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Detecting TeV neutrinos 2
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‣ Interaction cross-
sections are very 
small 

‣ Benchmark 
astrophysical flux: 
O(105) per km2 per 
year above 100 
TeV 

‣ Need km3-scale 
detectors!

Interaction probability
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Detecting neutrinos 3

νμ

μDeep-
inelastic 

scattering

Cherenkov 
cone
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Neutrino event signatures 4

Charged-current νμ

Up-going track

Factor of ~2 energy resolution 
< 1 degree angular resolution

(data)

Neutral-current / νe 

Isolated energy 
deposition (cascade) 

with no track
15% deposited energy resolution 

10 degree angular resolution (above 100 TeV)

(data)

Charged-current ν τ

“Double-bang”

(none observed yet: τ 
decay length is 50 m/PeV)

(simulation)
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Background: penetrating muons 5

100 TeV single muon

Steep 
spectrum
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Isolating neutrino events: two strategies 6

Active veto

μ

νμ

✓

μ Veto

✘
• Veto detects penetrating muons 
• Effective volume smaller than detector 
• Sensitive to all flavors 
• Sensitive to the entire sky

• Earth stops penetrating muons 
• Effective volume larger than detector 
• Sensitive to νµ only 
• Sensitive to half the sky

Air shower µ-dominated

ν only

Atmosphere 
(exaggerated)

North

Up-going tracks

Air shower

νμ

μ

Astrophysical source

νμ

IceCube
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Low energy neutrinos 
• Neutrino oscillations 
• Indirect dark matter searches 

Penetrating muons 
• Cosmic ray composition 
• CR anisotropy 
• High-energy interaction models 

High energy neutrinos 
• Clusters of neutrino arrival directions (steady point sources) 
• Neutrinos associated with transients (e.g. gamma-ray bursts) 
• Diffuse excess over atmospheric neutrino background 
• Air shower physics (e.g. charmed-meson production) 
• Ultra-high-energy “GZK” neutrinos from proton interactions 

with the CMB 

Science with IceCube 7

(and much more…)
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Neutrino spectra at Earth 8

Atmospheric pion/kaon 
(conventional) component: 
‣ Steeply falling spectrum (1 

power steeper than primary 
cosmic rays) 

‣ Strongly dominated by νμ 

‣ Peaked at the horizon

102 103 104 105 106 107

E⌫ [GeV]

10�9

10�8

10�7

10�6

10�5

10�4

E
2 ⌫
�

⌫
[G

eV
cm

�
2
sr

�
1
s�

1
] conventional

⌫
µ

conventional
⌫

e

Atmospheric charmed meson 
(prompt) component: 
‣ Spectrum follows primary 

cosmic rays 
‣ Equal parts νμ and νe 
‣ Isotropic 

‣ Not yet conclusively observed 
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Astrophysical component: 
‣ Spectrum harder than primary 

cosmic rays 
‣ Equal parts νμ , νe, ντ 
‣ Isotropic?
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Aside: flux units 9
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Figure 23. Comparison between the prompt (⌫
µ

+ ⌫̄
µ

)-flux obtained in this work (blue

solid line with blue uncertainty band) with the central values of those previously obtained

by other authors, for a power-law primary cosmic ray spectrum. The TIG flux (Ref. [8])

is shown by open magenta squares, the ERS central flux (Ref. [10]) and its uncertainty

is shown in yellow, whereas the more recent BERSS flux (Ref. [15]) is shown by filled

light-blue squares.

We have discussed extensively the di↵erent sources of uncertainties which a↵ect

the fluxes. The main sources come from (i) the renormalization and factorization

scale variation allowing for independent variations of µ
R

6= µ
F

, (ii) the charm mass

uncertainties for the pole mass choice, and (iii) PDF uncertainties evaluated for the

ABM11 set and studied by comparing its predictions to the central predictions of

di↵erent PDF sets (CT10, ABM11, NNPDF3.0) at NLO. Further uncertainties due

to hadronization and hadron decay have been discussed as well. In particular (i) and

(ii) had not been included in a systematic way in studies in literature before, so we

conclude that previous uncertainties on prompt neutrino fluxes are underestimated.

The uncertainties of QCD origin dominate at low neutrino energies, whereas

for increasing energies E
lab, ⌫

>⇠ 105 � 106 GeV the uncertainties in the astrophysical

input, in particular the primary CR flux and its composition in terms of di↵erent

populations, turn out to add a progressively important contribution to those from

QCD.

The results presented may benefit from a number of future developments. On

the QCD side, a fully di↵erential NNLO computation of charm hadroproduction,

– 33 –

Prompt results from IceCube  
are quoted in units of ERS, 
adjusted to Gaisser 2012 
(variant 1) CR composition
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Evidence for high-energy astrophysical neutrinos 10

‣3 cascades over 
1 PeV in 4 years 
of data 

‣>5.7 σ evidence 
for astrophysical 
neutrinos

IceCube ICRC 2015 (PoS(ICRC2015)1081)

Deposited energy

μ

νμ

✓

μ Veto

✘

‣Selected high-energy 
starting events in IceCube



Jakob van Santen - Prompt atmospheric leptons in IceCube

Atmospheric neutrino self-veto 11

�1.0 �0.5 0.0 0.5 1.0

sin(�) = � cos(✓) at the South Pole

10�3

10�2

10�1

100

101

In
te

ra
ct

io
n
s

k
m

�
3

sr
�

1
y
r�

1
E

⌫
>

1
0
0

T
eV

astrophysical ⌫ Some neutrinos
are absorbed
in the Earth

Schönert, Resconi, Schulz, 
Phys. Rev. D, 79:043009 (2009)

Gaisser, Jero, Karle, van Santen, 
Phys. Rev. D, 90:023009 (2014)

Primary cosmic ray

νμ
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μ

1.5 km 
of ice

An active muon veto 
removes down-going 

atmospheric neutrinos.
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Prompt atmospheric 
neutrinos are vetoed, too. 

D-

K0
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astrophysical and 
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neutrinos are 
fundamentally 
different. 
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Evidence for high-energy astrophysical neutrinos 12

‣Down-going 
atmospheric 
neutrinos are vetoed 
by accompanying 
muons, astrophysical 
neutrinos are not 

‣Model-independent 
evidence of 
astrophysical origin 

Arrival direction

Some neutrinos 
absorbed in the Earth

IceCube ICRC 2015 (PoS(ICRC2015)1081)
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What about the northern sky and νμ? 13

ν only

Astrophysical source

Air shower

νμνμ

The high-energy starting event sample is dominated by cascades from the southern sky.

We look for the same excess in incoming muons from the northern sky 
High-energy muons reach the detector from km away → large effective volume 

Only sensitive to CC νµ → explicit handle on νµ flux

Astrophysical 
flux dominates 
at high energies

North

Excess over atmospheric backgrounds: 5.6 σ 
Prompt atmospheric normalization: < 1.06 ERS (90% CL)

3 years from 6-year dataset

IceCube 2016 
(arXiv:

1607.08006)

http://arxiv.org/abs/1607.08006
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Limit on prompt atmospheric neutrinos 14
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IceCube 2016 (arXiv:1607.08006)

http://arxiv.org/abs/1607.08006
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Where would prompt neutrinos appear? 15

�1.0 �0.8 �0.6 �0.4 �0.2 0.0

cos(zenith)

102

103

104

105

106

M
u
on

E
n
er

gy
P

ro
xy

/
G

eV

2200

6811

11526

7257

2211

539

125

29

6

1

0

0

2241

7269

13418

9205

2982

765

188

44

10

2

1

0

2431

7569

14161

10096

3455

933

239

57

12

3

1

0

2960

8772

15824

11334

4012

1121

282

70

16

5

1

1

3635

10020

17882

12726

4574

1319

352

91

22

6

2

1

4294

11462

20444

14743

5520

1670

484

131

33

8

3

1

5188

13436

24354

17843

7031

2314

695

211

51

13

5

2

3895

9501

17358

13324

5698

2027

683

219

59

16

6

3

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

S
ig

n
al

/p
B

ac
kg

ro
u
n
d

Events observed in 6 years

Astrophysical 
flux fixed

π/K atmospheric 
+ 

astrophysical 
(10-8 E-2)

prompt 
atmospheric 

(ERS)

IceCube 2016 (arXiv:1607.08006)

http://arxiv.org/abs/1607.08006
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Nuisance parameters fixed

Simulated data

Where would prompt neutrinos appear? 16

S. Schönen

Simulated data

Nuisance parameters free

1. Prompt signal washed out by astrophysical background uncertainty 
2. No net excess observed in prompt region

Courtesy S. Schönen
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Correlation to astrophysical flux parameters 17

Significant prompt 
component only 

allowed if 
astrophysical flux is 

small and soft 
(excluded by data) hard softspectral index
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Shape uncertainty 18
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Spectral shape varies from model to model. 

Prompt 
atmospheric 

neutrinos only 
observable up to 

~70 TeV (below the 
knee)

Normalization 
uncertainty is 

dominant

Upper limit is a 
factor 2-3 above 
modern models

IceCube 2016 (arXiv:1607.08006)

http://arxiv.org/abs/1607.08006
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Effect on astrophysical flux measurement 19

~ GMS ~ GMS

1. Analysis as published leaves prompt component free 
2. Fixing prompt normalization to modern calculation shifts 

astrophysical flux parameters slightly

IceCube 2016 
(arXiv:1607.08006)

IceCube 2016 
(arXiv:1607.08006)

http://arxiv.org/abs/1607.08006
http://arxiv.org/abs/1607.08006


Jakob van Santen - Prompt atmospheric leptons in IceCube

Penetrating muons 20

Vertical muon spectrum 
(MCEq+SIBYLL 2.3)

Hardening at 
~PeV energies

D-

K0

μ
νμ

Prompt neutrino flux has a 
muon counterpart 

• Much larger event rate 
• No astrophysical background
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Measuring the muon spectrum 21

~1 PeV muon (surface energy)

Slant Depth [m]
2000 2200 2400 2600 2800 3000 3200

dE
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70m Cutoff

100m Cutoff

150m Cutoff

Individual DOMs (200m)

Run 118204, Event 73579575

Energy loss profile

Peak energy loss ⇔ leading muon

Median energy loss ⇔ bundle multiplicity

Observables: leading muon energy, zenith angle

IceCube 2016 (P. Berghaus) 
Astropart.Phys. 78 (2016) 1-27

http://dx.doi.org/10.1016/j.astropartphys.2016.01.006
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Horizontal/vertical ratio 22
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Zenith distribution flattens as prompt component takes over 

Ratio of horizontal/vertical flux is 
independent of input cosmic ray flux 
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Observed ratio 23
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IceCube 2016 (P. Berghaus) Astropart.Phys. 78 (2016) 1-27

rhor,vert: measure of zenith distribution peakedness 
1 ⇒ all conventional, < 1 ⇒ prompt component  

Zenith distribution at high energies is flatter than expected for conventional only 
Caution: bundle zenith distribution not perfectly understood at low energies

http://dx.doi.org/10.1016/j.astropartphys.2016.01.006
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Prompt background from light unflavored mesons 24

Fedynitch et al. arXiv:1503.00544v2

Prompt muon 
and neutrino 
fluxes are not 

directly related! 

https://arxiv.org/abs/1503.00544v2
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The future: background-free atmospheric neutrinos 25

  
12

Simulated Events

200 GeV μ

20 TeV νe

D-

K0

e

νeνμ μ

π-

High energy 
neutrino

Low-energy muon 
from another 

shower branch Neutrinos from charm accompanied 
by < 1 TeV muon: ~1/year in 

IceCube (extremely preliminary)

L. Wille, K. Jero (UW-Madison)

Use accompanying muon to tag neutrino as atmospheric!

(simulation)

Air shower
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Conclusions 26

Prompt atmospheric neutrinos are not yet observable  
due to uncertainties in the astrophysical background. 

Penetrating muon spectrum appears consistent with a 
large prompt component, 

but suffers from modeling difficulties. Its relationship to the 
neutrino spectrum remains unclear. 

More and different theory inputs are needed. 
Constraints can’t be applied across detection channels if 
we ignore correlations between shower components.
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27

Thank you!



Backup
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3D likelihood contour 29
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Effect on cut-off 30

~ GMS

arXiv:1607.08006

http://arxiv.org/abs/1607.08006
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TeV neutrinos from cosmic rays 31
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Figure 1
Overview of the cosmic ray spectrum. Approximate energies of the breaks in the spectrum commonly
referred to as the knee and the ankle are indicated by arrows. Data are from LEAP (4), Proton (5), AKENO
(6), KASCADE (7), Auger surface detector (SD) (8), Auger hybrid (9), AGASA (10), HiRes-I monocular
(11), and HiRes-II monocular (11). Scaling of LEAP proton-only data to the all-particle spectrum follows
(12).
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TeV gamma rays (also from leptonic processes)

Cosmic rays?

TeV neutrinos

(or p)

Neutrinos from cosmic ray interactions within 
• The atmosphere 
• Cosmic Microwave Background 
• Gamma-Ray Bursts (acceleration sites) 
• Active Galactic Nuclei (acceleration sites) 
• ?



Jakob van Santen - Prompt atmospheric leptons in IceCube

103 104 105 106 107

Neutrino energy [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

P
as
si
n
g
fr
ac
ti
on

0.15

0.25

0.40

1.00

Vetoing down-going atmospheric neutrinos 32

Primary cosmic ray

νμ

π-

μ

Atmospheric muons and 
neutrinos are produced in 
the same processes. 

Sufficiently vertical/high-
energy atmospheric 
neutrinos come with 
accompanying muons!

Schönert, Resconi, Schulz, 
Phys. Rev. D, 79:043009

1.5 km of ice

Gaisser, Jero, Karle, van Santen, 
Phys. Rev. D, 90:023009

νe

νµ
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IceCube’s overburden 33
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Evidence for high-energy astrophysical neutrinos 34

‣Use outer layer of 
PMTs as an active 
veto to select 
neutrino events 

‣36 events with more 
than 6000 PE (~30 
TeV deposited 
energy) observed in 3 
years of data 

‣15 events expected 
from atmospheric 
backgrounds

arXiv:1405.5303 (accepted for PRL)
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atmospheric muon background for the downward-going
region, while a constant threshold value is placed in the
zenith region of cos! & 0:1, where no atmospheric muon
background is expected. The predicted number of signal and
background events passing the final selection criteria are
presented in Table I along with the observed number of
events in the two experimental samples.

The effective neutrino detection areas at final selection
criteria for the different IceCube detector configurations
are shown in Fig. 6. The effective areas are given for each
neutrino flavor, averaged over 4" solid angle for IC79 and
IC86. The areas are averaged over equal fluxes of neutrinos
and antineutrinos. Below 5 PeV, the effective area for
electron neutrinos exceeds that of muon or tau neutrinos.
For particle cascades induced by charged current

interactions of electron neutrinos, their energies are depos-
ited completely inside the detector if their interaction
vertex lies sufficiently inside the instrumented volume.
Contrarily muons (taus) from muon (tau) neutrino inter-
actions only partially deposit their energies in the detector
volume. Therefore, even though tracks have a longer path
in the detector, they satisfy the NPE criteria less frequently
(Fig. 5). At higher energies the effective area for tracks is
larger because they can be generated in an increasingly
larger volume and still reach the detector. Above 100 PeV
cascades contribute less than 20% to the observable events
from cosmogenic neutrino fluxes. The right panel in Fig. 6
shows the effective area summed over all three neutrino
flavors for IC79 and IC86 together with that for IC40
from the previous analysis [9]. The current analysis has
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FIG. 5 (color online). Event number distributions on the plane of NPE and cosine of reconstructed zenith angle (cos!) for the IC79
run (upper panels) and the IC86 run (lower panels). The experimental test samples are shown in left panels. The background
simulations of atmospheric muon (middle-left panels), and the conventional atmospheric neutrino and prompt atmospheric neutrino
[32] (middle-right panels), and simulation of signal cosmogenic neutrino model [6] (right panels) are also shown. The colors indicate
event numbers per live time of 33.4 days and 20.8 days for the IC79 and IC86 test samples, respectively. The signal distributions are the
sum of all three neutrino flavors. The solid lines in each panel indicate the final selection criteria.

TABLE I. Number of events passing cuts at on-line filtering, off-line analysis, and final level with 285.8 days of effective live time
for IC79 and 330.1 days for IC86 (excluding test sample data). One cosmogenic neutrino model [6] (with m ¼ 4 and zmax ¼ 4) is
taken to evaluate the benchmark signal rates. The background rates include atmospheric muons assuming a pure iron primary
composition, conventional atmospheric neutrinos, and prompt atmospheric neutrinos. Analysis sample requests the number of hit
DOMs " 300, log 10 ðNPEÞ " 3:5 for IC79 and IC86, and an additional requirement of rLLH< 8 for IC79. Systematic uncertainties in
the expected event rates at the final selection level are given as asymmetric error intervals after the statistical errors.

Experimental Background MC Benchmark signal MC [6]
Contributions samples IC79 IC86 IC79 IC86 IC79 IC86

EHE filter level 4:0% 107 6:0% 107 4:4% 107 8:9% 107 2.1 2.4

Analysis level 4:5% 105 5:9% 105 8:5% 105 1:3% 106 1.5 1.8

Final level 0 2 0:056& 0:002þ0:028
(0:041 0:026& 0:003þ0:015

(0:017 0:876& 0:004þ0:119
(0:105 1:043& 0:006þ0:142

(0:134

PROBING THE ORIGIN OF COSMIC RAYS WITH . . . PHYSICAL REVIEW D 88, 112008 (2013)

112008-7

Penetrating muons

Phys. Rev. D 88:112008

Atmospheric neutrinos GZK neutrinos

p ` �CMB Ñ � Ñ n ` ⇡` Ñ ⌫µ

CR protons > 50 EeV interact with the CMB, producing neutrinos:

“GZK” neutrinos would be more energetic than any atmospheric 
neutrino or muon → simple selection for largest possible 

acceptance
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search with IceCube, is stable against uncertainties in the
IR/UV backgrounds and the transition model between the
galactic and extragalactic component of the UHECRs
[4,17,60,61]. We should note, however, that the obtained
bound is not valid if the mass composition of UHECRs is
not dominated by proton primaries. The dominance of
proton primaries is widely assumed in the models men-
tioned here while a dominance of heavier nuclei such as
iron provides at least 2–3 times lower neutrino fluxes. The
analysis is not sensitive enough to reach these fluxes yet.

VIII. THE MODEL-INDEPENDENT UPPER LIMIT

The quasidifferential, model-independent 90% C.L.
upper limit on all flavor neutrino fluxes !"eþ"#þ"$

was

evaluated for each energy with a sliding window of one
energy decade. It is shown in Fig. 9 using the same method
as implemented in our previous EHE neutrino searches
[9,11]. An equal flavor ratio of "e:"#:"$ ¼ 1:1:1 is as-
sumed here. A difference from the calculation of the limit
shown in our previous publications arises from the

existence of two events in the final sample. The 90% event
upper limit used in the calculation takes into account the
energy PDFs of each of the observed events using Eq. (3),
where Pn is a function of the neutrino energy E" and
corresponds to the probability of having n events in the
interval [log 10ðE"=GeVÞ % 0:5, log 10ðE"=GeVÞ þ 0:5].
Here, the PDFs for an E%2

" spectrum are used since
the two observed events are not consistent with a harder
spectrum such as from cosmogenic neutrino models. The
quasidifferential limit takes into account all the systematic
uncertainties described in Sec. V. The effect of the uncer-
tainty due to the angular shift of the cascade events on the
upper limit is negligible above 10 PeV (< 1%) as track
events dominate in this energy range. Below 10 PeV, the
effect weakens the upper limit by 17% because cascade
events dominate. Other systematic uncertainties are imple-
mented as in previous EHE neutrino searches [9,11]. The
obtained upper limit is the strongest constraint in the EeV
regime so far. In the PeV region, the constraint is weaker
due to the detection of the two events. An upper limit for an
E%2 spectrum that takes into account the two observed
events was also derived and amounts to E2!"eþ"#þ"$

¼
2:5& 10%8 GeV cm%2 s%1 sr%1 for an energy range of
1.6 PeV–3.5 EeV (90% event coverage).

IX. SUMMARY

We analyzed the 2010–2012 data samples collected by
the 79- and 86-string IceCube detector searching for ex-
tremely high energy neutrinos with energies exceeding
1 PeV. We observed two neutrino-induced cascade events
passing the final selection criteria. The energy profiles of
the two events indicate that these events are cascades with
deposited energies of about 1 PeV. The cosmogenic neu-
trino production is unlikely to be responsible for these
events. An upper limit on the neutrino rate in the energy
region above 100 PeV places constraints on the redshift
distribution of UHECR sources. For the first time the ob-
servational constraints reach the flux region predicted for
some UHECR source class candidates. The obtained upper
limit is significantly stronger compared to our previous
publication [9] because of the enlarged instrumented vol-
ume and the refined Monte Carlo simulations. Future data
obtained with the completed detector will further enhance
IceCube’s sensitivity to cosmogenic neutrino models.
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IceCube preliminary

Dominated by conventional 
atmospheric neutrinos → peaked 

at the horizon

Dominated by astrophysical 
neutrinos → isotropic (but some 
up-going neutrinos are absorbed 

in the Earth)

increasing 
energy 

threshold
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Early hints of a high-energy excess 39
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Constraints on fluxes from individual sources 42
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Relationship to extragalactic diffuse gamma rays 43
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Fermi data points are 
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2-year > 1 TeV starting events (slide 21)
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Correlations with astrophysical index 44
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Energy spectrum with charm upper limit 45
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τ double-bang reconstruction 46
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Cascade reconstruction: hypothesis and data 47
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Cascade reconstruction: likelihood fit 48
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Cascade reconstruction: energy 49

J. Inst 9 (2014) P03009



Cascades 50

~ 13 TeV deposited~ 20 TeV deposited



Starting tracks 51

~ 18 TeV deposited ~ 100 TeV deposited
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Deposited-energy resolution for showers in IceCube52
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