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3000 km2 area, Argentina 
27 fluorescence telescopes plus

...1660 Water Cherenkov tanks

Auger Hybrid Observatory
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A New Generation: Hybrid Observation of EAS
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Particle-density and
-composition at ground 

light trace
at night-sky
(calorimetric)

Also: 
Detection of Radio- & Microwave-Signals

Fluorescence light 

Concept pioneered by the 
Pierre Auger Collaboration 
(Fully operational since 06/2008 
 

(Concept now also used by 
              Telescope Array (TA))
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1. Brief Overview of Recent Results 
• energy spectrum 
• mass composition 
• anisotropies 
• photons

2. Puzzles to be solved; Rational of Upgrade 
• transition galactic to extragalactic CRs 
• origin of the flux suppression 
• proton astronomy at the highest energies 
• features of hadronic interaction @ √s~100 TeV

3. Cost Estimate, Timeline

Outline
• neutrinos 
• particle & fundamental physics 
• interdisciplinary science, ...
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Event Example in Auger Observatory
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Event Example in Auger Observatory
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Cross Correlation

Infill

Standard

inclined

calorimetric meas.

µ+e measurement

Energy calibration based on experimental data 
(including invisible energy correction)



sion is additionally highlighted comparing the measured spectrum with the power law function E��2

which corresponds to the absence of suppression (dashed line).
We conclude this paper comparing the Auger energy spectrum with the measurements from other

experiments (Fig. 5). The Auger spectrum is the measurement with the highest presently available
statistics. There is a good agreement between the di↵erent spectra with the exception of a discrepancy
between Auger and Telescope Array at the largest energies which is addressed by a dedicated working
group composed by people from both collaborations [17].
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Fig. 5. Measurements of the cosmic ray energy spectrum for energies above 1016 eV. See [1] for references
to the data when not explicitly indicated.
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All Particle Energy Spectrum

Good agreement between experiments
- some differences at the highest energies -

V. Verzi (Auger Collaboration) 
Proc.to UHECR 2014 
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Auger Combined E-Spectrum (0°-80°)

γ1=3.23±0.07 γ2=2.63±0.04

Eankle=5·1018 eV

* *
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Is this the GZK-effect... ?
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Data compared to GZK-effect

(Phys. Rev. Lett., 2008, updated)

p-sources

Fe-sources
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Protons Emax,p = 1018.9 eV

Model inspired by Allard, Astropart. Phys. 39-40, 2012

Limiting Energy of Sources (Emax~Z) + GZK

Simulations done with CRPropa 2.0

m=0; γ=1.55
In this case GZK-effect is
not responsible for cut-off!

Iron Emax, Fe = 26 Emax,p  = 1020.3 eV
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Longitudinal Shower Development ➙ Primary Mass

13 VHEPA, Taipei (Taiwan), April 8-9, 2015

 OBSERVATORY 

 

Example of a 3·1019 eV EAS event in FD

KHK, Unger, APP 35 (2012)
EPOS 1.99 Simulations
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Decomposition of Xmax-Distributions

14 VHEPA, Taipei (Taiwan), April 8-9, 2015
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Interaction Models lack Muons in EAS

15 VHEPA, Taipei (Taiwan), April 8-9, 2015

Auger Collaboration, Phys. Rev. D 91, 032003 (2015); editors suggestion
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µ-deficit points to deficiencies of hadronic interaction models
LHC forward physics program highly relevant
joint efforts by people from both communities
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Auger - TA Comparison

16 VHEPA, Taipei (Taiwan), April 8-9, 2015
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„Two data sets are in excellent 
agreement, even without accounting
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…and surely both TA and Auger agree on seeing a 
p (He) dominated composition in the ankle range
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Large Scale Anisotropies

17

Auger Collaboration:  ApJL, 762, L13 (2012),  ApJS 203,34 (2012)
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Large Scale Anisotropies

18

Auger Collaboration:  ApJL, 762, L13 (2012),  ApJS 203,34 (2012)
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Largest departure from isotropy: 
E > 8EeV: rα=(4.4±1)·10-2 ; 

p< 6.4·10-5 isotropic 
 

Auger Collaboration: ApJ 802:111 (2015)
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Fig. 10.— Celestial map of photon flux upper limits in
h
photons
km2·yr

i
illustrated in Galactic

coordinates.

The energy flux in TeV gamma rays exceeds 1 eV cm�2 s�1 for some Galactic sources with579

a di↵erential spectral index of E�2 (Hinton & Hofmann 2009; H.E.S.S. 2011). A source580

with a di↵erential spectral index of E�2 puts out equal energy in each decade, resulting in581

an expected energy flux of 1 eV cm�2 s�1 in the EeV decade. No energy flux that strong582

in EeV photons is observed from any target direction, including directions of TeV sources583

such as Centaurus A or the Galactic center region. This flux would have been detected with584

> 5� significance, even after penalizing for the large number of trials (using Eqn. 6 and585

Eqn. 7). Furthermore, an energy flux of 0.25 eV cm�2 s�1 would yield an excess of at least586

5� for median exposure targets. If we make the conservative assumption that all detected587

photons are at the upper energy bound, a flux of 1.44 eV cm�2 s�1 would be detectable.588

This result for median exposure targets is independent of the assumed photon spectral589

index, and implies that we can exclude a photon flux greater than 1.44 eV cm�2 s�1 with590

5� significance.591

28

Search for EeV γ-point sources

19 DPG Frühjahrstagung Wuppertal  2015

Energy flux of 0.25 eV/cm2s  would yield a 5σ excess (assuming E–2 spectr.) 
Note, some Galactic TeV sources exceed 1 eV/cm2s !

Auger, ApJ, 789, 160 (2014)

TeV EeV

γ flux

E–2

TeV γ-sources

u.l.

⇒ Galactic TeV γ-sources don’t stick out to EeV energies
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Figure 4. Celestial maps of the flux upper limit (particles/km2yr) in Galactic coordinates.
(A color version of this figure is available in the online journal.)

total number of targets of equal or greater significance. The other
focuses on the tail of low significances by plotting the total num-
ber of targets that had equal or lower Li–Ma significance. The
shaded bands are 95% containment bands for simulation data
sets. For any number of targets (plotted vertically), the shaded
band extends horizontally over 95% of the simulation data sets;
2.5% of the simulation integral curves were to the left of the
band at that vertical level, and 2.5% of the simulation integral
curves were to the right of the band.

The fact that the red curve does not lie to the right of the right-
hand shaded region means that this search has not identified
obviously significant hot spots. The deviation from the Gaussian
curve for negative significances in the case E ! 3 EeV is caused
by the very low statistics in many targets.

5.2. Upper Limits

Flux upper limits (95% CL) for each target direction are
displayed in the color sky plots of Figure 4. Each limit is
calculated according to the method explained in Sections 3.5
and 3.6, and it is the upper limit on the time-averaged neutron
flux from that celestial direction.

The mean flux upper limit is shown as a function of dec-
lination in Figure 5 for each of the energy ranges. The upper
limits tend to be greater (weaker) for the northern declinations
where the directional exposure (shown in Figure 2) is reduced.
The limits are lowest (strongest) near the South Pole (−90◦

declination) where the directional exposure is maximum, but
the mean value is less accurately determined in that region be-
cause there are relatively few targets in a declination band.

6. SUMMARY AND DISCUSSION

The blind search for a flux of neutral particles using the Auger
SD data set finds no candidate point on the sky that stands out
among the large number of trial targets. Upper limits have been
calculated for all parts of the sky using four different energy
ranges. Three of those ranges are independent data sets and the
fourth is the combination of the other three. These upper limits
pertain to neutrons, with systematic uncertainties as discussed
in Section 4. (The methods used in this paper are less sensitive
to photons.)

The upper limits are generally more stringent where the di-
rectional exposure is relatively high, but they are strong enough
to be of considerable astrophysical interest in all parts of the
exposed sky. Above 1 EeV, the typical (median) flux upper limit
is 0.0114 neutron km−2 yr−1. That corresponds to an energy flux
limit of 0.083 eV cm−2 s−1 (or 0.026 EeV km−2 yr−1) in the
EeV energy decade if the differential neutron spectrum is pro-
portional to 1/E2. Even for the regions of minimum sensitivity,
the flux upper limit does not exceed 0.046 particles km−2 yr−1,
corresponding to 0.34 eV cm−2 s−1 (or 0.106 EeV km−2 yr−1)
for a 1/E2 spectrum.

As noted in the introduction, this energy flux limit is well
below what is observed from some Galactic TeV gamma-ray
sources, and hadronic production of photons by protons with a
1/E2 spectrum should have equal power in each energy decade.
The luminosity emitted in neutrons should be at least as great
as the luminosity emitted in hadronically produced photons.
The upper limits on neutron fluxes at EeV energies indicate
that TeV gamma-ray emission from those sources might be of

9
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Search for EeV neutron-point sources

20 DPG Frühjahrstagung Wuppertal  2015

Energy flux of neutrons Fn <0 .083 eV/cm2s (assuming E–2 spectr.) 
None of HESS source candidates shows any significance of n-emission!

Auger, ApJ, 760:149 (2012), ApJ 789:L34(2014) 

⇒ Galactic TeV γ-sources don’t stick out to EeV energies

pCR

psource

π+

n
Charge exchange interaction

If TeV γ-flux of 1 eV/cm2s 

would originate from π0 
decay, neutron flux would 
even exceed that value: 

⌧decay = 9.2 kpc⇥ E(EeV)
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π0

p
γγ
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UHECR Sky surprisingly isotropic

21 VHEPA, Taipei (Taiwan), April 8-9, 2015
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Weak excess of events around Cen A

22 VHEPA, Taipei (Taiwan), April 8-9, 2015
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fmin=2e-4, out to 15° there are 14 events, 4.5 expected, P=1.4%

Auger Collaboration: ApJ 802:111 (2015)
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Point Source Searches

23 VHEPA, Taipei (Taiwan), April 8-9, 2015
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Cross-correlation with Swift AGN
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Fig. 8.— Cross-correlation of events with the AGNs in the Swift catalog as a function

of D and Lmin (top-left panel) and detail of the scan in Ψ and Eth for the minimum

found (top-right panel). The bottom map (in Galactic coordinates) shows the events with

E ≥ 58 EeV together with the Swift AGNs brighter than 1044 erg/s and closer than

130 Mpc, indicated with red circles of 18◦ radius.

(ℓ, b) = (317.6◦, 30.9◦)), ESO 506-G027 (at (ℓ, b) = (299.6◦, 35.5◦)), AX J1737.4-2907

(at (ℓ, b) = (358.9◦, 1.4◦)), NGC 612 (at (ℓ, b) = (261.8◦,−77◦)) and NGC 1142 (at

(ℓ, b) = (175.9◦,−49.9◦))5.

Figure 9 is similar but for the sample of radio galaxies. The scan in luminosity leads to

two minima with very similar probabilities, both for D = 90 Mpc (see the top-left panel).

The first one has fmin = 5.1×10−5 and corresponds to L > 1039.33 erg/s, Ψ = 4.75◦ and

Eth = 72 EeV, the angle and energy being equal to the parameters already obtained in

the previous subsection (Figure 7). The main difference is that 32 AGNs remain within

5One of the objects in the sample of 10 AGNs is the BLLac Mrk 421, a powerful gamma-ray emitter

at (ℓ, b) = (179.9◦, 65◦), which has been proposed as a candidate source for the hot spot observed by the

Telescope Array (Fang et al. 2014). This object is in a low-exposure region near the border of the Auger

field of view, and there are no events with E > 58 EeV within 18◦ of it.
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No significant excesses were found around the Galactic Center, the Galactic Plane, or

the Super-Galactic Plane. This suggests that, if the deflections are not too large, at these

energies the sources are unlikely to be Galactic and also that a non-negligible fraction of

the flux arises from extragalactic sources that are not very close to the Super-Galactic

Plane.

The high degree of isotropy observed in all these tests of the distribution of UHECRs

is indeed quite remarkable, certainly challenging original expectations that assumed only

few cosmic ray sources with a light composition at the highest energies. If the actual

source distribution were anisotropic, these results could be understood for instance as due

to the large deflections caused by the intervening magnetic fields if a large fraction of the

CRs in this energy range were heavy, as is indeed suggested by mass-composition studies

(Abraham et al. 2010a; Aab et al. 2014). Alternatively, it could also be explained in a

scenario in which the number of individual sources contributing to the CR fluxes is large.

Indeed, the lack of autocorrelation has been used in Abreu et al. (2013a) to set lower

bounds on the density of sources if the deflections involved are not large.

We have also studied the cross-correlation between events and nearby extragalactic

objects in different flux-limited catalogs with the aim of identifying possible scenarios of

UHECR sources. The parameters corresponding to the minima obtained when scanning

in energy, distance and angular scale are listed in Table 1 (first three rows). The penalized

probabilities that these minima are due to fluctuations of an isotropic background are of the

order of a few percent. In all three cases the object distance corresponding to the minima is

D ≃ 80 to 90 Mpc, although it happens for different angular scales and energy thresholds.

When a further scan is performed on the minimum intrinsic AGN luminosity, additional

minima appear (see rows 4 and 5 in Table 1). We note that the penalized probability is

∼1.3% for Swift AGNs within 130 Mpc and brighter than 1044 erg/s, corresponding to

an excess of pairs for events above 58 EeV on angular scales of 18◦, while for the radio

galaxies the penalized probability is ∼11%.

Objects Eth Ψ D Lmin fmin P
[EeV] [◦] [Mpc] [erg/s]

2MRS Galaxies 52 9 90 - 1.5×10−3 24%

Swift AGNs 58 1 80 - 6×10−5 6%

Radio galaxies 72 4.75 90 - 2×10−4 8%

Swift AGNs 58 18 130 1044 2×10−6 1.3%

Radio galaxies 58 12 90 1039.33 5.6×10−5 11%

Centaurus A 58 15 - - 2×10−4 1.4%

Table 1: Summary of the parameters of the minima found in the cross-correlation analyses.

Finally, considering circular windows around the direction of Cen A, the most sig-

Example: 
Correlation to bright SWIFT AGN 
best for: 
D < 130 Mpc
L > 1044 erg/s
Ψ < 18°

➠ 62 pairs correlate with the 10 AGN,
    for 32.8 expected
    p = 1.3%

Summary of searches

Auger Collaboration
arXiv: 1411.6111

No significant excesses were found 
around the Galactic Center, the 
Galactic Plane, or the Super-
Galactic Plane.
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Conclusions from CR Anisotropy Studies

24

1) Absence of significant correlations to Galactic Center and Galactic Plane 

     ➪ 10 EeV sources are unlikely of Galactic origin  

2) Only small deviation from overall isotropic sky 

     ➪ either large deflections by B-fields, e.g. due to heavy primaries 
  (supported by Auger composition studies) 

    ➪ or number of sources is very large 
  (bounds by Auger from lack of autocorrelations: ρ ≳ 10-4 Mpc-3 ) 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A look to the PeV Neutrino Sky
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+: Shower like events
x: Track like events

IceCube Collaboration: 
Phys. Rev. Lett. 113 (2014) 101101

No significant clustering seen (p=84%)

Galactic coordinates

cross correlations to catalogs ➾ no signal yet
cross correlations to UHECR (Auger+TA) ➾ ongoing
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Constraints from Neutrino-Isotropy
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Figure 5. Figure 4 with additional constraints on steady point sources added. The figure shows
the additional sources: Flat Spectrum Radio Quasars, Bl Lacs, Fanaro↵-Riley II galaxies, Galaxy
Clusters, Fanaro↵-Riley I and Starburst galaxies (see caption of Fig. 4 for more explanation).

to match the observed di↵use flux, and the neutrino flux emitted by the total population is
normalized to the observed di↵use flux. The simulation allows to predict the number of neutrino
muliplets expected to be seen by IceCube (including e↵ective areas and Poisson fluctuations due
to low count rates). By requiring consistency with the observed number of neutrino multiplets,
i.e. no triplet of neutrinos within 100 seconds [28], one obtains a lower bound on the source
density. For a di↵use power-law flux matching the IceCube flux of Eq. 3, the bound on the
source density derived from the non-observation of neutrino triplets or higher multiplicities in
three years of IceCube data corresponds to ⇢ > 2 · 10�6Mpc�3yr�1 [28]. The bound is broadly
consistent with a recent sensitivity estimate [29] and depends only weakly on the evolution of
the GRB density as a function of redshift and on the luminosity function. However, it does
depend on the assumed spectral shape, which has been assumed to follow a power-law over
the full energy range that IceCube is sensitive to. Fig. 4 illustrates the current constraints on
transient sources. The bound from the non-observation of multiplets is shown as a vertical line.
As one can see, GRBs, being very rare, are excluded as the dominant sources of the observed
di↵use neutrino flux.

On the other hand, core collapse supernovae are still plausible candidates. They possess all
the right ingredients for being extraordinary neutrino factories: a) they have been shown to
produce ejecta with 1050 ergs kinetic energy, capable of e�ciently accelerating CRs and b) they
provide abundant amounts of target material for neutrino production, e.g. the stellar envelope
or the circumstellar medium (CSM). The shock acceleration can happen at non-relativistic shock
fronts [30, 31] or within (mildly) relativistic jets [32]. Other scenarios consider the spin down
of rapidly rotating newborn pulsars producing large electromagnetic fields, a model that can
explain also the highest energy CR [33]. The fact that the most promising SNe types (e.g. IIn,
Ib/c or hypernovae) are rare and transient by nature puts them within reach of IceCube.

Kowalski; 1411.4385

High level of Isotropy ➾ source density must be fairly high
Integral Flux F=ρ·L is known ➾ Mean Luminosity per source must be low

Assumption: 
steady point sources

allowed 
region

Density & Luminosity 
compare well to UHECRs !

Remark:  
Neutrinos can come from far away 
➾ sky may remain isotropic 
UHECRs come from within GZK sphere 
➾ limited number of sources 
    sky needs to become anisotropic
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Smoking Gun of GZK-effect

Cosmogenic+neutrinos+

4+

Detec?on+in+EeV+range+may+provide+complementary+informa?on+to+direct+UHECR+
detec?on+on:++UHECR+nature+(p,+mixed,+Fe),+origin+(evolu?on+of+the+sources,+
maximum+energy+a^ainable,…)+
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! p+ ⇡0! �EeV! n+ ⇡+! ⌫EeV

GZK-p

GZK-Fe

GZK-p

GZK-Fe

TopDown models

KHK, Unger, APP 35 (2012)

…Back to the GZK-Question: 
– smoking gun signals by EeV ν’s and γ’s –
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GZK photons get constrained as well
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GZK

Photon upper limits rule out Top-Down Models
and start to constrain GZK-expectations

 OBSERVATORY 

 

2011

SD 2015

2 orders of magnitude 
improvement during last 
10 years!

photon upper limits 
(preliminary)

top down models

Update from: Astropart. Phys. 31 (2009) 399; ICRC2015
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ντ$

Inclined+showers++
&+UHE+neutrinos+

•  Protons+&+nuclei+ini?ate+showers+
high+in+the+atmosphere.++
–  Shower+front+at+ground:++

•  mainly+composed+of+muons+
•  electromagne?c+component+
absorbed+in+atmosphere.+

•  Neutrinos+can+ini?ate+“deep”+
showers+close+to+ground.+
–  Shower+front+at+ground:+

electromagne?c+++muonic+
components+

6+
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Searching+for+neutrinos+�+
searching+for+inclined+showers+

+with+electromagne?c+component+

Search for EeV Neutrinos 
in inclined showers
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Sensi?vity+to+all+flavours+&+channels+
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Sensitivity to all ν flavors and channels
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Identifying νs in surface detector data
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Iden?fying+νs+in+data+collected+at+SD+
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With+the+SD,+we+can+dis?nguish+muonic+from+electromagne?c+shower+fronts+
(using+the+?me+structure+of+the+signals+in+the+water+Cherenkov+sta?ons).+



9+

•  Induce+Time&over&Threshold+
(ToT)+triggers+in+the+SD+
sta?ons+

++++++++++++++++++++++and/or+

•  Have+large+Area&over&Peak+
value+(AoP+�+1+muonic+front)+

Trace+example:+ToT+trigger+&+large+AoP+

Defini?on+of+Area&over&Peak+(AoP)+

From+the+observa?onal+point+of+
view,+signals+extended+in+?me:+

Iden?fying+νs+in+data+collected+at+SD+

Searching+for+neutrinos+�+
Searching+for+inclined+showers+with+sta?ons++

with+ToT+triggers+and/or+large+AoP+
Karl-Heinz Kampert - Univ. Wuppertal

Identifying νs in surface detector data
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Selection of inclined showers:
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Selec?on+of+inclined+showers:++
3+observables+

12+

(1)+Elongated+footprint+ (2)+Apparent+velocity+V+of+propaga?on+of++
shower+front+at+ground+along+major+axis+L+

Ver?cal+shower++
+
+
V+>>+c+

Horizontal+shower++
+
+
V+�+c+

(3)+Reconstructed+θ$
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AoP in Earth Skimming Sample
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Figure 1. Distributions of hAoPi (the variable used to iden-
tifiy neutrinos in the ES selection for data after 1 June 2010)
after applying the inclined shower selection in Table I. Gray-
filled histogram: the data in the training period. Black his-
togram: data in the search period. These two distributions
are normalised to the same number of events for compari-
son purposes. Blue histogram: simulated ES ⌫⌧ events. The
dashed vertical line represents the cut on hAoPi > 1.83 above
which a data event is regarded as a neutrino candidate. An
exponential fit to the tail of the distribution of training data
is also shown as a red dashed line (see text for explanation).

C. Downward-going neutrinos259

In the high zenith angle range of the downward-going260

analysis (DGH) the values of the cuts to select inclined261

events are obtained in Monte Carlo simulations of events262

with ✓ > 75�. Due to the larger angular range compared263

to Earth-skimming ⌫⌧ , less stringent criteria are applied,264

namely L/W > 3, hV i < 0.313 m ns�1, RMS(V )/hV i <265

0.08 plus a further requirement that the reconstructed266

zenith angle ✓rec > 75� (see [18] and Table I for full de-267

tails).268

In the low zenith angle range corresponding to 60� <269

✓ < 75�, L/W , hV i and RMS(V )/hV i are less e�cient270

in selecting inclined events than the reconstructed zenith271

angle ✓rec, and for this reason only a cut on ✓rec is ap-272

plied, namely 58.5� < ✓rec < 76.5�, which includes some273

allowance to account for the resolution in the angular274

reconstruction of the simulated neutrino events.275

After the inclined shower selection is peformed, the dis-276

crimination power is optimized with the aid of the multi-277

variate Fisher discriminant method [19]. A linear combi-278

nation of observables is constructed which optimizes the279

separation between background hadronic inclined show-280

ers occuring during the downward-going training period,281

and Monte Carlo simulated ⌫-induced showers. The282

method requires as input a set of observables. For that283

purpose we use variables depending on the dimensionless284

Area-over-Peak (AoP) observable – as defined above – of285

the FADC traces.286

In the DGH channel, due to the inclination of the287

shower the electromagnetic component is less attenuated288

at the locations of the stations that are first hit by a deep289

inclined shower (early stations) than in the stations that290

are hit last (late stations). From Monte Carlo simulations291

of ⌫�induced showers with ✓ > 75� we have established292

that in the first few early stations the typical AoP values293

range between 3 and 5, while AoP tends to be closer to294

1 in the late stations. Based on this simple observation295

and as already reported in [18], we have found a good dis-296

crimination when the following ten variables are used to297

construct the linear Fisher discriminant variable F : the298

AoP and (AoP)2 of the four stations that trigger first in299

each event, the product of the four AoPs, and a global300

parameter that measures the asymmetry between the av-301

erage AoP of the early stations and those triggering last302

in the event (see [18] for further details and Table I).303

The selection of neutrino candidates in the zenith an-304

gle range 60� < ✓ < 75� (DGL) is more challenging since305

the electromagnetic component of background hadronic306

showers at ground increases as the zenith angle decreases307

because the shower crosses less atmosphere before reach-308

ing the detector level. Out of all triggered stations of an309

event in this angular range, the ones closest to the shower310

core exhibit the highest discrimination power in terms of311

AoP. In fact it has been observed in Monte Carlo simu-312

lations that the first triggered stations can still contain313

some electromagnetic component for background events314

and, for this reason, it is not desirable to use them for dis-315

crimination purposes. The last ones, even if they are trig-316

gered only by muons from a background hadronic shower,317

can exhibit large values of AoP because they are far from318

the core where muons are known to arrive with a larger319

spread in time. Based on the information from Monte320

Carlo simulations, the variables used in the Fisher dis-321

criminant analysis are the individual AoP of the four or322

five stations (depending on the zenith angle) closest to323

the core, and their product [20]. In the DGL analysis it324

is also required that at least 75% of the triggered stations325

closest to the core have a ToT local trigger [20].326

Once the Fisher discriminant F is defined, the next327

step is to define a numerical value Fcut that e�ciently328

separates neutrino candidates from regular hadronic329

showers. As was done for the variable hAoPi in the330

Earth-skimming analysis, Fcut was fixed using the tail of331

the distribution of F in real data, which is consistent with332

an exponential shape in all cases. An example is shown333

in Fig. 2. The tail was fitted and extrapolated to find the334

value of Fcut corresponding to less than 1 expected event335

per 50 yr on the full SD array [18, 20]. Roughly ⇠ 85%336

(⇠ 60%) of the simulated inclined ⌫ events are kept after337

the cut on the Fisher variable in the DGH (DGL) se-338

lections. The smaller e�ciencies for the identification of339

neutrinos in the DGL selection are due to the more strin-340

gent criteria in the angular bin ✓ 2 (60�, 75�) needed to341

reject the larger contamination from cosmic-ray induced342

showers.343

AoP: Area over peak
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Combined Fisher Discriminant
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5

Selection Earth-skimming (ES) Downward-going Downward-going

high angle (DGH) low angle (DGL)

Flavours & Interactions ⌫⌧ CC ⌫e, ⌫µ , ⌫⌧ CC & NC ⌫e, ⌫µ , ⌫⌧ CC & NC

Angular range ✓ > 90� ✓ 2 (75�, 90�) ✓ 2 (60�, 75�)

N� of Stations (Nst) Nst � 3 Nst � 4 Nst � 4

� ✓rec > 75� ✓rec 2 (58.5�, 76.5�)

Inclined L/W > 5 L/W > 3 �
Showers hV i 2 (0.29, 0.31) m ns�1 hV i < 0.313 m ns�1 �

RMS(V ) < 0.08 m ns�1 RMS(V )/hV i < 0.08 �
Data: 1 January 2004 - 31 May 2010 � 75% of stations close to

� 60% of stations with shower core with ToT trigger

Young ToT trigger & AoP > 1.4 Fisher discriminant based &

Showers Data: 1 June 2010 - 20 June 2013 on AoP of early stations Fisher discriminant based

hAoPi > 1.83 on AoP of early stations

AoPmin > 1.4 if Nst=3 close to shower core

Table I. Observables and numerical values of cuts applied to select inclined and young showers for Earth-skimming and
downward-going neutrinos. See text for explanation.
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νMonte Carlo   

Figure 2. Distributions of the Fisher variable F in inclined
events selected by the “Inclined Showers” DGH criteria in Ta-
ble I, before applying the “Young Showers” cuts. In particu-
lar the distribution of events with number of triggered tanks
7  Nst  11 is shown. Gray-filled histogram: data in the
training period corresponding to ⇠ 23% of the whole data
sample between 1 January 2004 and 20 June 2013. Black
thin line: data in the search period. The distributions are
normalised to the same number of events for comparison pur-
poses. Blue line: simulated DGH ⌫ events. The dashed ver-
tical line represents the cut on F > 3.28 above which a data
event is regarded as a neutrino candidate. The red dashed
line represents an exponential fit to the tail of the training
distribution (see text for explanation).

III. DATA UNBLINDING AND EXPOSURE344

CALCULATION345

A. Data unblinding346

No events survived when the Earth-skimming and347

downward-going selection criteria explained above and348

summarized in Table I are applied blindly to the data349

collected between 1 January 2004 and 20 June 2013. For350

each selection the corresponding training periods, are ex-351

cluded from the search. After the unblinding we tested352

the compatibility of the distributions of discriminating353

observables in the search and training samples. Exam-354

ples are shown in Fig. 1 for the hAoPi variable in the355

Earth-skimming analysis, and in Fig. 2 for the Fisher356

variable in the DGH analysis. In particular fitting the357

tails of the corresponding distributions to an exponential,358

we obtained compatible parameters within 1 � statistical359

uncertainties.360

B. Exposure calculation361

1. Neutrino identification e�ciencies362

The same set of criteria indicated in Table I, were363

also applied to neutrino-induced showers simulated with364

Monte Carlo, and the fraction of simulated events identi-365

fied as neutrino candidates i.e. the identification e�cien-366

cies ✏ES, ✏DGH, ✏DGL for each channel were obtained,367

necessary ingredients for the calculation of the exposure368

to UHE neutrinos.369

A large set of Monte Carlo simulations of neutrino-370

induced showers was performed for this purpose, cov-371
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The limit applies in the energy interval ⇠ 1.0⇥1017 eV�
2.5⇥ 1019 eV where the cumulative number of events as
a function of neutrino energy increases from 5% to 95%
of the total number, i.e. where ⇠ 90% of the total event
rate is expected. It is important to remark that this
is the most stringent limit obtained so far with Auger
data, and it represents a single limit combining the three
channels where we have searched for UHE neutrinos. The
limit to the flux normalization in Eq. (3) is obtained in-
tegrating the denominator of Eq. (2) in the whole energy
range where Auger is sensitive to UHE neutrinos. This
is shown in Fig. 4 , along with the 90% C.L. limits from
other experiments as well as several models of neutrino
flux production (see caption for references). The denom-
inator of Eq. (2) can also be integrated in bins of energy,
and a limit on k can also be obtained in each energy bin
[35]. This is displayed in Fig. 5 where the energy bins
have a width of 0.5 in log10 E⌫ , and where we also show
the whole energy range where there is sensitivity to neu-
trinos. The limit as displayed in Fig. 5 allows us to show
at which energies the sensitivity of the SD of the Pierre
Auger Observatory peaks.

The search period corresponds to an equivalent of 6.4
years of a complete Auger SD array working continuously.
The inclusion of the data from 1 June 2010 until 20 June
2013 in the search represents an increase of a factor ⇠ 1.8
in total time quantified in terms of equivalent full Auger
years with respect to previous searches [17, 18]. Further
improvements in the limit come from the combination of
the three analysis into a single one, using the procedure
explained before that enhances the fraction of identified
neutrinos especially in the DGH channel.

In Table III we give the expected total event rates for
several models of neutrino flux production.

Several important conclusions and remarks can be
stated after inspecting Figs. 4 and 5 and Table III:

1. The maximum sensitivity of the SD of the
Auger Observatory is achieved at neutrino energies
around EeV, where most cosmogenic models of ⌫
production also peak (in a E2

⌫ ⇥ dN/dE⌫ plot).

2. The current Auger limit is a factor ⇠ 4 below the
Waxman-Bahcall landmark on neutrino production
in optically thin sources [13]. The SD of the Auger
Observatory is the first air shower array to reach
that level of sensitivity.

3. Some models of neutrino production in astrophys-
ical sources such as Active Galactic Nuclei (AGN)
are excluded at more than 90% C.L. For the model
#2 shown in Fig. 14 of [32] we expect ⇠7 neutrino
events while none was observed.

yields a value of Nup = 2.39 slightly smaller than the nominal
2.44 of the Feldman-Cousins approach.
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Figure 4. Top panel: Upper limit (at 90% C.L.) to the nor-
malization of the di↵use flux of UHE neutrinos as given in
Eqs. (2) and (3), from the Pierre Auger Observatory. We
also show the corresponding limits from ANITAII [29] and
IceCube [30] experiments, along with expected fluxes for sev-
eral cosmogenic neutrino models that assume pure protons
as primaries [31, 33] as well as the Waxman-Bahcall bound
[13]. All limits and fluxes converted to single flavor. We used
Nup = 2.39 in Eq. (2) to obtain the limit (see text for de-
tails). Bottom panel: Same as top panel, but showing several
cosmogenic neutrino models that assume heavier nuclei as pri-
maries, either pure iron [31] or mixed primary compositions
[9].

4. Cosmogenic ⌫ models that assume a pure primary
proton composition injected at the sources and
strong (FRII-type) evolution of the sources are
strongly disfavored by Auger data. An example
is the upper line of the shaded band in Fig. 17
in [31] (also depicted in Figs. 4 and 5), for which
⇠4 events are expected and as consequence that
flux is excluded at ⇠98% C.L. Models that assume
a pure primary proton composition and normalize
their expectations to the GeV �-ray flux observa-
tions by the Fermi-LAT satellite detector are also
disfavored. For instance for the model shown as a
solid line in the bottom right panel of Fig. 5 in [33]
(also depicted in Figs. 4 and 5 in this work), cor-
responding to the best-fit to the cosmic-ray spec-

Auger Collaboration, subm. to PRD 2015

Neutrino upper limits start to constrain
cosmogenic neutrino fluxes of p-sources

(2015)
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The limit applies in the energy interval ⇠ 1.0⇥1017 eV�
2.5⇥ 1019 eV where the cumulative number of events as
a function of neutrino energy increases from 5% to 95%
of the total number, i.e. where ⇠ 90% of the total event
rate is expected. It is important to remark that this
is the most stringent limit obtained so far with Auger
data, and it represents a single limit combining the three
channels where we have searched for UHE neutrinos. The
limit to the flux normalization in Eq. (3) is obtained in-
tegrating the denominator of Eq. (2) in the whole energy
range where Auger is sensitive to UHE neutrinos. This
is shown in Fig. 4 , along with the 90% C.L. limits from
other experiments as well as several models of neutrino
flux production (see caption for references). The denom-
inator of Eq. (2) can also be integrated in bins of energy,
and a limit on k can also be obtained in each energy bin
[35]. This is displayed in Fig. 5 where the energy bins
have a width of 0.5 in log10 E⌫ , and where we also show
the whole energy range where there is sensitivity to neu-
trinos. The limit as displayed in Fig. 5 allows us to show
at which energies the sensitivity of the SD of the Pierre
Auger Observatory peaks.

The search period corresponds to an equivalent of 6.4
years of a complete Auger SD array working continuously.
The inclusion of the data from 1 June 2010 until 20 June
2013 in the search represents an increase of a factor ⇠ 1.8
in total time quantified in terms of equivalent full Auger
years with respect to previous searches [17, 18]. Further
improvements in the limit come from the combination of
the three analysis into a single one, using the procedure
explained before that enhances the fraction of identified
neutrinos especially in the DGH channel.

In Table III we give the expected total event rates for
several models of neutrino flux production.

Several important conclusions and remarks can be
stated after inspecting Figs. 4 and 5 and Table III:

1. The maximum sensitivity of the SD of the
Auger Observatory is achieved at neutrino energies
around EeV, where most cosmogenic models of ⌫
production also peak (in a E2

⌫ ⇥ dN/dE⌫ plot).

2. The current Auger limit is a factor ⇠ 4 below the
Waxman-Bahcall landmark on neutrino production
in optically thin sources [13]. The SD of the Auger
Observatory is the first air shower array to reach
that level of sensitivity.

3. Some models of neutrino production in astrophys-
ical sources such as Active Galactic Nuclei (AGN)
are excluded at more than 90% C.L. For the model
#2 shown in Fig. 14 of [32] we expect ⇠7 neutrino
events while none was observed.

yields a value of Nup = 2.39 slightly smaller than the nominal
2.44 of the Feldman-Cousins approach.
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Figure 4. Top panel: Upper limit (at 90% C.L.) to the nor-
malization of the di↵use flux of UHE neutrinos as given in
Eqs. (2) and (3), from the Pierre Auger Observatory. We
also show the corresponding limits from ANITAII [29] and
IceCube [30] experiments, along with expected fluxes for sev-
eral cosmogenic neutrino models that assume pure protons
as primaries [31, 33] as well as the Waxman-Bahcall bound
[13]. All limits and fluxes converted to single flavor. We used
Nup = 2.39 in Eq. (2) to obtain the limit (see text for de-
tails). Bottom panel: Same as top panel, but showing several
cosmogenic neutrino models that assume heavier nuclei as pri-
maries, either pure iron [31] or mixed primary compositions
[9].

4. Cosmogenic ⌫ models that assume a pure primary
proton composition injected at the sources and
strong (FRII-type) evolution of the sources are
strongly disfavored by Auger data. An example
is the upper line of the shaded band in Fig. 17
in [31] (also depicted in Figs. 4 and 5), for which
⇠4 events are expected and as consequence that
flux is excluded at ⇠98% C.L. Models that assume
a pure primary proton composition and normalize
their expectations to the GeV �-ray flux observa-
tions by the Fermi-LAT satellite detector are also
disfavored. For instance for the model shown as a
solid line in the bottom right panel of Fig. 5 in [33]
(also depicted in Figs. 4 and 5 in this work), cor-
responding to the best-fit to the cosmic-ray spec-

Auger Collaboration, subm. to PRD 2015

Neutrino upper limits start still above
cosmogenic neutrino fluxes for Fe-sources

(2015)
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• Clear observation of flux suppression

• Strongest existing bounds on EeV ν and γ
• Strongest existing bounds on large scale anisotropies

• First hints on directional correlations to nearby matter

• Increasingly heavier composition above ankle

• pp cross section at ~10*ELHC, LIV-bounds, ...

• muon deficit in models at highest energies

• geophysics (elfes, solar physics, aerosols...)

Major Achievements 
in the first 7 years of operation
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Science Goals of Auger Upgrade

40

1. Elucidate the origin of the flux suppression, 
    i.e. GZK vs. maximum energy scenario 

- fundamental constraints on UHECR sources 
- galactic vs extragalactic origin 
- reliable prediction of GZK ν- and -γ fluxes 

2. Search for a flux contribution of protons up to 
    the highest energies at a level of ~ 10% 

- proton astronomy up to highest energies 
- prospects of future UHECR experiments 

3. Study of extensive air showers and hadronic 
    multiparticle production above √s=70 TeV 

- particle physics beyond man-made accelerators 
- derivation of constraints on new physics phenomena 
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Up to know, composition based solely on Fluorescence 
Telescopes, duty cycle ~10-15% 
(different operation modus planned to yield factor ~2)
➙ most effectively achieved by upgrade of surface detectors  
    (duty cycle 100%) 
➙ immediate boost in statistics by a factor of ~10 ! 

classical approach:  
enhance electromagnetic/muonic separation of stations 
(and time resolution) 

Answering the science questions requires 
composition sensitivity event-by-event 
into the flux suppression region



]2 [g/cmmaxX
600 700 800 900 1000

)
m

ax
µ

(N
10

lo
g

8.4

8.5

8.6 p QGSjetII.04

He QGSjetII.04

N QGSjetII.04

Fe QGSjetII.04

Karl-Heinz Kampert - Univ. Wuppertal

Nµmax  vs  Xmax
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Muons may even outperform Xmax  
at highest energies !
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How to Improve e/µ discrimination?

43

4 LSD

θ2sin
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

)
bo

tto
m

+p
e

to
p

/(<
pe

>
to

p
<p

e>

0.4

0.5

0.6

0.7

0.8
, p, EPOS-LHC± eγ 
, p, QGSJet II.04± eγ 
, Fe, EPOS-LHC± eγ 
, Fe, QGSJet II.04± eγ 

, p, EPOS-LHC±µ 
, p, QGSJet II.04±µ 
, Fe, EPOS-LHC±µ 
, Fe, QGSJet II.04±µ 

time [8 ns]
-400 -350 -300 -250 -200 -150 -100

Si
gn

al
 [V

EM
 p

ea
k]

0
2
4
6
8

10
12
14
16
18

 rec±µ
 true±µ

time [8 ns]
-400 -350 -300 -250 -200 -150 -100

Si
gn

al
 [V

EM
 p

ea
k]

0
2
4
6
8

10
12
14
16
18
20
22

 recγ ±e
 trueγ ±e

r [m]
500 1000 1500 2000 2500

Si
gn

al
 [V

EM
]

1

10

210

310
total

 rec±µ
 recγ±e

 true±µ
 trueγ ±e

Figure 2: Fraction of photo-electrons collected in the top layer for the EM and muonic component
(left) . This demonstrate the Independence (universality) of the coefficients a and b from zenith angle
and models (left); M reconstruction of the muon and EM traces compared to the generated ones
(middle); example of a multi-component reconstruction of the LDF (right).

2 Performance

2.1 How the design meets the upgrade physics objectives

The LSD benefits directly from the current mature analyses of the Auger SD. The energy
(11%) and angular (<1�) resolutions above 10 EeV of our standard algorithms are preserved.
Moreover, we expect to improve on the energy resolution with adapted algorithms as the
knowledge of the muon size and Xmax of the EAS will allow us to correct more accurately,
and on an event-by-event basis, for the EM attenuation and the missing energy.

The reconstruction of the EM and muonic component of the EAS relies on the fraction
of the signal deposited by each component in each segment. Those fractions define a 2⇥2
matrix M that gives the measured top and bottom signal as a linear superposition of the EM
and muon contributions (the column sum of the matrix are one by construction),
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The coefficients a and b are obtained from Monte Carlo. They only depend on the water
volume geometries and therefore rely on established detector simulation techniques. To
characterize the performances of the LSD we performed GEANT4 detector simulations. Our
simulation libraries consist of primary energies from 8 to 13 and 40 to 60 EeV with a uniform
distribution in cos2 q and two interaction models EPOS-LHC and QGSJetII.04.

It is remarkable to note that the coefficients a and b are independent of the UHECR pri-
mary type, the energy and the simulation model (Fig. 2 left). Due to compensation of the
top and side wall contributions they are also essentially independent of the shower zenith
angle (Fig. 2 left) making the analysis procedure simple and very robust. By inverting the
matrix, M, it is possible to retrieve from each detector the muonic and EM signals and to
construct EM and muonic FADC traces on which dedicated analyses can be performed. The
reconstructed EM and muon traces of a 10 EeV shower at 1000 m from the core obtained from
the matrix inversion are shown in Fig. 2 center. This graph alone demonstrates the power of
the LSD to accurately determine the muonic and electromagnetic component of the EAS, for

4 LSD

θ2sin
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

)
bo

tto
m

+p
e

to
p

/(<
pe

>
to

p
<p

e>

0.4

0.5

0.6

0.7

0.8
, p, EPOS-LHC± eγ 
, p, QGSJet II.04± eγ 
, Fe, EPOS-LHC± eγ 
, Fe, QGSJet II.04± eγ 

, p, EPOS-LHC±µ 
, p, QGSJet II.04±µ 
, Fe, EPOS-LHC±µ 
, Fe, QGSJet II.04±µ 

time [8 ns]
-400 -350 -300 -250 -200 -150 -100

Si
gn

al
 [V

EM
 p

ea
k]

0
2
4
6
8

10
12
14
16
18

 rec±µ
 true±µ

time [8 ns]
-400 -350 -300 -250 -200 -150 -100

Si
gn

al
 [V

EM
 p

ea
k]

0
2
4
6
8

10
12
14
16
18
20
22

 recγ ±e
 trueγ ±e

r [m]
500 1000 1500 2000 2500

Si
gn

al
 [V

EM
]

1

10

210

310
total

 rec±µ
 recγ±e

 true±µ
 trueγ ±e

Figure 2: Fraction of photo-electrons collected in the top layer for the EM and muonic component
(left) . This demonstrate the Independence (universality) of the coefficients a and b from zenith angle
and models (left); M reconstruction of the muon and EM traces compared to the generated ones
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2 Performance

2.1 How the design meets the upgrade physics objectives

The LSD benefits directly from the current mature analyses of the Auger SD. The energy
(11%) and angular (<1�) resolutions above 10 EeV of our standard algorithms are preserved.
Moreover, we expect to improve on the energy resolution with adapted algorithms as the
knowledge of the muon size and Xmax of the EAS will allow us to correct more accurately,
and on an event-by-event basis, for the EM attenuation and the missing energy.

The reconstruction of the EM and muonic component of the EAS relies on the fraction
of the signal deposited by each component in each segment. Those fractions define a 2⇥2
matrix M that gives the measured top and bottom signal as a linear superposition of the EM
and muon contributions (the column sum of the matrix are one by construction),
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The coefficients a and b are obtained from Monte Carlo. They only depend on the water
volume geometries and therefore rely on established detector simulation techniques. To
characterize the performances of the LSD we performed GEANT4 detector simulations. Our
simulation libraries consist of primary energies from 8 to 13 and 40 to 60 EeV with a uniform
distribution in cos2 q and two interaction models EPOS-LHC and QGSJetII.04.

It is remarkable to note that the coefficients a and b are independent of the UHECR pri-
mary type, the energy and the simulation model (Fig. 2 left). Due to compensation of the
top and side wall contributions they are also essentially independent of the shower zenith
angle (Fig. 2 left) making the analysis procedure simple and very robust. By inverting the
matrix, M, it is possible to retrieve from each detector the muonic and EM signals and to
construct EM and muonic FADC traces on which dedicated analyses can be performed. The
reconstructed EM and muon traces of a 10 EeV shower at 1000 m from the core obtained from
the matrix inversion are shown in Fig. 2 center. This graph alone demonstrates the power of
the LSD to accurately determine the muonic and electromagnetic component of the EAS, for
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Performance of Scintillator+WCD

44

May be able to use matrix inversion technique, similar to LSD:
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6 Proton/Iron Comparisons

Matrix parameters were derived for both proton and iron primaries by using the simulated showers in Set

II. A comparison of the resulting values is given in Figure 6. Their strong agreement across energy and
distance from the shower axis suggests that the same set of parameters may be used in predicting component
signals for both iron and proton showers. This is a requirement for application to SD measurements, as
the primary’s composition is otherwise unknown.

Figure 6: Matrix parameters a and b derived for proton and iron primaries of zenith angle 38 . At a
given distance from the shower axis, di↵erences between proton and iron are nearly always within 1% for
showers with the same energy and zenith angle. The faded markers at lgE/eV = 20.0 represent simulations
performed with QGSJetII-04. All others used EPOS LHC.

7 Conclusions

For proton energies of ⇡ 3 ⇥ 1019eV , the muonic signal resolution in both the scintillator and WCD is
below 20%, and in the low zenith range, considerably so. One would expect these resolutions to improve
for iron showers, where the density of muons at the ground is higher. The electromagnetic signal resolution
also remains well below ⇡ 20%, with the exception of zenith angles greater than ⇡ 45 .

The matrix parameters a and b appear relatively constant with respect to energy, zenith angle, and dis-
tance from the shower axis for the simulated proton showers. Additionally, at a given distance and energy,
di↵erences in the parameters between proton and iron rarely amounted to more than ⇡ 1%.

The mean fractional error of predicted muonic signals in the WCD ranged 20-30% for protons with energy
above ⇡ 3 ⇥ 1019eV . One would expect this to be better for iron, as the muon density at the ground is
higher. For zenith angles less than ⇡45 , the electromagnetic predictions had a fractional error more than
a factor of two less. Predictive power for both components drops considerably with lower energies, however.

The question stands then, of whether or not this precision is adequate to discriminate between proton and
iron primaries on an event by event basis. As it is on the border of the expected values necessary for
e↵ective discrimination, more analysis is warranted.

6

Matrix independent  
from primary, here: 

Comparison of 
proton and iron 
primaries; ±1% 

Event-by-Event 
resolution of µ-ratio 
~ 20%
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4 m2 ASCII prototype

45
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Some Prototype Results
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p

Fe

CORSIKA Shower libraries were generated with 
different 
– energies (fixed and continuous) 
– primaries 
– zenith angles 
– interaction models

47 VHEPA, Taipei (Taiwan), April 8-9, 2015

performance then studied 
– per station and 
– per event

Merit Factor 
(discrimination power):

fp,Fe =
|hSFei � hSpi|q

�2
Fe + �2

p

ƒp,Fe=1.68

example plot

Note: enhanced SD
helps also improving

photons and neutrino
detection

Prototype experiences accompanied 
by detailed performance estimates
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Power of Composition Enhanced Astronomy
assume present statistics: N=146 events (E>57 EeV), Piso=0.21

and study correlation significance when protons correlate, but Fe does notN = 146, Piso = 0.21, � = 2
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N = 146, Piso = 0.21, � = 2, fBG = 0.2
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Power of Composition Enhanced Astronomy

simulations by M. Unger

~2.5σ

assume present statistics: N=146 events (E>57 EeV), Piso=0.21
and study correlation significance when protons correlate, but Fe does not
Add 20% isotropic background: catalog incompleteness, distant sources, …

1σ 2σ 3σ 4σ 5σ 6σ

7σ

~4-5σ

 compares to present situation 
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Conclusions

➙ factor of ~10 in statistics for composition measurements 
➙ GZK vs maximum energy 
➙ allow p-astronomy (composition enhanced anisotropy) 
➙ learn about global features of hadronic interactions at  
    √s > 70 TeV 
➙ decisive prediction of UHE (cosmogenic) ν-fluxes 
➙ decisive for next generation UHECR Experiments

50

Auger is well in place 
to address these questions for the next decade

Enhancing the surface detector array for better 
em/mu separation will boost the science of Auger 


