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—! ! Particle Physics

—! ! Exotics



Cosmic Rays:

charged particles from astrophysical sources
... the highest energy particles in the universe !

Cosmic Rays:! p, He, ....  Fe      fully ionised nuclei
! ! ! ! ! ! ! ! electrons

Energies:!! ! ! MeV   ....   ≥ 1020 eV             (UHE: > 1018 eV)

identified at low energies

1962  Volcano Ranch
1995  Fly’s Eye



12 orders of magnitude !in energy,
33  ! ! ! ! “! ! ! ! ! in flux !

10x up in energy, ≈500x down in flux

Highest energy events:
! ! ! ! ! ≈ 3 x 1020 eV

Flux of Cosmic Rays
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LHC LHC (coll.)

1020 eV particles do exist !



"What is the origin of the 
 Ultra High Energy Cosmic Rays ?" 
! ! ! ! ! ! ! (UHECRs: > 1018 eV)

Measure them with unprecedented 
statistics and quality.

The Pierre Auger
! ! ! ! ! ! Observatory



angle of
incidence

shower-detectorplane

fluorescence detector
with fired photo tubes

impact point

Cherenkov
detectors

Extensive Air Shower: 
! indirect measurement,
! shape and particle content of showers

Auger: Hybrid Detector
measure extensive air shower with:

24 Fluorescence telescopes
! 30o x 30o FoV,   10% duty cycle, 
! good energy resolution

array of 1600 water Cherenkov detectors 
! on 3000 km2,  100% duty cycle,
! well-known aperture

Where do UHECRs come from?
What are they? 
How are they accelerated?
Does their spectrum end?

FD

SD



Unknown at high energies :
  

! ! ! CR composition   (p, He, O, ... Fe,    γ , ν)
  

! ! ! energy spectrum
  

! ! ! ! ! get composition from magnetic deflections, features in spectrum,
! ! ! ! ! well-understood acceleration and environments 
! ! ! ! ! to constrain hadronic interactions. 

! ! ! details of nuclear and hadronic interactions
! ! ! ! ! Construct an air shower model based on 
! ! ! ! ! particle physics data (LHC ...) and reliable theories.
! ! ! ! ! Extrapolate to the UHECR regime (>1018 eV, very forward)

! ! ! ! ! to interpret CR composition.

A difficult problem ...Find consistent description of 
Astrophysics and Hadronic physics 
simultaneously.



The CORSIKA program

Fully 4-dim MC simulation

Hadronic (p-N, π-N, ...   A-N) and electromagnetic interactions.

cross-sections, particle production (at  ≈ 00), soft int., decays, ...

Models based on collider data (< TeV)  and  a theory (GRT)

                 with some predictive power for extrapolation to 1020 eV

Energies:! 106 ...  1020 eV      

http://www-ik.fzk.de/corsika

UHE Hadronic models are the major source of uncertainty.

reasonable agreement:      (~ 30% level   for <1018 eV)
e.g. ! HESS, VERITAS, Magic! γ ray astron.;  ! 1011-1014 eV
! KASCADE-Grande CR showers;!    ! 1014-1017 eV
! Haverah Park! !     ! ! ! ! 1017-1018 eV
! Auger! ! ! ! ! ! ! 1018-1020 eV

http://www-ik.fzk.de/corsika
http://www-ik.fzk.de/corsika


infill
array

HEAT
high elev.
FD tels.

≈70km

data taking:
! since 2004
completion:
! Nov 2008

Auger layout



communications
antenna

GPS
antenna

water tank (12 m3)

electronics

battery
box

solar panel

three 9” PMTs 

>1600 tanks deployed over 3000 km2

triangular grid, 1.5 km distance,
3 PMTs, read out at 40 MHz
solar powered, ≈ 10 W

4 tanks
in a line

Surface array
(Water Cherenkov detectors)
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21 tanks, 45o,   86 x 1018 eV



High & smooth pulses close to shower core, low & spiky pulses far away.



CR arrival direction = air shower direction
from arrival times at each tank

< 1o  for E > 1019 eV



S  (VEM)

core distance  (m)

S(1000)

S(1000) is a good SD-only parameter to estimate the energy.
E as function of S(1000): either from MC 
                                              or from cross-calibration with FD.



E = 1.67 x 1020 eV    θ = 14o E = 0.37 x 1020 eV    θ = 74o

some of the highest-energy SD events:
near vertical!! ! ! ! !    inclined



Camera with 440 PMTs
                             (Photonis XP 3062)

440 PMT camera

aperture with shutter,
 filter and Schmidt 
corrector lenses

11 m2 mirror
(Aluminium)

FD telescope:

24 telescopes at 4 sites
30ox30o FOV, each
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hybrid SD only FD only

energy

0.2o

aperture

angular resolution 1-2o 3-5o

independent of 
E, mass, models

dependent of 
E, mass, models and
spectral slope

independent of 
mass, models

independent of 
mass, models

dependent of 
mass, models

independent of 
E, mass, models



Shower seen by the 
array and all 4 FDs
E ≈ 7 x 1019 eV
a “Platinum Hybrid”



p + γ3K Δ+

56Fe + γ3K
n + π+
p + π0

p in lab
system1020 eV 0.5 meV

3K photon

0 eV 300 MeV
in p rest
system

Photo-pion
production
Photo
dissociation

55Fe + n

γ

ν

photo - pion production

photo dissociation

GZK Cut-Off Greisen Zatsepin Kuzmin

Universe becomes opaque for E > few x 1019 eV.
beyond this:   Sources must be close !
If sources are universal: cut-off in CR spectrum.
Test of Lorentz Invariance for   γ ≈ 1011  ! 



E:!! straight forward  from FD
! ! ! ! ! ! ! (but FD only active for 10% of time)

! ! model dependent from SD
! ! ! ! ! ! ! (SD active for 100% of time)

! ! ! ! get energy calibration from FD

! ! ! ! for high statistics from SD

A:! directly from size of SD
! ! ! ! ! ! ! ! (above 3x1018 eV)

Flux =
Nevts(>E)

t . A . Ω
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Auger 2013 preliminary

Energy spectrum

ankle:
5 x 1018 eV

hybrid

4 evts > 1020 eV

>1020 eV:

≈ 1 ev/yr 
in Auger

≈ 1 evt/min
on surface
of Earth !

break:
4 x 1019 eV

Auger finds "ankle" and a clear (>20 σ) spectral steepening at E ≈ 3 x 1019 eV.

32000 km2 sr yr
= 5 Auger yrs



Does Auger see the GZK cut-off ?

! ! GZK cut-off:   if  ! CRs are protons 
! ! ! ! ! ! ! ! power-law spectrum at source   > 1020 eV
! ! ! ! ! ! ! ! sources are universally distributed
! ! ! ! ! ! then! depression of flux at  ≈ few x 1019 eV

! !

Alternatives:
! maximum energy of accelerator ?
! effect of a local source ?

Is ankle the transition point between galactic and 
extragalactic CRs ?

! ... need more info on  composition ...

But also nuclear primaries would be absorbed, 
! !   and could produce a similar cut-off.
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Proton dominated:
Suppression: Δ resonance
Ankle: e+e– pair production

Iron dominated:
Suppression: giant dipole resonance
Ankle: transition to galactic sources

Interpretation?



deflection < 1o

Astronomy with charged particles ?

Highest Energy Particles are not deflected much !
i.e. CR should start pointing back at sources.

Anisotropy  –  Sources (?)



regular gal. magnetic fields

Large-Scale Anisotropy -  Fourier analysis of arrival times
-  Generalised Rayleigh Method
-  East-West method

S

Compton-Getting effect
(Galaxy vs CMBR dipole)

Limits close to / lower than some predicted anisotropies.  
More data will give an anisotropy signal or model constraints.

diffusion in
turbulent gal. 
fields



scan:!   15 evts,  12 correlate with AGN  (3.2 exp.)     for R<3.1o,  z < 0.018,  E > 56 EeV

no scan:  13 evts,   8 correlate with AGN  (2.7 exp.)!   independent sample
! ! ! ! ! ! p < 1.7 x 10-3

UHECR isotropy rejected with > 99% confidence level,
are of extragalactic origin.

1.Jan 2004 - 26.May 2006

27.May 2006 - 31.Aug 2007 total data: 1.2 Auger-years



84 Highest Energy Events  >55 EeV    (2011)
(28 correlating)

nearby AGNs

Cosmic Rays

Update of the correlation of the highest energy cosmic rays 
with nearby galaxies  (V-C catalog).

http://www.phys.lsu.edu/~matthews/publications/papers/harari_updatedcorr.pdf
http://www.phys.lsu.edu/~matthews/publications/papers/harari_updatedcorr.pdf
http://www.phys.lsu.edu/~matthews/publications/papers/harari_updatedcorr.pdf
http://www.phys.lsu.edu/~matthews/publications/papers/harari_updatedcorr.pdf


current signal:     p = 0.33 ±0.05

parameters fixed a priori:   Emin > 55 EeV,    ψ < 3.1o,   dmax =  75 Mpc      

chance probability 
for isotropic distribution
to give this result: 0.006
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Swift-BAT 
58-months catalog,
(uniform, hard X-rays
! 261 Seyfert galaxies)

d < 200 Mpc
weighted with  X-ray flux, 
rel. exposure, GZK effect
5o smoothing

data
isotropy
model

UHE Cosmic rays are 
– not isotropic
– of extra-galactic origin.

UHECRs come from 
“nearby extragalactic matter”

≈30o clustering     (protons ?)



This result is suggestive of 
primary protons  and a  GZK cut-off:

! deflection in gal. mag. fields @ 60 EeV: small for protons 
! ! ! ! ! ! ! ! ! ! ! ! ! !        big for Iron
! correlation only with nearby AGNs



photons ? 
! ! shower shape is different from expectation for photons
! ! ! (electromagnetic interaction is well known; QED)

neutrinos ? 
! ! showers do start near top of atmosphere

neutrons ? 
! ! from nearby galactic neighbourhood 

Options:     (stable particles)

Composition

so fa
r n

o 

evidence



Photon discrimination with X   max

! at 1019 eV:   ∆<Xmax> (photon, hadron) > 200 g cm-2

 

3

photons protons

iron

FD: measure Xmax
photons maximise deeper than nuclei
protons maximise deeper than iron

Photons



FD events (hybrid),  E>1019 eV! ! ! ! (only 10% of data)

compare each event with photon simulations,
combine probabilities for all events

1.6 EeV

reliable,
based on QED

median

εγ = 50%



Discrimination power of SD observables

� in some events, standard SD 
reconstruction possible; e.g.:

 rise time of detector signal 
at 1000 m core distance

 curvature of shower front

 observed values below 
photon prediction

 independent confirmation: 
photon primary not favoured

 

10

SD only variables:
  -! signal rise time
  -! curvature of 
! shower front

SD: much larger statistics, but
reconstruction not mass 
independent



improved limits at lower energies, 
approaching the region where GZK γ  are expected.

GZK γ

Photon limits



nuclei :

Showers look like showers from p and nuclei
at lower energies,      ....  just much larger.

       n, p ... He ... O ... Fe

Options:     (stable particles)

Composition

diff
icu

lt !

need
 shower m

odel 

for
 in

ter
pret

ation

the only nuclei to survive
long travel to earth



Galactic Neutrons

E > 1EeV

γ > 109

τn> 3x104 yrs

(/ km2 yr)

upper limits (95% cl)

from CR accelerators  (expect more n than hadronic γ),
travel in straight lines,
 ... but decay  (can reach us only from our galaxy)
point sources ?

no excess, nothing from gal. disc or gal. plane



no excess found

bright γ 
sources,
d< 9 kpc
(≈λn @EeV)



Nuclear Composition

same E/A
same Xmax

Xmax ~ lg(E/A)

FD:

kink,  change 
of composition?

Xmax: height of shower maximum 
Xmax  and  RMS(Xmax)  are mass sensitive

difficult !
need shower model 

for interpretation



Xmax RMS(Xmax)

model dependent
interpretation

E < 4 x 1019 eV

whatever we do to models
(within limits),
data do not fit to 
primary proton sims.

If one trusts the models, 
then composition turns heavier
!  (but the two plots are not consistent)

mixed/heavy ?
       (1019 eV < E < 4x1019 eV)



hln Ai and �(ln A)2

one-two-one relation of experimental observables to moments
of the mass distribution on top of the atmosphere:

hX
max

i ⇡ hX p
max

i � Dp hln Ai
�(X

max

)2 ⇡ h�2
i i+ D2

p �(ln A)2

given average depth of protons hX p
max

i, elongation rate Dp and
mass-averaged shower fluctuations h�2

i i.†

I hln Ai = P
fi ln Ai

e.g. pure p ! hln Ai = 0, pure Fe ! hln Ai ⇡ 4, 50:50 p/Fe ! hln Ai ⇡ 2

I �(ln A)2 = hln2 Ai � hln Ai2

e.g. pure p ! �(ln A)2 = 0, pure Fe ! �(ln A)2 = 0, 50:50 p/Fe ! �(ln A)2 ⇡ 4

† see J. Linsley, Proc. 18th ICRC, 1983 and Proc. 19th ICRC 1985 and also

K.H. Kampert&MU, APP (2012) 660 and Auger Collab., JCAP (2013) 026.
[9 of 14]

hln Ai from Auger Data using Air Shower Simulations
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�2
ln A from Auger Data using Air Shower Simulations
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[11 of 14]

⟨ln A⟩:  Transition from   
medium → light → heavy ?

σ(ln A): Transition from
proton dominated or 

mixed → approx. pure ?

hln Ai and �(ln A)2

one-two-one relation of experimental observables to moments
of the mass distribution on top of the atmosphere:

hX
max

i ⇡ hX p
max

i � Dp hln Ai
�(X

max

)2 ⇡ h�2
i i+ D2

p �(ln A)2

given average depth of protons hX p
max

i, elongation rate Dp and
mass-averaged shower fluctuations h�2

i i.†

I hln Ai = P
fi ln Ai

e.g. pure p ! hln Ai = 0, pure Fe ! hln Ai ⇡ 4, 50:50 p/Fe ! hln Ai ⇡ 2

I �(ln A)2 = hln2 Ai � hln Ai2

e.g. pure p ! �(ln A)2 = 0, pure Fe ! �(ln A)2 = 0, 50:50 p/Fe ! �(ln A)2 ⇡ 4

† see J. Linsley, Proc. 18th ICRC, 1983 and Proc. 19th ICRC 1985 and also

K.H. Kampert&MU, APP (2012) 660 and Auger Collab., JCAP (2013) 026.
[9 of 14]

Fe

p

(Auger, JCAP 02 (2013) 026)

pure
p

50:50
p:Fe

Composition data: transition to heavier primaries



Spectrum:   ! ! GZK cut-off ?
Anisotropy:  !! correlation with nearby matter

Composition:!! Xmax,  SD variables! !

p dominated ?
!      (E > 6x1019 eV)

mixed/heavy ?
          (E < 4x1019 eV)

strongly 
model dependent

Composition mis-match ?

Need hadronic interaction models to be modified ? 
We start to do particle physics at  > 1018 eV.



σ(p-air) to 
rise like this 
to explain 
RMS(Xmax)
with prim. p

What if CR are protons and physics changes?



σ(p-air) = 505 ± 22 ± 30  mb    (@ 2 EeV)

Proton-Air Cross-Section



match the long. shower profile (as seen in FD)

of a measured event with 
p and Fe simulations

same simulated events 
have less signal in SD 
than the measured ones.

models underestimate 
ground signal by 1.5 - 2x

μ content rises with θ

Are the EAS models right ?

0o 60o



models underestimate   Nμ  by 25-100%
for Fe         for p

inclined
showers



measure  S1000(θ),  compare with simulations

Result:   muon deficit (≈ 53%) in simulations

μ

em

data

i.e.  26% higher energy estimate than FD

Universality: em and muonic signal depend only 
on E and shower development (DG)

ar
b 

un
its



Other methods:  

jump method:! ! ! ! count muon peaks in time traces
smoothing method:!! ! separate e,γand μ signal

golden hybrid analysis:! compare SD with FD reconstruction 

Ee,γ ≈ Mev
Eμ ≈ GeV
! ! ≈ 240 MeV energy deposit  

spiky

smooth



[a] universality method
[b] jump method
[c] smoothing method
[d] golden hybrid analysis 

log10(E/eV) = 19.0 ± 0.02       θ ≤ 50o. 



[a] universality method
[b] jump method
[c] smoothing method
[d] golden hybrid analysis 

log10(E/eV) = 19.0 ± 0.02       θ ≤ 50o. 



Air shower models require modifications:

! Muons!!  ! ! ! need ≈ 1.3 - 2x more, 
! ground signal ! need ≈ 1.5 - 2x more

for the same longitudinal profile.
! ! ! ! ! ! ! ! ! ! ! hadronic model ?

! ! ! ! ! ! ! ! ! ! ! fluorescence yield ?

EPOS:   ! a new model, with enhanced baryon production

! ! ! ! ! ! ! makes about 50% more muons.....

Consistent findings:

LHC results on cross-sections and particle production
(in very forward range) will provide helpful constraints.

@ 1019 eV



LHCf:  π0 production at 0o

models to be modified ... 



G.R. Farrar et al., Muon content of hybrid PAO CRs
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Figure 4: The contributions of different 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. The signal size is
measured in units of vertical equivalent muons (VEM), the
calibrated unit of SD signal size [18].

where a is the energy scaling of the muonic signal; it has the
value 0.89 in both the EPOS and QGSJET-II simulations,
independent of composition [19].

Finally, the variance of S(1000) with respect to Sresc must
be estimated for each event. Contributions to the variance
are of two types: the intrinsic shower-to-shower variance in
the ground signal for a given LP, sshwr, and the variance due
to limitations in reconstructing and simulating the shower,
srec and ssim. The total variance for event i and primary
type j, is s

2
i, j = s

2
rec,i +s

2
sim,i, j +s

2
shwr,i, j.

sshwr is the variance in the ground signals of showers
with matching LPs. This arises due to shower-to-shower
fluctuations in the shower development which result in
varying amounts of energy being transferred to the EM and
hadronic shower components, even for showers with fixed
Xmax and energy. sshwr is irreducible, as it is independent
from the detector resolution and statistics of the simulated
showers. It is determined by calculating the variance in the
ground signals of the simulated events from their respective
means, for each primary type and HEG; it is typically
⇡ 16% of Sresc for proton initiated showers and 5% for iron
initiated showers.

srec contains i) the uncertainty in the reconstruction of
S(1000), ii) the uncertainty in Sresc due to the uncertainty
in the calorimetric energy measurement, and iii) the uncer-
tainty in Sresc due to the uncertainty in Xmax; srec is typi-
cally 12% of Sresc. ssim contains the uncertainty in Sresc due
to the uncertainty in S

µ

and SEM from the S(1000)�w
µ

fit
and to the limited statistics from having only three simu-
lated events; ssim is typically 10% of Sresc for proton initi-
ated showers and 4% for iron initated showers.

The resultant model of si, j is checked using the 59 events,
of the 411, which are observed with two FD eyes whose
individual reconstructions pass all required selection cuts
for this analysis. The variance in the Sresc of each eye is
compared to the model for the ensemble of events. All
the contributions to si, j are present in this comparison
except for sshwr and the uncertainty in the reconstructed
S(1000). The variance of Sresc in multi-eye events is well
represented by the estimated uncertainties using the model.
In addition, the maximum-likelihood fit is also performed
where sshwr is a free parameter rather than taken from the
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Figure 5: The best-fit values of RE and R
µ

for QGSJET-II-
04 and EPOS-LHC, for mixed and pure proton composi-
tions. The ellipses show the one-sigma statistical uncertain-
ties. The grey boxes show the estimated systematic uncer-
tainties as described in the text; these will be refined in a
forthcoming journal paper.

models; no significant difference is found between the value
of sshwr from the models, and that recovered when it is a fit
parameter.

The results of the fit for RE and R
µ

are shown in Fig.
5 and Table 1 for each HEG. The ellipses show the one-
sigma statistical uncertainty region in the RE � R

µ

plane.
The systematic uncertainties in the event reconstruction
of Xmax, EFD and S(1000) are propagated through the
analysis by shifting the reconstructed central values by their
one-sigma systematic uncertainties; this is shown by the
grey rectangles.1 As a benchmark, the results for a purely
protonic composition are given as well2.

The signal deficit is smallest (the best-fit R
µ

is the closest
to unity) in the mixed composition case with EPOS. As
shown in Fig. 6, the primary difference between the ground
signals predicted by the two models is the size of the muonic
signal, which is ⇡15(20)% larger for EPOS-LHC than
QGSJET-II-04, in the pure proton (mixed composition)
cases respectively. EPOS benefits more than QGSJET-II
when using a mixed composition because the mean primary
mass determined from the Xmax data is larger in EPOS than
in QGSJET-II [20].

4 Discussion and Summary
In this work, we have used hybrid showers of the Pierre
Auger Observatory to quantify the disparity between state-
of-the-art hadronic interaction modeling and observed at-
mospheric air showers of UHECRs. The most important ad-
vance with respect to earlier versions of this analysis[21], in
addition to now having a much larger hybrid dataset and im-
proved shower reconstruction, is the extension of the anal-

1. The values of ssim, srec and sshwr and the treatment of system-
atic errors used here will be refined with higher statistics Monte
Carlo simulations and using the updated Auger energy and Xmax
uncertainties, for the journal version of this analysis.

2. Respecting the observed Xmax distribution is essential for evalu-
ating shower modeling discrepancies, since atmospheric attenu-
ation depends on the distance-to-ground. This is automatic in
the present analysis, but the simulated LPs – which are selected
to match hybrid events – is a biased subset of all simulated
events for a pure proton composition since with these HEGs
pure proton does not give the observed Xmax distribution.
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– Much more data from LHC / RHIC expected.
– Model to be revised for a better extrapolation to UHE

– further analysis of Auger data

– extension of Auger for more info per event

....   for a better overall description of 
CR composition and hadronic interactions.



Extend composition measurements towards higher energies:
➙ search for rigidity-dependent suppression of flux
➙ verify existence of ~10% p-component at E>55 EeV
➙ do proton astronomy & identify sources

Improve sensitivity to EeV photons:
photons from GZK-effect (“smoking gun”)
   ➙ prove/disprove p-dominated composition at highest E
       that may possibly be masked by rapid change of had-interactions

Study features of hadronic interactions above    Ecm = 70 TeV

Why upgrade ?



Composition measurement at energies
where the cutoff is observed

2.2 Extensive air showers
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Figure 2.3: Model predictions of Xmax and the
number of muons at ground for E = 1019eV. Pho-
ton showers develop mainly in the electromag-
netic cascade due to the small cross section for
photo-nuclear interaction. As a result, the number
of muons on ground is one order of magnitude
smaller than for hadronic showers. The differ-
ences in the model predictions are much smaller
because the electromagnetic cascade is very well
understood. From [6].

where C(s) is a normalization constant depending on the shower age and f denotes the polar
angle in the plane perpendicular to the shower axis.

Hadronic showers can be described by a similar approach. The main difference is that,
in each hadronic interaction, many secondaries (usually pions) are produced. The number
of secondary mesons (multiplicity) is model-dependent. For ntot pions, nch = 2

3 ntot charged
pions are created. Charged pions usually decay to muons. The number of muons after n
generations reads as

Nµ = (nch)n =

✓
E0

Edec

◆a

,

where Edec is the critical energy where decay is preferred over re-interaction and a depends
on the hadronic interaction model.

The energy in the hadronic and electromagnetic cascade is given by

Ehad =

✓
2
3

◆n
E0 Eem = E0 � Ehad .

Clearly, the fraction of energy transferred to the electromagnetic cascade increases with the
number of generations, and hence with the primary energy.

The results of these simple considerations are confirmed by detailed MC simulations. The
number of particles at maximum NA

max, the number of muons Nµ and the depth of maximum
Xmax for showers initiated by heavy nuclei can be derived from the superposition model. The
model states that a heavy nucleus of mass A and energy E can be viewed as a superposition
of A independent nucleons with energy Eh = E/A. It is justified because the kinetic energy

7

measure  μ comp.
with SD  
         (100% duty cycle)
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AMIGA like scintillator bar

expected Nµ -resolution
for 4 m2 muon coverage

Scintillators underground  2



2013201320132013 2014201420142014 2015201520152015 2016201620162016 2017201720172017 2018201820182018

Science Proposal subm •
Review of Science Proposal •
Prototyping in field X X X X

Selection of Prototype

Submission of TDR •
Final Evaluation X X

Seeking funds / construction • X X X X X X X X X X

take data X X X X X X X X X X X X ➙ 

upgrade finished •

•

Planned Cost Target:  US$ 10-12M (≈ € 8-10M)
! ! ! ! ! ! ! ! (≈ 20 % of initial investment)
Time Line:

data taking into 2023 will double the statistics
of all data up to 2015



Auger Scaler Rates:  read out for monitoring

Exotics:
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Elves   with the Auger FD

optical emission
80-95 km

thunderstorm
in troposphere

580 km

spherical propagation away from S

time evolution



Summary:
Auger is taking high-quality data at  > 1017 eV.

Spectrum:  ankle and steepening seen at  ≈ 5 x 1018  and  ≈ 4 x 1019 eV
! ! ! ! with model-independent measurement and analysis
! ! ! ! ! ! ! Interpretation requires knowledge of composition.
Arrival directions:  
! ! CR are extragalactic
! ! some correlation with nearby matter for E > 55 EeV,
Mass composition:
! ! upper limits on photons, neutrinos, and neutrons  
! ! reduced fluctuations at  ≈ 2 x 1019 eV ! mixed / heavy composition?
! ! ! ! with current models, but ...

Particle Physics (at >1018 eV):  
! ! p-air, p-p cross section @ 2x1018 eV 
! ! Hadronic interaction models in CORSIKA need adaption ...  
! ! More muons & ground signal needed for same fluorescence light
! ! Auger  results and  new collider data constrain shower models



What next?
— Auger (as is) will provide a few more years of reliable experimental data
     &  a solid basis for future work. 
! Operation at least until 2015   (then total exposure:  7 Auger yrs)

— Good test environment for alternative techniques 
! ! (MHz, GHz  Radio detection of EAS, atmospheric physics, ...) 

— Prolongation and Upgrade (?) for better composition measurements
! ! 2015 - 2025

— 3000 km2  turns out to be still too small for the energies  ~1020 eV
! “Auger next”?    > 30000 km2  ???   new, cheaper techniques needed.  
! ! Ideas?  !Radio detection of air showers not quite ready yet.

— CRs, ν from space:      >3 x 106 km2 sr,    launch in 2014? !
! ! Jem-EUSO on ISS,  ! 400 km alt.,  ! ! ! >105 km2

! ! CROS satellite,  ! ! 400-800 km alt.! ! ≈106 km2



The End


