
Comments	
  

23/9/15	
   Tom	
  Gaisser,	
  KIT	
   1	
  



Lessons	
  from	
  the	
  heliosphere:	
  Fluence	
  
of	
  oxygen	
  from	
  ACE	
  1997-­‐2000	
  

23/9/15	
   Tom	
  Gaisser,	
  KIT	
   2	
  



Heliosphere	
  II	
  
•  Several	
  kinds	
  of	
  events	
  contribute	
  

–  Typically	
  power	
  law	
  with	
  exponenOal	
  cutoff	
  
–  Different	
  values	
  of	
  Emax	
  	
  
–  High	
  energy	
  events	
  less	
  frequent	
  

•  Overall	
  spectrum	
  is	
  a	
  power-­‐law	
  with	
  a	
  knee	
  
•  GalacOc	
  cosmic	
  rays	
  

–  High-­‐energy	
  populaOon	
  
–  Steady	
  rate	
  

•  Expect	
  a	
  similar	
  situaOon	
  with	
  cosmic	
  rays:	
  	
  
–  Several	
  types	
  of	
  sources	
  with	
  various	
  Emax	
  
–  Smoothed	
  over	
  GalacOc	
  propagaOon	
  Ome	
  
–  High	
  energy	
  extra-­‐galacOc	
  populaOon,	
  also	
  with	
  mulOple	
  
contribuOons	
  

•  Kachelriess,	
  Lipari:	
  anisotropy,	
  connecOvity,	
  stochasOcity	
  …	
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All-­‐parOcle	
  spectrum	
  (leV) 
spectrum	
  of	
  nucleons	
  (right)
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The all particle spectrum 

ICRC - 2015 I. De Mitri: All particle and p+He energy spectra with ARGO-YBJ 

- Consistent picture with models and previous measurements 
- Cross check with another ARGO-YBJ analysis (see poster #993) 
- Nice overlap with the two gain scales (different data set, ) 
- Suggest spectral index of -2.6 below 1 PeV and smaller at larger energes 
 

Hoerandel  

Gaisser- Stanev- Tilav  

10  

Error bars: statistical uncertainty 
Shaded area: systematic uncertainty 
10% on energy scale not included 



ARGO-­‐YBJ	
  p	
  +	
  He	
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The p+He spectrum 

ICRC - 2015 I. De Mitri: All particle and p+He energy spectra with ARGO-YBJ 

- Same considerations as for the all-particle spectrum 
- Gradual change of the slope starting around 700 TeV  
- Agreement with other two ARGO-YBJ independet analyses 
- Consistent with previous hints (MACRO, CASA-MIA, Chacaltaya, EAS-TOP, YAC-Tibet  ) 
- Overlap with direct measurements at low energy 
- Flux systematics as for the all particle spectrum ⊕ < 15% mainly for the CNO    
  contamination Î Overall < 20 % 

13  

Error bars: statistical uncertainty 
Shaded area: systematic uncertainty 
10% on energy scale not included 



Change	
  1st	
  knee	
  from	
  4	
  to	
  0.7	
  PV	
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To	
  do:	
  	
  	
  
1)  Try	
  to	
  fit	
  by	
  adding	
  another	
  populaOon	
  
2)  Calculate	
  corresponding	
  spectrum	
  of	
  nucleons	
  

and	
  check	
  muon	
  flux	
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  spectrum:	
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Structure	
  in	
  spectrum	
  between	
  knee	
  
and	
  ankle	
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KASCADE-­‐Grande:	
  	
  
heavy	
  knee,	
  light	
  ankle	
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Global	
  view	
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ComposiOon	
  >	
  EeV	
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FIG. 2: Fitted fraction and quality for the scenario with protons and iron nuclei only. The upper panel shows the proton
fraction and the lower panel shows the p-values. The horizontal dotted line in the lower panel indicates p = 0.1. The results
from the various hadronic interaction models are slightly shifted in energy for better viewing (Sibyll 2.1 to the left, EPOS-LHC
to the right).
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FIG. 3: Fitted fraction and quality for the scenario of a complex mixture of protons, nitrogen nuclei, and iron nuclei. The
upper panels show the species fractions and the lower panel shows the p-values.

Auger:	
  Phys.	
  Rev.	
  D90	
  (2014)	
  122006,	
  arXiv:1409.5083	
  [astro-­‐ph.HE].	
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Auger,	
  p,	
  Fe	
  only	
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FIG. 2: Fitted fraction and quality for the scenario with protons and iron nuclei only. The upper panel shows the proton
fraction and the lower panel shows the p-values. The horizontal dotted line in the lower panel indicates p = 0.1. The results
from the various hadronic interaction models are slightly shifted in energy for better viewing (Sibyll 2.1 to the left, EPOS-LHC
to the right).
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FIG. 3: Fitted fraction and quality for the scenario of a complex mixture of protons, nitrogen nuclei, and iron nuclei. The
upper panels show the species fractions and the lower panel shows the p-values.
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Average Shower Maximum 
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Average Shower Maximum
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184 J.K. Becker / Physics Reports 458 (2008) 173–246

Fig. 4. Scheme of a cylindrically symmetric AGN shown in the r–z-plane, both axes logarithmically scaled to 1 pc. It is indicated which objects
are believed to be seen from which direction. Figure after [330].

The interpretation that this object, today known as 3C 273, was indeed a distant galaxy with a very bright core,
was suggested for the first time one year after the detection by Maarten Schmidt [274]. This class of objects was
referred to as Quasi Stellar Objects (QSOs).

Today, it is known that QSOs fit into the general classification scheme of Active Galactic Nuclei (AGN) objects
which are believed to be powered by a rotating supermassive black hole in the center of the galaxy. A schematic
view of the general picture of AGN is shown in Fig. 4. The core is “active” due to the accretion disk which forms
around the central black hole and radiates strongly at optical frequencies. The disk is fed by matter from a dust torus.
Perpendicular to the accretion disk, two relativistic jets are emitted, transporting matter in form of lobes. Knots and
hot spots along the jets emit radio emission, leading to strong observed radio signals of AGN. It is expected that these
knots and hot spots represent shock environments in which particles are accelerated to high energies, in the case of
hadrons up to proton energies of E p ⇠ 1021 eV, see [82]. In this section, a general classification scheme for AGN is
presented as well as spectral and temporal properties of the sources.

3.2.1.1. AGN unification scheme. Three main criteria can be used for the unification scheme of Active Galactic
Nuclei which is indicated schematically in Fig. 5:

(1) The activity of the source at radio wavelengths yields a division into radio loud and radio weak objects. About
90% of all AGN are radio weak and are usually hosted in spiral galaxies, while radio loud nuclei are located in
the centers of elliptic galaxies.

(2) The luminosity of the object is a further classification criterion. Radio weak sources are subdivided into optically
strong and optically weak sources, which can be distinguished by considering the features of the emission
lines. Optically strong sources usually lack narrow emission lines which are present in the optically weak case.
Both source types appear to have broad emission lines. Radio loud sources with extended jets (⇠100 kpc) are
subdivided at radio wavelengths into low luminosity and high luminosity objects at a critical luminosity of
L⌫ = 2.5 ⇥ 1026 W/Hz. Jets from compact objects such as GHz-Peaked Sources (GPS) and Compact Steep
Sources (CSS) are believed to be stopped by matter.

(3) The third classification criterion is the orientation of the AGN towards the observer. AGN are axisymmetric along
the jet axis. In the branch of radio loud AGN, an object is classified as a blazar if one of the jets is pointed directly
towards the observer. Flat Spectrum Radio Quasars (FSRQs) are the high luminosity population of the blazars
while BL Lacs form the corresponding low luminosity population. So-called Faranoff Riley (FR) galaxies are
being looked at from the side, so that jets and tori are usually clearly visible. The high luminosity FR-II galaxies

Are	
  acOve	
  galaxies	
  sources	
  of	
  UHECR?	
  
Probably,	
  but	
  where?	
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Recall	
  MarOn	
  Pohl’s	
  talk	
  

426 HILLAS

fact, a characteristic velocity tic of scattering centers is of vital importance,
and it turns out (Section 3) that L has to be larger than 2rtJfl, 

B~,GLpo > 2Els/Zfl, 1.

where Lpe is in parsecs. This limitation arises also in one-shot acceleration
schemes, where an emf ~ LvB/c (cgs) arises from the motion of a conductor
(speed v =/~c) in a magnetic field and may be partly available for particle
acceleration (L may be the diameter of a rotating neutron star, for instance).

In Figure 1 are plotted many sites where particle acceleration may occur,
with sizes ranging from kilometers to megaparsecs. Sites lying below the
diagonal line fail to satisfy condition (1.), even for fl = 1, for 1020 eV protons
(the dashed line refers to 1020 eV iron nuclei) : for more reasonable plasma
velocities in the range c > v > 1000 km s-1, the line will lie even higher,
somewhere within the stippled band. Clearly, very few sites remain as
possibilities: either one wants highly condensed objects with huge B or
enormously extended objects. In either case, very high speeds are required.
Among the excluded sites are supernova remnant envelopes.

ARRIVAL DIRECTIONS Many particles having energy > 3 ! 1019 eV have
been reported, and many of these arrive from directions very far from the
galactic plane (30), as is shown in Figure 2, which depicts a section through
the Galaxy. If these particles have been deflected from sources within the
active regions of our Galaxy, we require a magnetic field of somewhat
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Near	
  central	
  BH	
  or	
  at	
  
terminaOon	
  shock?	
  

Hillas	
  

Becker-­‐Tjus	
  

Begelman	
  &	
  Cioffii	
  



Muons	
  in	
  air	
  shower	
  

•  E	
  ~	
  Ne	
  +	
  “25”	
  x	
  	
  Nμ	
  	
  (Jim	
  Mauhews)	
  
•  Should	
  be	
  simple	
  
•  Apparently	
  not	
  so	
  
•  Too	
  many	
  muons	
  at	
  Auger	
  (compared	
  to	
  sims)	
  
•  Differences	
  between	
  event	
  generators	
  
•  Tension	
  between	
  IceCube	
  coincident	
  analysis	
  
and	
  light	
  composiOon	
  approaching	
  EeV	
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Hadronic interactions  
Data at variance with simulations

25 Pierre Auger Collaboration, PRD91 (2015) 3, 032003                 

Hadronic Interactions
muon number:
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MC energy scale:

Telescope Array Collaboration, UHECR14 Symposium

15/27
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➤  <Rμ> higher than MC iron predictions

➤ tension between the Xmax and muon measurements 

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

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

• ⟨Rμ⟩ higher than MC iron predictions

• Tension between the Xmax and muon measurements

• Older versions of QGSJet model are at odds with data  
taking into account the large systematic uncertainty 
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1950-­‐52	
  in	
  a	
  salt	
  mine	
  at	
  1574	
  m.w.e.	
  in	
  Ithaca,	
  NY	
  with	
  4	
  
surface	
  detectors	
  and	
  1	
  m2	
  muon	
  counters	
  underground.	
  
Acceptance:	
  ~	
  0.01	
  m^2	
  sr:	
  Barreu,	
  Bollinger,	
  Cocconi,	
  
Eisenberg,	
  Greisen,	
  Revs.	
  Mod	
  Phys.	
  24	
  (1952)	
  133-­‐178	
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FIG. 1. Locations of the two arrays at the LNGS.

measurements and the gain is equalized to measure a
number of particles n 100. Typically, at n =50, the er-
ror on the determination of the number of particles is
about 20%. The threshold of each module is set to an
amplitude equivalent to 0.3 minimum-ionizing particles.
For triggering purposes EAS-TOP is organized in

seven hexagonal overlapping subarrays of six or seven
modules interconnected with each other. The subarrays
operate independently. Any coincidence within 500 ns of
all the modules within a subarray, triggers the data ac-
quisition of the whole apparatus. In this configuration
the measured trigger rate is -5 Hz. Data are taken by
means of a microVAX connected through a radiotele-
phone link to the INFN national network. The absolute
timing of the events is provided by a quartz clock (abso-
lute precision —100 ps), adjusted by the time standard
provided by the Italian national broadcasting company.
The EAS-TOP array is able to determine the main
shower characteristics with the following resolutions at
EO=10' eV: —1' for the direction measurements, a few
meters for the core location; -20% for the shower size
Ne; and 10% for the shower age s [the Nishimura-
Kamata-Greisen formalism is used for lateral distribu-
tion function: p(r) ~ Ne(r/r &

)' (r /r, + 1)' ' with r
~

roughly equal to 100 m at our observation level]. The
present trigger scheme gives a calculated efficiency in-
creasing from —10% at Ne=10, corresponding roughly
to 100 TeV, to full efficiency at Ne-10 for showers hav-
ing the core within the geometrical area defined by the
array. The effective detection area depends on the ener-
gy, and ranges from 10 to over 10 m, increasing with
energy.
The MACRO detector is a large-area multipurpose ex-

periment. ' It is designed as a modular array of liquid-
scintillation counters, plastic streamer tubes, and track-
etch detectors. When complete it will fill a box-shaped
volume with 12X78 rn base and 9 m height. The first
"supermodule" of MACRO (12X12X5 m ) has been
operated since the beginning of 1989. It consists of a hor-
izontal sandwich of two scintillation counter layers for
timing, 10 streamer tube layers for tracking, and one
track-etch multilayer (CR39 and Lexan with an alumi-
num absorber) to identify highly ionizing particles. Pas-
sive absorbers (iron and CaCO~) are in between the sensi-
tive layers, to identify penetrating particles, setting a

threshold for through-muons pointing at EAS-TOP at 1.2
GeV. Only two sides of the first supermodule are
presently closed by one layer of scintillation counters and
six layers of streamer tubes.
The streamer tube layers consist of 8-tube PVC

chambers, with dimensions 25X3 cm X12 m. The indi-
vidual cell cross section is 3X3 cm, with a 100-pm
anode wire and a graphite cathode. They operate in the
limited streamer mode. Two-dimensional localization is
performed by 3-cm-wide pick-up strips at an angle of
about 30'. The achieved space accuracy is about 1 cm,
resulting in an angular accuracy of -0.2' in the two pro-
jected views.
The liquid-scintillation counters are 75 cm wide, 26 cm

thick, and 12 m long. They are viewed at each end by
two PMT's. The trigger energy threshold is —10 MeV,
the timing accuracy 1 ns.
Different muon triggers operate independently in

MACRO, based on streamer tubes and scintillators, alone
or in combination. The measured rate of muons with a
selected minimum track length of 180 cm, is -2 per
minute. Data are taken through CAMAC managed by
microVAX, operating in a VAXELN system, under the
control of a VAX 8200. The absolute timing of the
events is provided by a rubidium clock (absolute pre-
cision -1 ps). The clock stability is periodically checked
with the radio signal in the external laboratory.
EAS-TOP is seen by MACRO in the angular range

25'-37' in zenith, and 160'-200' in azimuth. The rock
depth between the two experiments ranges from 3100 to
3500 m.w.e., depending on the angle. The corresponding
energy threshold for a muon to be detected underground
is E„=1.3-1.6 TeV. The time of flight between the two
sites, for a relativistic particle, is -3 ps.

III. DATA SELECTION

The two experiments have been running simultaneous-
ly in the period from 23 March to 29 May 1989, for a to-
tal live time of 1107h.
No physical link at present exists between EAS-TOP

and MACRO, so the correlation of data is established off
line, on the basis of the absolute timing and the direction-
al capabilities of the detectors. Figure 2 shows the distri-
bution of the time difference between the reconstructed
events of MACRO and EAS-TOP, when looking for time
coincidence within a 6-ms window, for a subsample of
637 h. No directional cuts are applied at this stage. The
peak of correlated events is clearly seen above the back-
ground of accidentals. The correlation peak is well fitted
by a Gaussian, with a mean value of 3.2 ms (due to a
different internal zero setting of the two clocks), and
o. -90 ps. The time resolution is slightly better than ex-
pected by the design features of the quartz clock.
The accidental coincidence background can be largely

cut by means of directional criteria. Figure 3 shows the
same At distribution of Fig. 2 when a nonstringent angu-
lar cut g ~ 10 is applied to the angle in space between the
two reconstructed directions. It can be seen that even in
this preliminary analysis only a few events are lost with
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expected lateral distribution function (LDF) of
photons from a muon bundle is computed. Two
corrections must be applied to the LDF in order to
be able to apply it to all OM’s and all depths. The
first accounts for the ranging-out of muons be-
tween the top of the detector and the bottom. The
second accounts for the changing scattering length
in the ice, due to variation of concentration of
impurities such as dust in ice. For each event, the
LDF is fitted to OM amplitudes and evaluated at a
fixed distance of 50 m from the center of the
bundle to compute a parameter called Kð50Þ. This
parameter is analogous to S(30) but measures
muon energy loss rather than electron density. The
technique is described in more detail below.

4.1. Track reconstruction

The standard AMANDA track reconstruction,
described in [6], is performed by the reconstruction

program recoos. To reconstruct muon direction in
normal operation, recoos varies the position
ðx; y; zÞ of a point on the track and its direction
ðh;/Þ, until the track hypothesis (a single muon
line source) is most likely to have given rise to the
observed light pattern. SPASE coincidences,
however, provide additional information: the
shower core location at the surface (within 3–4 m)
and shower direction (within 1.5!). A better track
can be found by fixing the track position at the
reconstructed shower core in SPASE, using SPA-
SE’s reconstructed track as a first guess, and
allowing recoos to vary only the direction angles
ðh;/Þ as free parameters. The long lever arm be-
tween the two detectors (about 1750 m center-
to-center) gives this technique great accuracy, less
than a half degree. Fig. 1 shows the relative posi-
tions of SPASE and AMANDA, and how the
SPASE reconstruction alone can be improved by
using both detectors with this combined technique.

Fig. 1. SPASE/AMANDA coincidence event from 1997 data.

568 J. Ahrens et al. / Astroparticle Physics 21 (2004) 565–581

surface also allows a novel study of the primary
cosmic-rays in the region of the knee of the
cosmic-ray spectrum. In this paper we describe the
calibration and survey of AMANDA with SPASE.
In the process we study the response of AMAN-
DA to muon bundles. Such measurements form
the basis of the composition study, which is the
subject of a separate paper [1].

1.1. Description of the surface arrays

There were two SPASEs. SPASE-1 [2–4] was an
array of 16 detectors, each 1 m2 of scintillator, at
14 locations on a 30 m triangular grid. The array
operated for 10 years from the end of 1987 to the
end of 1997. SPASE-2 [5] is an array of 120
modules grouped into 30 stations on a 30 m
triangular grid. Each module contains a scintilla-
tor of 0:2 m2: The enclosed area of SPASE-1 was
approximately 6000 m2 while that of SPASE-2 is
16,000 m2. SPASE-2 began full operation at the
beginning of 1996. AMANDA was deployed in
stages; the 10-string array (AMANDA-B10) began
operation in 1997 [6]. For the purpose of studying
the response of AMANDA, 1997 is particularly

important because of the unique opportunity to
view AMANDA in stereo, from two different
directions and at two zenith angles (27! for
SPASE-1 and 12! for SPASE-2). In addition, the
GASP air Cherenkov telescope [7] was also
operating the same year and providing tagged
coincidence events. We therefore concentrate in
this paper on coincident data collected in 1997.
Fig. 1 shows a plan view of the physical config-
uration of the four detectors in 1997.

The pointing and angular resolution of SPASE-
1 were measured with a pair of small atmospheric
Cherenkov telescopes [8]. Each telescope consisted
of a Fresnel lens with an aperture stop and a
photomultiplier. The zenith and azimuth of the
telescopes were measured with a lunar transit,
using a flat mirror to reflect the image of the moon
into the telescope aperture. Then cosmic-ray
showers detected by both SPASE-1 and the
Cherenkov telescopes were used to determine the
absolute pointing of the air shower array to 70:2!

in zenith and 70:5! in azimuth. In addition, the
coincident events were used to make a direct
determination of the angular resolution of the air
shower array as a function of shower size. This
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IceCube TeV Muons 
+ external all-CR

IceTop coincident

Consistent picture:
Average mass increases up 
to 3·1017 eV, stays at same 

level until the ankle.
 

In IceTop coincident events, 
systematic uncertainty 

is dominated by deep detector 
effects (“Light Yield”).
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Muon Number Vs Energy

Composition Workshop, Karlsruhe 2015 20

IceCube collaboration, ISVHECRI 204, arxiv:1501.03415!
Abu-Zayyad et al. [HiRes-MIA~Collaboration] Phys. Rev. Lett. 84, 4276 (2000) 
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Concluding	
  remarks	
  
•  Structure	
  in	
  the	
  spectrum	
  
– Hardening	
  around	
  1016.2	
  eV	
  
– “Second	
  knee”	
  steepening	
  around	
  1017.3	
  eV	
  

•  Surface	
  muons:	
  
–  	
  ρ600	
  between	
  p	
  and	
  Fe	
  to	
  1016.5	
  eV	
  
– TeV	
  muons?	
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Surface	
  muons	
  in	
  IceTop:	
  the	
  idea	
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Use	
  the	
  fact	
  that	
  we	
  know	
  
very	
  well	
  the	
  signal	
  of	
  
muons	
  in	
  tanks	
  from	
  our	
  
calibraOon	
  procedure.	
  Single-tank Signal Calibration 

(VEM Calibration)
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Example of a VEM calibration histogram for a particular 
tank, high-gain DOM in tank 61-A. 
IceCube Collaboration, ICRC 2011, Beijing

EM particles

Muons

5TAUP 2015, TorinoCalibraOon	
  run	
  for	
  DOM	
  61-­‐61	
  
(ICRC	
  2011,	
  arXiv:1111.2735,	
  
A	
  van	
  Overloop	
  for	
  IceCube	
  

Look	
  for	
  the	
  muon	
  signal	
  to	
  appear	
  in	
  the	
  periphery	
  
where	
  the	
  expected	
  em	
  signal	
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  <	
  1	
  VEM	
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How	
  the	
  muon	
  density	
  is	
  extracted	
  Getting the Muon Density

11TAUP 2015, Torino
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