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2002:	
  proposal	
  
2003-­‐04	
  staging	
  
2004-­‐05	
  	
  	
  	
  1	
  	
  	
  	
  	
  4	
  
2005-­‐06	
  	
  	
  	
  9	
  	
  	
  16	
  
2006-­‐07	
  	
  22	
  	
  	
  26	
  
2007-­‐08	
  	
  40	
  	
  	
  40	
  
2008-­‐09	
  	
  59	
  	
  	
  59	
  
2009-­‐10	
  	
  79	
  	
  	
  73	
  
2010-­‐11	
  	
  	
  86	
  	
  	
  81	
  

Deep	
  strings	
  

Surface	
  sta1ons	
  

Deployment	
  history	
  

>	
  5400	
  Digital	
  Op1cal	
  Modules	
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•  81	
  IceTop	
  sta1ons	
  
•  2	
  tanks	
  per	
  sta1on	
  
•  2	
  DOMs	
  per	
  tank	
  (H.G.,	
  L.G.)	
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IceTop 

1450 m 

2450 m 

Cosmic	
  ray	
  showers	
  from	
  
above	
  

Neutrinos	
  from	
  all	
  direc1ons	
  
•  	
  νµ-­‐induced	
  µ	
  (from	
  below)	
  
•  	
  all	
  flavors	
  star7ng	
  inside	
  detector	
  

A	
  3-­‐D	
  cosmic-­‐ray	
  detector:	
  
Two different kinds of events 
Closely related scientifically: 
•  Cosmic rays after propagation 
•  Neutrinos from cosmic ray sources 
•  νe:νµ:ντ = 1:2:0 à 1:1:1 
  

IceCube 
	
  

South	
  Pole	
  
	
  2835	
  m.a.s.l.	
  

Atmospheric	
  muons	
  

Aperture	
  for	
  coincident	
  events:	
  
AΩ	
  ≈	
  0.26	
  km2	
  sr	
  



Pre-­‐history	
  

15/9/15	
   Tom	
  Gaisser,	
  CRIS2015	
   7	
  

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:	
  Barrea,	
  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

ARTICLE IN PRESS

−600

−500

−400

−300

−200

−100

0

100

200

−400 −200 0 200 400 600 800

Y 
(m

)

X (m)

MAP of AMANDA-B10, SPASE-1,  SPASE-2

SPASE-1

AMANDA-B10

GASP

SPASE-2
VULCAN

Fig. 1. Map showing locations of SPASE-1 and SPASE-2 relative to locations of AMANDA-B10 strings at the surface. The origin of
the local coordinate system for each SPASE array is marked with a red cross. The origin of the AMANDA coordinate system coincides
with string 4, and the positive y-axis is grid north. Azimuth is measured counter-clockwise from grid east. Thus the center of SPASE-2
is at 247! and the center of SPASE-1 at 327!:

J. Ahrens et al. / Nuclear Instruments and Methods in Physics Research A 522 (2004) 347–359 349

Survey	
  of	
  AMANDA	
  from	
  SPASE-­‐1	
  and	
  SPASE-­‐2	
  
NIM	
  A	
  522	
  (2004)	
  347-­‐359	
  

Composi1on	
  at	
  the	
  knee	
  with	
  SPASE-­‐2/AMANDA	
  B10,	
  
Astropart.	
  Phys.	
  21	
  (2004)	
  565-­‐581	
  



IceTop event reconstruction

TAUP 2015, Torino 4

Attenuation due to snow

S(r) = S
125

e�
d sec ✓

�

⇣ r

125m

⌘���k log( r
125m )

(recap)Shower	
  reconstruc1on	
  in	
  IceTop	
  

15/9/15	
   Tom	
  Gaisser,	
  CRIS2015	
   11	
  



Simula1ons	
  

15/9/15	
   Tom	
  Gaisser,	
  CRIS2015	
   12	
  

Analysis Strategy: Coincidence 
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Muon energy loss at 1500 m is highly 
composition-sensitive: 

The two measures of number of stochastics are 
also sensitive to composition. 

Feed five input variables from both IceTop (S125, zenith) 
and IceCube (dE/dX @ 1500, Nstoch1, Nstoch2) into a 
neural network… 

Outputs of the network: Primary energy, Primary mass. 

log10(Energy)

Mass

log10(s125)

cos(zenith)

log10(dE/dX)

Nr of HE stochastics
(standard selection)

Nr of HE stochastics
(strong selection)

Analysis Strategy: IceTop-alone 
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Build S125 -> Energy conversion functions: 
Using Monte Carlo simulations (and assuming a composition model),  
Find most likely energy within each slice of S125 
Do this separately for 4 zenith angle ranges Mean	
  primary	
  E	
  for	
  given	
  S125	
   Muon	
  energy	
  loss	
  (GeV/m)	
  

at	
  1500	
  m	
  for	
  p	
  and	
  Fe	
  



Composi1on	
  from	
  coincident	
  events	
  

•  Select	
  events	
  contained	
  in	
  IceTop	
  +	
  deep	
  array	
  
•  Reconstruct	
  trajectory	
  
– Find	
  S125	
  	
  of	
  shower	
  at	
  surface	
  
– Measure	
  dE/dX	
  in	
  ice	
  

•  Construct	
  neural	
  network	
  
–  Input:	
  5	
  variables,	
  S125	
  ,	
  θ	
  ,	
  dE/dX@1500	
  m,	
  
stochas1c	
  losses	
  (big),	
  stochas1c	
  losses	
  (small)	
  

– Output:	
  primary	
  energy,	
  index	
  for	
  mass	
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Analysis Strategy: Coincidence 

8/04/15' ICRC'2015','The'Hague' 4'
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< dE/dX (X=1500m) >
HE stochastics

Reconstruct in deep IceCube: 
Construct energy loss profile 
Fit the profile to find: 
 - the mean muon  energy loss at 1500 m slant depth, and 
 - the number of large stochastic losses (2 different thresholds) 

Muon energy loss at 1500 m is highly composition-sensitive: 

The two measures of number of stochastics are also sensitive to 
composition. 

Feed five input variables from both IceTop (S125, zenith) and IceCube 
(dE/dX @ 1500, Nstoch1, Nstoch2) into a neural network… 

Outputs of the network: Primary energy, Primary mass. 
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Analysis Strategy: Coincidence 
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Construct template histograms of NN primary mass 
Within each bin of reconstructed energy, compare 

templates for Monte Carlo (four types: H, He, O, 
Fe) 

Run experimental data through the same NN 
procedure, and find the fractions of each 
element that best reproduce the template 
histogram of the data. 
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Construct template histograms of NN primary mass 
Within each bin of reconstructed energy, compare 

templates for Monte Carlo (four types: H, He, O, 
Fe) 

Run experimental data through the same NN 
procedure, and find the fractions of each 
element that best reproduce the template 
histogram of the data. 
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Sta1s1cal	
  and	
  fit	
  uncertain1es	
  only	
  



Mean	
  ln(A)	
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  preliminary	
  

Compare	
  <	
  ln(A)>	
  

Gen2,	
  Jan	
  27,	
  2015	
   Gaisser,	
  Gonzalez,	
  Seckel	
   17	
  

Plot:	
  inferred	
  
from	
  Xmax	
  
Kampert	
  &	
  Unger,	
  
Astropart.	
  Phys.	
  35	
  
(2012)	
  660-­‐678	
  	
  
Red	
  points:	
  
IceCube	
  prelim	
  
T.Feusels	
  thesis,	
  
results	
  shown	
  by	
  J.	
  
Gonzalez	
  @	
  
UHECR2014	
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  muons	
  in	
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H.	
  Kolanoski,	
  for	
  IceCube,	
  ICRC	
  Beijing,	
  2011	
  

Use	
  the	
  fact	
  that	
  we	
  know	
  
very	
  well	
  the	
  signal	
  of	
  
muons	
  in	
  tanks	
  from	
  our	
  
calibra1on	
  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, TorinoCalibra1on	
  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	
  is	
  <	
  1	
  VEM	
  



Implementa1on*	
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*Javier	
  Gonzalez,	
  ISVHECRI	
  2014	
  (arXiv:1501.03415)	
  	
  
	
   	
   	
   	
   	
  Hans	
  Dembinski,	
  ICRC	
  2015	
  



How	
  the	
  muon	
  density	
  is	
  extracted	
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Getting the Muon Density

11TAUP 2015, Torino

⇢µ ⇡ N
tanks with muons

N
all tanks

1

A
tank

= 1� e�hNµipµhit =
Nµ�1

Ntanks

⇢µ ⇡ Ntanks in ring withµ

Ntanks in ring

1

Atank
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15/9/15	
   Tom	
  Gaisser,	
  CRIS2015	
   22	
  

Muon	
  density	
  at	
  600	
  m	
  



Spectrum	
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Spectrum	
  comparison	
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Structure	
  in	
  spectrum	
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IceTop	
  only,	
  one	
  year	
  PR	
  D88	
  (2013)	
  042004	
  

Compare	
  TUNKA1,	
  K-­‐Grande2,	
  IceTop	
  
to	
  E-­‐3	
  power	
  law	
  

1	
  Prosin	
  et	
  al.,	
  NIM	
  A756	
  (2014)	
  94-­‐101	
  
2	
  Apel	
  et	
  al.,	
  Astropart.	
  Phys.	
  36	
  (2012)	
  183-­‐194	
  

Similar	
  structure	
  in	
  TALE	
  +	
  TACherenkov	
  



Global	
  view	
  of	
  spectrum	
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  Gen2	
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IceTop 

1450 m 

2450 m 

IceCube Collaboration Meeting Banff, Alberta, Canada-March 2014
Wisconsin IceCube Particle Astrophysics Center, WIPAC!

Here:  
120 strings 
1.35 to 2.7 km 
80 DOMs/string 
300 m spacing

Aperture:	
  0.26	
  km2	
  sr	
   ~	
  10	
  km2	
  sr	
  

1	
  km2	
  area	
  	
  	
  	
  	
  	
  	
  	
   	
   	
   	
   	
  	
  	
  6	
  km2	
  

125	
  m	
  string	
  spacing 	
   	
   	
  250	
  m 	
   	
  	
  

arXiv:1412.5106	
  



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	
  
–  Excess	
  muon	
  problem	
  begins	
  at	
  higher	
  E?	
  

•  Coincident	
  analysis:	
  
–  Energy	
  spectrum	
  independent	
  of	
  composi1on	
  
assump1ons	
  	
  

–  consistent	
  with	
  IceTop	
  only	
  spectrum,	
  which	
  has	
  
much	
  higher	
  sta1s1cs	
  

–  	
  increase	
  in	
  <	
  ln(A)>	
  	
  from	
  1015.3	
  to	
  	
  >1017	
  eV	
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  anisotropy	
  if	
  1me	
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Paolo Desiati

cosmic ray anisotropy

equatorial coordinates

22

IceCube-59

Tibet-III 5 TeV

20 TeVAbbasi et al., ApJ, 746, 33, 2012

Amenomori et al., ICRC 2011

relative intensity

2 hr = 30˚

4 hr = 60˚

IceCube

Milagro

20 TeV

1 TeV

Abbasi et al., ApJ, 740, 16, 2011

Abdo et al., PRL, 101, 221101, 2008

large scale anisotropy

small scale anisotropy

statistical significance

Monday, May 28, 2012

Sky-­‐map	
  with	
  HAWC	
  is	
  
in	
  progress	
  

All data map
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