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Multi-messenger paradigm

• Neutrino astronomy:

4 natural extension:
“optical”

+ “multi-wavelength”
+ “multi-messenger”

4 closely related to cosmic rays
(CRs) and �-rays

4 smoking-gun of CR sources
4 weak interaction during

propagation

• Challenges:

8 low statistics
8 large backgrounds

CR

⌫

�
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Multi-messenger paradigm

• pion production in CR interactions
with ambient radiation & matter

⇡+ ! µ+⌫µ ! e+⌫e⌫̄µ⌫µ

⇡0 ! ��

• inelasticity:

E⌫ ' E�/2 ' Ep/4

• relative multiplicity:

K = N⇡±/N⇡0

• pion fraction via optical depth:

f⇡ ' 1 � e�⌧

CR

⌫

�
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High-energy neutrino detection
• High energy neutrino collisions with nuclei are rare.

‹ Secondary charged particles can be detected by their Cherenkov radiation in
transparent media.

back-of-the-envelope (E⌫ ⇠ 1015 eV):

• flux of neutrinos : d2N⌫

dt dA
⇠ 1

cm2 ⇥ 105yr

• cross section : �⌫N ⇠ 10�33cm2

• targets: NN ⇠ NA ⇥ V/cm3

‹ rate of events :

Ṅ⌫ ⇠ NN ⇥ �⌫N ⇥ d2N⌫

dt dA
⇠ 1

year
⇥ V

1km3
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High-energy neutrino detection
• High energy neutrino collisions with nuclei are rare.

‹ Secondary charged particles can be detected by their Cherenkov radiation in
transparent media.
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The IceCube Observatory

• price tag: 279 million USD
• 78 IceCube strings

125 m apart on triangular grid
• 60 digital optical modules

(DOMs) per string
• 2 days to drill a hole; 18,000 l

fuel consumption
• 1/2 day string deployment;

7 days to freeze-in
• 8 DeepCore strings

DOMs in particularly clear ice
• 81 IceTop stations

two tanks per station, two
DOMs per tank

• surface 2,300 meters above
sea level (680 g/cm2)
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The IceCube Observatory

IC-1(IT-4) IC-9 (IT-16) IC-22 (IT-26) IC-40 (IT-40)

IC-59 (IT-59) IC-79 (IT-73) IC-86 (IT-81)

04-05 Season 05-06 Season 06-07 Season 07-08 Season

08-09 Season 09-10 Season 10-11 Season
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The IceCube Observatory

Paolo Desiati
3

Wednesday, January 30, 2013
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The IceCube Observatory

incorporate the disciplines of manufacturing 
and systems engineering into a group that 
had little experience with large-scale high-
reliability production of anything, let alone 
highly complex digital sensors that had to 
survive deep-ice deployments—that in itself 
is a story to !ll many pages. 

Somehow in this time we worked 
through the design issues, spun out three 
further revisions of the mainboard, assem-
bled and tested DOMs, and wrote software 
to read out the sensors. We also built three 
production sites including the enormous 
deep freezer laboratories to cold-test each 
and every module at -55 °C while being 
subjected to a battery of functional tests 
and optical calibrations, bought a bunch 
of cables, and adapted a standard ship-
ping container already at the South Pole 

and equipped it with electronics to make a 
temporary IceCube counting house. Vivid 
memories remain of the numerous meet-
ings and telephone calls, travels, tense 
moments and outright arguments, diagrams 
drawn, nails bitten, and plan Bs.

And so in 2005 there was one string—
string 21—that made it into the ice and 
when we turned it on, voila! all modules 
were working just !ne. One module started 
to spark several weeks after deployment, 
but this case was happily resolved by 
turning down the high voltage applied to 
the phototube. 

It was a great relief to us all that all 
the DOMs were talking with the surface. 
Despite previous experience with AMANDA 
modules and all the engineering that went 
into making the IceCube DOMs even more 

robust, no one really knew that everything 
would work until the modules were in the 
ice. 

Each DOM’s pressure housing had been 
tested to 10,000 psi but the refreezing ice 
could have easily crushed the cabling or 
snapped the penetration point where the 
cable enters the glass sphere. Building a 
laboratory to simulate refreeze seemed a 
project as big as IceCube so we had to cross 
our !ngers at this point. 

The design, having been proved in ice, 
did not change signi!cantly from that !rst 
year. The one major design "aw with the 
DOM, an improperly spec’d signal trans-
former, was !xed along with some other 
minor changes. A later “high quantum 
e#ciency” DOM was produced beginning 
in 2008 for IceCube’s DeepCore extension; 

Above: IceCube drilling map overlaid on the South Pole aerial map. 

Opposite: Drilling and deployment towers for the last two holes, Nos. 79 and 80, near the IceCube Lab with the Enhanced Hot Water Drill hose reel in the foreground.  
The DOMs in these two holes are part of the Deep Core array.  
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The IceCube Observatory

IceCube Lab
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The IceCube Observatory

Drilling with new IceTop tanks
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The IceCube Observatory

Inside an IceTop Tank
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The IceCube Observatory

Firn & Ice Drilling
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The IceCube Observatory

String & Optical Module
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IceCube at work

The individual and combined results of IceCube, DeepCore and IceTop and
the unique geographical location allows for a wide scientific program:

Run 116511 Event 128518 [Ons, 45000ns]

 Tue Sep 7 03:17:01 2010

 Run 116511 Event 3391871 [Ons, 45000ns]

 Tue Sep 7 03:41:47 2010

Tue Sep 7 03:19:17 2010

Run 116511 Event 424890 [Ons, 45000ns]

 Mon May 4 03:03:15 2009

Run 113641 Event 33553254 [Ons, 40000ns]Run 112115 Event 12591975 [Ons, 40000ns]

Mon Dec 8 19:21:09 2008Sun Jun 4 23:16:15 2006

Run 88363 Event 4229 [Ons, 51000ns]

Run 114305 Event 10091078 [Ons, 40000ns]

Thu Aug 13 11:45:31 2009

Run 116511 Event 2402171 [760Ons, 40000ns]

Tue Sep 7 03:34:17 2010 Mon Jan 17 23:43:45 2011

Run 117469 Event 4933588 [Ons, 40000ns]
Run 110890 Event 19718500

Mon April 24 2008

78 79

• atmospheric neutrino fluxes and
oscillations

• diffuse high-energy neutrino fluxes
• point source fluxes
• cosmic ray flux in the knee region
• CR anisotropies in the Southern

hemisphere
• CR composition measurements
• indirect dark matter detection
• galactic supernova
• exotic signals
• . . .
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Atmospheric neutrino flux and diffuse limit

• high-energy atmospheric
⌫µ/⌫e-spectrum as seen
by IC-40 & IC-79/DC

[IceCube’11,’12]

• diffuse ⌫µ limit from IC-59
(90% C.L.) (preliminary)

• predicted prompt
atmospheric ⌫-fluxes
(charmed meson decay)

[Enberg et al.’08]

• theoretical limit on
diffuse astrophysical ⌫µ’s

[Waxman&Bahcall ’98]
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Steady point-source search

]-1
 s

-2
 fl

ux
 [T

eV
 c

m
×2 E -1210

-1110

-1010

-910

-810 MACRO upper limits (2300 d)
IC40+59 sensitivity (724 d)
IceCube40+59 upper limits
ANTARES sensitivity (813 d)
ANTARES upper limits (813 d)
KM3NeT sensitivity (1 yr; pred.)

)δsin(
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Figure 3. Upper limits (symbols)
and sensitivities (lines) (both 90%
CL) for point-like sources with
an E�2 spectrum as function of
declination. The vertical lines at
the bottom represent the positions
of known Galactic TeV gamma-
ray emitters. The star marks the
position of the Galactic center.

associated neutrino spectrum around 200TeV. Hence, for neutrino telescopes the interesting
energy range for Galactic sources is the TeV range.

Searches for point-like sources have the advantage that for a particular source they look only at
a small portion of the sky (IceCube’s angular resolution for muon neutrinos is about 0.5�) thereby
reducing the background of atmospheric neutrinos considerably. Figure 2 shows the significance
(p-value) skymap before trial-factor correction in equatorial coordinates for point-like sources
obtained from the analysis of the combined IC40 and IC59 data equivalent to about one year of
data taking with the full detector. Note that the northern sky is dominated by (atmospheric)
neutrinos (about 58000 events) whereas the southern sky mainly consists of atmospheric muons
(about 87000 events). For the latter, the energy cuts had to be tightened to allow for a possible
cosmic signal to emerge from the background. As a consequence, the sensitivity in the southern
sky for neutrinos with an E�2 spectrum is in the PeV range whereas in the northern sky it is
in the TeV range. After correction for the fact, that the map is evaluated at many positions
(trial factor), the probability to obtain a fluctuation at least as high as the highest observed one
(located in the southern sky) anywhere on the sky map purely from background fluctuations
(post-trial) is 67% and hence not significant. The investigation of 43 preselected sources (13
Galactic, 30 extragalactic), which reduces the trial factor considerably compared to the all-
sky search, also yields no significant deviation from the background hypothesis with the lowest
p-values lying above 10% (Cen A, PKS 1454�354).

The non-observation of a significant deviation from the background hypothesis leads to
upper limits which are plotted in Fig. 3 (solid squares) as function of declination for a cosmic
E�2 neutrino flux together with the upper limits (symbols) and sensitivities (lines) from other
experiments. The plot illustrates the large improvement in sensitivity of factor 1000 over the
last 15 years. Currently, IceCube is the most sensitive operating neutrino telescope which in the
northern sky (viewed using Earth as a neutrino filter) starts to approach the discovery region
below ⇠ 10�12 TeV cm�2 s�1 where according to current calculations [1, 2] (Galactic) fluxes are
expected to lie. For viewing the southern sky, ANTARES located in the Mediterranean Sea is
currently the most sensitive detector5 [8]. However, due to its ⇠ 100 times smaller volume it has
a much lower peak sensitivity. Therefore, in order to reach a full high-sensitivity sky coverage,
in particular of the inner Galactic plane and the Galactic center, a (multi-) km3-scale neutrino
telescope in the Northern Hemisphere is needed. Such a detector, KM3NeT [9], to be installed in
the Mediterranean Sea, is currently in the prototyping phase with funds for a first construction
stage available.

Upper limits (symbols) and sensitivities (lines) (90% CL) for point-like
sources with an E�2-spectrum as function of declination.

Markus Ahlers (WIPAC) IceCube March 12, 2013 7 / 13



Steady point-source search

IC-40+59+79 point source results

• hottest spot: p ' 10�4.7 (pre-trial)
• post-trial: p ' 56.8%

‹ no significant excess so far!
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GRB neutrino emission
• Neutrino production at various stages of gamma-ray burst (GRB), from precursor

to afterglow [Waxman&Bahcall’97,’00;Razzaque,Meszaros&Waxman’03]

• Neutrino emission of GRBs is one of the best-tested models: [IceCube, Nature’12]

4 cosmological sources (“one per day and 4⇡”)
4 wealth of data from Swift and Fermi
4 good information on timing and location (‹ background reduction)

presence of a jet (34–37). Whether or not a
jet is present, such energies are in principle
achievable for bursts arising from stellar pro-
genitors, but a poorly understood issue is how
this energy is converted into an ultrarelativ-
istic, and possibly collimated, bulk outflow.

An observation that attracted much at-
tention was the discovery (38) of a prompt
and extremely bright (visual magnitude mv

! 9) optical flash in GRB990123, 15 s after
the GRB started (and while it was still
going on). This is generally interpreted (23,
39) as the radiation from the reverse com-
ponent of the external shock. However,
such bright prompt flashes may be rare
because they have not yet been detected
from other bursts. Two other noteworthy
developments are the possibility of a rela-
tion between the differential time lags for
the arrival of burst pulses at different ener-
gies and the luminosity (40), and between
the degree of variability or spikiness of the
"-ray light curve variability and the lumi-
nosity (41, 42). These hypotheses are based
on data for bursts where an optical redshift
allows a determination of the luminosity,
under the assumption of isotropy. These

correlations are still tentative, but if con-
firmed they could be used to derive inde-
pendent estimates of the redshift of a GRB.

Progenitors and Environment
The progenitors of GRBs are not yet well iden-
tified. The current view of most researchers is
that GRBs arise in a very small fraction
(!10#6) of stars that undergo a catastrophic
energy release event toward the end of their
evolution. One class of candidates involves
massive stars whose core collapses (43–45),
probably in the course of merging with a com-
panion; these are often referred to as hyperno-
vae or collapsars (46). Another class of candi-
dates consists of neutron star (NS) binaries or
neutron star–black hole (BH) binaries (12, 13,
47, 48), which lose orbital angular momentum
by gravitational wave radiation and undergo a
merger. Both of these progenitor types are ex-
pected to lead to the formation of a black hole
whose mass is several times that of the sun
(MJ), surrounded by a temporary debris torus
whose accretion can provide a sudden release
of gravitational energy, with similar total ener-
gies (49), sufficient to power a burst. An e$, "
fireball arises from the enormous compression-

al heating and dissipation associated with the
accretion, possibly involving a small fraction of
baryons and magnetic fields in excess of 1015

G, which can provide the driving stresses lead-
ing to the relativistic expansion. This fireball
may be substantially collimated if the progeni-
tor is a massive star, where an extended, fast-
rotating envelope can provide a natural escape
route or funnel for the fireball along the rotation
axis (Fig. 3). Other possible alternatives include
the formation from a stellar collapse of a fast-
rotating neutron star with an ultrahigh magnetic
field (50–52) or the tidal disruption of compact
stars by 105 to 106 MJ black holes (53).

Observations related to the possible progen-
itors are restricted, so far, to the class of long
bursts (of "-ray durations tb ! 10 to 103 s),
because BeppoSAX is mainly sensitive to
bursts longer than about 5 to 10 s. For these
long bursts, the fading x-ray and optical after-
glow emission is predominantly localized with-
in the optical image of the host galaxy. In most
cases it is offset from the center, but in a few
cases (out of a total of about 20) it is near the
center of the galaxy (11). This is in disagree-
ment with current simple calculations of NS-
NS mergers, which suggest that high spatial

Fig. 3. Schematic GRB from a mas-
sive stellar progenitor, resulting in
a relativistic jet that undergoes in-
ternal shocks, producing a burst of
"-rays and (as it decelerates
through interaction with the ex-
ternal medium) an external shock
afterglow, which leads successive-
ly to "-rays, x-rays, optical, and
radio. Iron lines may arise from
x-ray illumination of a pre-ejected
shell (e.g., supernova remnant)
(60) or from continued x-ray irra-
diation of the outer stellar enve-
lope (67).

Fig. 4 (left). Comparison (26) of
the observed light curves of the
afterglow of GRB970228 at vari-
ous wavelengths with the simple
blast wave model predictions
(23). Fig. 5 (right). Snapshot
spectrum of GRB970508 at t %
12 days after the burst, compared
to a standard afterglow synchro-
tron shock model fit (29).

www.sciencemag.org SCIENCE VOL 291 5 JANUARY 2001 81
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GRB neutrino emission

• Limits on neutrino emission coincident
with 215 (85) northern (southern) sky
GRBs between April 2008 and May
2010 (IC-40+59). [IceCube’11;’12]

• Stacked point-source flux below
“benchmark” prediction by a factor 3-4.

[Guetta et al.’04]

• IceCube limit below benchmark
diffuse models normalized to UHE CR
data. [Waxman&Bahcall’03; Rachen et al.’98]

‹ IceCube’s results challenge GRBs
as the sources of UHE CRs!

3

energy protons and the intense gamma-ray background
within the GRB fireball, for example in the �-resonance
process p + � � �+ � n + �+. When these pions decay
via �+ � µ+�µ and µ+ � e+�e�̄µ, they produce a flux
of high-energy muon and electron neutrinos, coincident
with the gamma rays, and peaking at energies of sev-
eral hundred TeV4,12. Such a flux should be detectable
using km3-scale instruments like the IceCube neutrino
telescope8,13 (Suppl. Fig. 1). The results presented here
were obtained while IceCube was under construction us-
ing the 40- and 59-string configurations of the detector,
which took data from April 2008 to May 2009 and from
May 2009 until May 2010, respectively.

Due to maximal mixing between muon and tau neutri-
nos, neutrinos from pion decay in and around GRBs will
arrive at Earth in an equal mixture of flavors. Because
of good angular resolution for muons in IceCube (0.6�

for E� � 100 TeV) and increased detector e�ective vol-
ume a�orded by the long distances traveled by secondary
muons, we focus here only on muons produced in �µ

charged-current interactions. As the downgoing cosmic
ray muon background presents challenges for the identifi-
cation of neutrino-induced muons, we achieve our highest
sensitivity for upgoing (northern hemisphere) neutrinos.
However, the tight constraint of spatial and temporal co-
incidence with a gamma-ray burst allows some sensitiv-
ity even in the southern sky. One of the two analyses
presented here therefore includes southern hemisphere
gamma-ray bursts during the 59-string IceCube run.

During the 59-string data taking period, 190 GRBs
were observed and reported via the GRB Coordinates
Network14, with 105 in the northern sky. Of those GRBs,
9 were not included in our catalog due to detector down-
time associated with construction and calibration. Two
additional GRBs were included from test runs before the
start of the o�cial 59-string run. 117 northern-sky GRBs
were included from the 40-string period7 to compute the
final combined result. GRB positions were taken from
the satellite with the smallest reported error, which is
typically smaller than the IceCube resolution. The GRB
gamma-emission start (Tstart) and stop (Tstop) times
were taken by finding the earliest and latest time reported
for gamma emission.

As in our previous study7, we conducted two analyses
of the IceCube data. In a model-dependent search, we
examine data during the period of gamma emission re-
ported by any satellite for neutrinos with the energy spec-
trum predicted from the gamma-ray spectra of individ-
ual GRBs6,10. The model-independent analysis searches
more generically for neutrinos on wider time scales, up
to the limit of sensitivity to small numbers of events at ±
1 day, or with di�erent spectra. Both analyses follow the
methods used in our previous work7, with the exception
of slightly changed event selection and the addition of the
southern hemisphere to the model-independent search.
Due to the large background of down-going muons from
the southern sky, the southern hemisphere analysis is
sensitive mainly to higher energy events (Suppl. Fig.

Neutrino Energy (GeV)

Waxman & Bahcall
IC-40
IC40 Guetta et al.
IC40+59 Combined 
 limit
IC40+59 Guetta 
 et al.

FIG. 1. Limits from the model-dependent analysis in com-
parison to theoretical predictions and previous experimen-
tal results7. The summed flux predictions from individual
spectra6,10,15 and Waxman 200316 are shown in dashed lines.
The Guetta et al. line is proportional to the ratio of energy in
protons to that in electrons (�p/�e, here the standard 10, cho-
sen to match the cosmic ray density) and was calculated with
the modifications from Ref. 6. The Waxman-Bahcall line is
proportional to the flux of cosmic ray protons accelerated in
GRBs. �⌫ is the average neutrino flux at Earth, obtained by
scaling the summed predictions from the bursts in our sample
(F⌫) by the total GRB rate (here 667 bursts/year7). The first
break in the neutrino spectrum is related to the break in the
photon spectrum measured by the satellites, and the threshold
for photopion production, and the second break corresponds
to the onset of synchrotron losses of muons and pions. Not all
of the parameters used in the neutrino spectrum calculation
are measurable from every burst. In such cases, benchmark
values7 were used for the unmeasured parameters.

3). Systematic uncertainties from detector e�ects have
been included in the reported limits from both analyses
and were estimated by varying the simulated detector
response and recomputing the limit, with the dominant
factor the e�ciency of the detector’s optical sensors.

In the 59-string portion of the model-dependent anal-
ysis, no events were found to be both on-source and
on time (within 10� of a GRB and between Tstart and
Tstop). From the individual burst spectra6,10 with the
ratio of energy in protons vs. electrons �p/�e = 10 [Ref.
6], 8.4 signal events were predicted from the combined
2-year dataset and a final upper limit (90% confidence)
of 0.27 times the predicted flux can be set (Fig. 1). This
corresponds to a 90% upper limit on �p/�e of 2.7, with
other parameters held fixed, and includes a 6% system-
atic uncertainty from detector e�ects.

In the model-independent analysis, two candidate
events were observed at low significance, one 30 sec-
onds after GRB 091026A (Event 1) and another 14 hours
before GRB 091230A (most theories predict neutrinos
within a few minutes of the burst). Subsequent exami-
nation showed they had both triggered several tanks in
the IceTop surface air shower array, and are thus very
likely muons from cosmic ray air showers. In Fig. 2 are
shown limits from this analysis on the normalization of
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FIG. 2. Limits on E�2 fluxes from the model-independent
analysis as a function of the size of the time window |�t|,
calculated using the Feldman-Cousins method17. The left y-
axis shows the total number of expected ⌫µ events while the
right-hand vertical axis is the same as the right-hand vertical
axis in Fig. 1. A time window of �t implies observed events
arriving between t seconds before the burst and t afterward.
The variation of the upper limit with �t reflects statistical
fluctuations in the observed background rate, as well as the
presence of individual events of varying quality. The event
at 30 seconds (Event 1) is consistent with background and
believed to be a cosmic-ray air shower.

E�2 muon neutrino fluxes at Earth as a function of the
size of the time window |�t|, the di�erence between the
neutrino arrival time and the first reported satellite trig-
ger time. As a cross-check on both results, the limit from
this analysis on the average individual burst spectra6,10

during the time window corresponding to the median
duration of the bursts in the sample (28 seconds) was
0.24 times the predicted flux, within 10% of the model-
dependent analysis.

Assuming that the GRBs in our catalog are a rep-
resentative sample of a total of 667 per year7, we can
scale the emission from our catalog to the emission of
all GRBs. The resulting limits can then be compared
to the expected neutrino rates from models that assume
that GRBs are the main sources of ultra high energy cos-
mic rays4,9,11, with sampling biases of the same order
as model uncertainties in the flux predictions18,19. Lim-
its from the model-independent analysis on fluxes of this
type are shown in Fig. 3.

These limits exclude all tested models4,9–11 with their
standard parameters and uncertainties on those parame-
ters (Figs. 1, 3). The models are di�erent formulations of
the same fireball phenomenology, producing neutrinos at
proton-photon (p�) interactions in internal shocks. The
remaining parameter spaces available to each therefore
have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic
rays, or a low e�ciency of neutrino production.

In the fireball scenario, protons are accelerated
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FIG. 3. Limits from the model-independent analysis in
comparison to theoretical predictions relating GRB neutrino
fluxes to the cosmic ray flux. Data are taken from the time
window corresponding to the median duration of the GRBs
in our catalog (|�t| = 28 seconds). Spectra are represented
as broken power laws (�⌫ · {E�1/�b, E < �b; E

�2, E > �b})
with a break energy �b corresponding to the � resonance for
p� interactions in the frame of the shock. The muon flux
in IceCube is dominated by neutrinos with energies around
the first break (�b). As such, the upper break, due to syn-
chrotron losses of ⇡+, has been neglected, as its presence or
absence does not contribute significantly to the muon flux
and thus does not have a significant e�ect on the presented
limits. The neutrino break energy �b is related to the bulk
Lorentz factor � (�b � �2). All of the models shown assume
� ⇠ 300. The value of � corresponding to 107 GeV is > 1000
for all models. Vertical axes are related to the accelerated pro-
ton flux by the model-dependent constant of proportionality
f⇡. For models assuming a neutron-decay origin of cosmic
rays (Rachen and Ahlers) f⇡ is independent of �; for others
(Waxman-Bahcall) f⇡ � ��4. Error bars on model predic-
tions are approximate and were taken either from the original
papers, where included11, or from the best-available source in
the literature18 otherwise. The errors are due to uncertain-
ties in f⇡ and in fits to the cosmic-ray spectrum. Waxman-
Bahcall4 and Rachen et al.9 were calculated using a cosmic
ray density of 0.5 � 1 ⇥ 1044 erg Mpc�3 yr�1, with 1044 the
central value16.

stochastically in collisions of internal shocks in the ex-
panding GRB. The neutrino flux is proportional to the
rate of p� interactions, and so to the proton content of the
burst by a model-dependent factor. Assuming a model-
dependent proton ejection e�ciency, the proton content
can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic ray sources. Limits on
the neutrino flux for extragalactic cosmic ray normalized
models are shown in Fig. 3; each model prediction has
been normalized to a value consistent with the observed
ultra high-energy cosmic ray flux. The proton density
can also be expressed as a fraction of the observed burst
energy, directly limiting the average proton content of
the bursts in our catalog (Fig. 4).

An alternative is to reduce the neutrino production ef-
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GRB neutrino emission

“Search for Neutrino Flares from AGN with the IceCube
Detector.”

Angel Cruz, Zeuthen, Germany
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Cosmogenic neutrinos
• “Guaranteed” neutrino production from UHE CR propagation in cosmic radiation

background. [Greisen&Zatsepin’66;Kuzmin’66;Berezinsky&Zatsepin’70]

‹ resonant proton interaction p� ! � ! n⇡+ with CMB: ECR < EGZK ' 40EeV

‹ peak neutrino contribution at E⌫ ' 1EeV

UHE CR spectrum radiation background
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Figure 24.9: Expanded view of the highest energy portion of the cosmic-ray
spectrum from data of HiRes 1&2 [101], the Telescope Array [103], and the Auger
Observatory [104]. The HiRes stereo spectrum [112] is consistent with the HiRes
1&2 monocular results. The di�erential cosmic ray flux is multiplied by E2.6. The
red arrow indicates the change in the plotted data for a systematic shift in the
energy scale of 20%.

background [97,98]. Photo-dissociation of heavy nuclei in the mixed composition
model [99] would have a similar e�ect. UHECR experiments have detected events of
energy above 1020 eV [89,100–102]. The AGASA experiment [100] did not observe
the expected GZK feature. The HiRes fluorescence experiment [101,112] has detected
evidence of the GZK supression, and the Auger observatory [102–104] has presented
spectra showing this supression based on surface detector measurements calibrated
against its fluorescence detector using events detected in hybrid mode, i.e. with both the
surface and the fluorescence detectors. Recent observations by the Telescope Array [103]
also exhibit this supression.

Figure 24.9 gives an expanded view of the high energy end of the spectrum, showing
only the more recent data. This figure shows the di�erential flux multiplied by E2.6.
The experiments are consistent in normalization if one takes quoted systematic errors in
the energy scales into account. The continued power law type of flux beyond the GZK
cuto� previously claimed by the AGASA experiment [100] is not supported by the HiRes,
Telescope Array, and Auger data.

One half of the energy that UHECR protons lose in photoproduction interactions that
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Cosmogenic neutrinos

. . . “guaranteed”, but model-dependent, in particular UHE CR composition.
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Extremely-high energy analysis
• Study for cosmogenic neutrino fluxes in IC-79+86

• optimized cuts on zenith angle and “brightness” (NPE: number of photo-electons)

‹ two “background” events above NPE threshold

IC-79+86

Two events survived the cuts (looking at 2 years of  data)
Results / Expectations
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FIG. 4. Event distributions from 2010-2012 sample of
615.9 days of livetime passing the final selection criteria as
a function of log10NPE. Black marks indicate experimental
data. Purple (Kotera et al. FRII [14]), red (Yoshida et al. [5])
and orange (Ahlers et al. [15]) solid lines indicate predictions
of the cosmogenic neutrino models with the di�erent assumed
parameters. Gray line indicates a power-law flux which fol-
lows E�2

⌫ up to E⌫ = 109 GeV with the three flavor neutrino
flux level of E2�⌫e+⌫µ+⌫� = 3.6⇥10�8 GeV sr�1sec�1cm�2

corresponding to the obtained upper limit from the previ-
ous IceCube result in the similar energy range [10]. Solid
green line is the nominal prompt atmospheric neutrino dis-
tribution [12], and solid blue line is conventional atmospheric
muon and neutrino background sum. Dotted green and blue
lines indicates the contribution from the conventional atmo-
spheric neutrinos and muons respectively.

amplitude of the waveforms plays a dominant role in es-173

timating deposited energy in the cascade. The leading174

edge time mainly determines the vertex position and the175

relative widths of the waveform in front of and behind the176

cascade contains a key information to the reconstructions177

of the arrival direction of neutrinos. Building a single178

likelihood function by a product of Poisson probability on179

number of photons predicted to arrive at a given time bin180

against these extracted from the recorded waveform and181

minimizing the log likelihood gives the energy deposit,182

arrival direction, and the interaction vertex of the cas-183

cade spontaneously. The reconstructed energy deposits184

of these two cascade events are 1.2 and 1.4 PeV with the185

reconstruction uncertainties of �35%. The error includes186

the statistical uncertainty and systematic uncertainties.187

The statistical resolution of the energies is �4% obtained188

by injecting simulated cascade events in adjacent to the189

reconstructed energies and cascade vertices. The main190

sources of the systematic uncertainty include the abso-191

FIG. 5. The event displays of the two observed events from
August 2011 (left panel) and January 2012 (right panel).
Each sphere represents a DOM. Colors and horizontal lines
indicate the arrival timing of the photon. Red indicates the
earliest and blue is the latest for colors, and bottom line is the
earliest and top line is the latest for the horizontal lines. The
size of the sphere and the length of the horizontal line indicate
the measured amount of photon-electrons in each DOM.

lute sensitivity of DOM, the optical properties of the192

ice and the reconstruction techniques. The systematic193

error in the reconstructed energies associated with the194

ice properties is estimated to be +25% and �20% ob-195

tained by varying scattering and absorption coe�cients196

of photon propagation in ice by ⇠10%. Errors due to the197

absolute DOM sensitivity is ±10%, and ±20% is asso-198

ciated with reconstruction methods. The reconstructed199

energies of two cascades indicate that Glashow resonance200

[13] �̄ee � W� � (hadrons or �̄ee) is improbable.201

The reconstructed energy deposits correspond to the202

incoming neutrino energies if each cascade is the result203

of a CC interaction of an electron neutrino where 100%204

of the neutrino energy is deposited near the interaction205

vertex. A NC interaction of any flavors of neutrinos in-206

duces cascades with partial energies of incoming neutri-207

nos. Including both the hypotheses of CC and NC in-208

teractions, the statistical error, and the systematic error,209

the 90% most probable neutrino energies of two events210

at the earth surface correspond to 780 TeV-5.6 PeV and211

890 TeV-8.5 PeV, respectively, assuming that the sur-212

face neutrino spectrum follows an E�2 power law. The213

uncertainties on energies of the primary neutrinos are214

dominated by the inelasticity distribution of the NC in-215

teraction.216

We reported the observation of two neutrino induced217

cascade events from the analysis using the 2010-2012 data218

by the 79-string and 86-string IceCube detector to search219

for the ultra-high energy neutrinos with energies exceed-220

ing ⇠ 106 GeV. The present observation corresponds to221

a 3.0� excess above conventional background-only hy-222

pothesis without prompt atmospheric neutrinos, and a223

2.7� excess with a nominal atmospheric prompt neutrino224

model [12]. The detection of these two events indicates an225

observation of astrophysical or prompt atmospheric PeV226

energy neutrinos for the first time. We have observed the227
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Extremely-high energy analysis

Follow-up studies of background events:
energy, orientation,. . .

‹ Are there more contained events?What are they?

16

Preliminary

Appearance of  ~1PeV cascades as an at-threshold background
Results

‣ Two very interesting events in 
IceCube (IC79/IC86)

• shown at Neutrino ’12

• 2.74σ excess over expected 
background in GZK analysis

‣ There should be more

• GZK analysis is only sensitive 
to very specific event topologies 
at these energies

14
“Ernie”~1.2PeV

Preliminary

“Bert”~1.1PeV
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1.0±0.2 PeV

Appearance of  ~1PeV cascades as an at-threshold background
Results

‣ Two very interesting events in 
IceCube (IC79/IC86)

• shown at Neutrino ’12

• 2.74σ excess over expected 
background in GZK analysis

‣ There should be more

• GZK analysis is only sensitive 
to very specific event topologies 
at these energies

14
“Ernie”~1.2PeV

Preliminary
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Preliminary

1.1±0.2 PeV
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Extremely-high energy analysis

“A search for extremely high energy cosmogenic
neutrinos with the IceCube detector.”

Keiichi Mase, Chiba, Japan
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Cosmic ray anisotropies

• CR anisotropy studies by
atmospheric muons with IC-79

�N
hNi =

N(↵, �) � hN(↵, �)i
hN(↵, �)i

• significant CR anisotropy of
1h at various (median) CR
energies and angular scales

‹ South Pole unique:

4 study of the Southern
hemisphere

4 stable atmospheric
conditions over >24h

• pattern persists in the few 100
TeV to few PeV energy region
(in IceCube & IceTop)

40TeV

400TeV

126TeV

20 degree smoothing
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Cosmic ray anisotropies
• Compton-Getting effect? Amplitude too low and wrong phase. [Compton&Getting’35]

• pattern appears to be a continuation of anisotropies observed in the Northern
hemisphere [Milagro’08 (⇠TeV);Tibet’06,’11 (⇠TeV);ARGO-YBJ’09 (⇠TeV)]

• anisotropy pattern at few 10 TeV already present in AMANDA (’00-’06)
‹ stable on scales of ⇠ 13 years

• indications for small scale anisotropy in data (IC-59)– 17 –

Fig. 4.— Angular power spectra for the relative intensity map shown in Fig. 2. The blue and

red points show the power spectrum before and after the subtraction of the dominant dipole and

quadrupole terms from the relative intensity map. Errors bars are statistical, but a possible sys-

tematic error is discussed in the text. The gray bands indicate the distribution of the power spectra

in a large sample of isotropic data sets, showing the 68% (dark) and 95% (light) spread in the C̃�.

the systematic e�ects of this distortion are much lower. After explicit subtraction of the � = 1

and � = 2 terms the residual power spectrum agrees with the original power spectrum within the

statistical uncertainties. Therefore, we conclude that the systematic uncertainties in these data

points are, at most, of the same order as the statistical uncertainties.

In summary, the skymap of cosmic ray arrival directions contains significant structures on

scales down to ⇠ 15�. In the next sections, we describe analysis techniques to make the smaller

scale structure visible in the presence of the much stronger dipole and quadrupole moments.

3.4. Subtraction of the Dipole and Quadrupole Moments

A straightforward approach to understand the contribution of higher order multipoles and the

corresponding structure in the skymap is to remove the strong dipole and quadrupole moments

from the relative intensity map and study the residuals. This requires a dipole and quadrupole fit

to the IC59 map. Once fit, the dipole and quadrupole can be subtracted from the skymap. We fit

the relative intensity map using the function

�I(�, �) = m0 + px cos � cos � + py cos � sin � + pz sin �

+
1

2
Q1(3 cos2 � � 1) + Q2 sin 2� cos � + Q3 sin 2� sin � + Q4 cos2 � cos 2� + Q5 cos2 � sin 2�. (8)

Equation (8) is a multipole expansion of the relative count distribution in terms of real-valued

spherical harmonic functions, and follows a normalization convention commonly used in CMB

[IceCube’11]
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Cosmic ray flux and composition

• IceTop’s average atmospheric depth:

XIceTop ' 680 g/cm2

• e.g., proton shower maxima at
PeV-EeV:

550 g/cm2 . hXmaxi . 720 g/cm2

4 good resolution for hXmaxi ' XIceTop

• energy estimation via lateral
distribution function:

log10 E ' p0+p1 log10 S125+p2(log10 S125)
2

• p0, p1 and p2 are fixed by MC studies
and depend on zenith angle and
primary mass

Markus Ahlers (WIPAC) IceCube March 12, 2013 12 / 13



Cosmic ray flux and composition

‹ composition analysis via
zenith-dependence (IT-73)

• e.g., mixed composition model (“H4a”)
with five CR mass groups [Gaisser’12]

Here

aK ¼
ZpKþ # ZpK#

ZpKþ þ ZpK#

and

BþKl ¼ BKl $
1þ bd0aK

1þ bd0aKð1# lnðbÞ=lnðKK=KNÞÞ
:

Combining the expressions for l+ and l# from pions (Eq. (13))
and from kaons (Eqs. (15) and (16)), the muon charge ratio is

lþ
l# ¼

fpþ
1þ Bpl cosðhÞEl=!p

þ
1
2 ð1þ aKbd0ÞAKl=Apl

1þ BþKl cosðhÞEl=!K

" #

$ ð1# fpþ Þ
1þ Bpl cosðhÞEl=!p

þ
ðZNK#=ZNKÞAKl=Apl

1þ BKl cosðhÞEl=!K

! "#1

: ð17Þ

For the pion contribution, isospin symmetry allows the pion terms
in the numerator and denominator to be expressed in terms of fþp as
defined after Eq. (14) above. The kaon contribution does not have
the same symmetry. Numerically, however, the differences are at
the level of a few per cent, as discussed in the results section.

3. Primary spectrum of nucleons

What is relevant for calculating the inclusive spectrum of
leptons in the atmosphere is the spectrum of nucleons per GeV/
nucleon. This is because, to a good approximation, the production
of pions and kaons occurs at the level of collisions between individ-
ual nucleons in the colliding nuclei. To obtain the composition from
which the spectrum of nucleons can be derived we use the mea-
surements of CREAM [6,7], grouping their measurements into the
conventional five groups of nuclei, H, He, CNO, Mg–Si and Mn-Fe.

Direct measurements of primary nuclei extend only to
'100 TeV total energy. Because we want to calculate spectra of
muons and neutrinos up to a PeV, we need to extrapolate the direct
measurements to high energy in a manner that is consistent with
measurements of the all-particle spectrum by air shower experi-
ments in the knee region (several PeV) and beyond, as illustrated
in the left panel of Fig. 1. To do this we adopt the proposal of Hillas
[23] to assume three populations of cosmic rays. The first popula-
tion can be associated with acceleration by supernova remnants,

with the knee signaling the cutoff of this population. The second
population is a higher-energy galactic component of unknown
origin (‘‘Component B’’), while the highest energy population is as-
sumed to be of extra-galactic origin.

Following Peters [24] we assume throughout that the knee and
other features of the primary spectrum depend on magnetic
rigidity,

R ¼ pc
Ze
; ð18Þ

where Ze is the charge of a nucleus of total energy Etot = pc. The
motivation is that both acceleration and propagation in models that
involve collisionless diffusion in magnetized plasmas depend only
on rigidity. The rigidity determines the gyroradius of a particle in
a given magnetic field B according to

rL ¼ R=B: ð19Þ

Peters pointed out that if there is a characteristic rigidity, Rc

above which a particular acceleration process reaches a limit (for
example because the gyroradius is larger that the accelerator), then
the feature will show up in total energy first for protons, then for
helium and so forth for heavier nuclei according to

Ec
tot ¼ A$ EN;c ¼ Ze$ Rc: ð20Þ

Here EN is energy per nucleon, A is atomic mass and Ze the nuclear
charge. The first evidence for such a Peters cycle associated with the
knee of the cosmic-ray spectrum comes from the unfolding analysis
of measurements of the ratio of low-energy muons to electrons at
the sea level with the KASCADE detector [15].

In what follows we assume that each of the three components
(j) contains all five groups of nuclei and cuts off exponentially at
a characteristic rigidity Rc,j. Thus the all-particle spectrum is given
by

/iðEÞ ¼
P3

j¼1
ai;jE

#ci;j $ exp #
E

ZiRc;j

! "
: ð21Þ

The spectral indices for each group and the normalizations are given
explicitly in Table 1. The parameters for Population 1 are from Refs.
[6,7], which we assume can be extrapolated to a rigidity of 4 PV to
describe the knee. In Eq. (21) /i is dN/dlnE and ci is the integral
spectral index. The subscript i = 1, 5 runs over the standard five
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Fig. 1. Left: three-population model of the cosmic-ray spectrum from Eq. (21) compared to data [12–22]. The extra-galactic population in this model has a mixed
composition. Right: Corresponding fluxes of nucleons compared to an E#2.7 differential spectrum of nucleons and to the all nucleon flux implied by the Polygonato model
(galactic component only) [25].
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Cosmic ray flux and composition
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Summary

• The fully-instrumented IceCube observatory has been running smoothly for
more than two years.

• The IceTop, IceCube and DeepCore sub-detectors have mutual benefits and
enable a large scientific program.

• Actually, too large for this talk:
• indirect dark matter detection (IC-79 solar, IC-59 dwarf gal./gal.clusters)
• atmospheric neutrino oscillations (IC-79)
• search for exotic particles (IC-86)
• Earth core analysis with atmospheric neutrinos (IC-40)
• Galactic supernova (SN trigger)
• . . .

• A recent highlight: observation of two PeV cascades in IC-79+86

• Follow-up analysis of these “background events” and dedicated searches for
high-energy contained events in IceCube are under way. (‹ talk by Keiichi)
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