UHECR
Auger:

I ∼ 200 events above 55 EeV with upgraded SD
→ event-by-event charge estimate

I enlarged FD duty cycle
I ’high precision array’ O(100 km2)?

TA:
I TA×4?

Hadronic Interactions:
I LHC at 14 TeV (Ep = 1017 eV)
I p+O runs at LHC?
I NA61/SHINE π+C data
I constraints from CR data
I ...

Jem-EUSO?
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