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Ankle 
1 part km-2 yr-1

knee 
1 part m-2 yr-1

Cosmic rays

Cosmic ray 
interaction in 
accelerator region 

Prime Candidates 
– SN remnants  
– Active Galactic 

Nuclei 
– Gamma Ray 

		Cosmic	Rays	and	Neutrino	Sources	

pγ → pπ 0 ,nπ +

π + → µ+ + νµ

µ+ → e+ + νe + νµ

Can	neutrinos	reveal	
origins	of	cosmic	
rays?	

Gaisser	2013
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Neutrino	production	
from	cosmic	rays	on	
known	targets.

pp→ NN + pions; pγ → pπ 0 ,nπ +

π + → µ+ + νµ

µ+ → e+ + νe + νµ

Cosmogenic	neutrino	
flux,		
eg	ESS	(blue		line)

Known	targets:	
•		Earth’s	atmosphere:		Atmospheric	

neutrinos	(from	π	and	K	decay)	

•		Interstellar	matter	in	Galactic	plane:		
Cosmic	rays	interacting	with	Interstellar	
matter,	concentrated	in	the		disk	

•	Cosmic	Microwave	background:		
UHE	cosmic	rays	interact	with	
photons	in	intergalactic	photon	fields.	 
	

Atmospheric		
neutrinos:	
AMANDA,	IceCube

Galactic	neutrino	
flux	model:		
(Ingelman	&	
Thunman)

Waxman	–Bahcall	upper	bound

IceCube	flux

Gaisser	2013
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Muons	and	neutrinos	at	depth

Neutrino-induced	
muons	from	all	
directions	
50000	/	day

àNeutrinos:	Use	Earth	as	filter;	look	for	neutrinos	from	below	(GeV	to	PeV),	at	high	energies	from	above	
àCosmic	ray	muons:	

Downward	
atmospheric	muons	
300	million	/	day



Cosmic	rays	and	atmosphere

• Cosmic	rays	bombarding	Earth’s	
atmosphere	produce	energetic	secondary	
particles.			

• Important	for	underground	detectors:	
Muons	and	neutrinos	

	 	
	 and	the	same	for		

• Why	are	there	fewer							than							?		
– Electron	neutrinos	have	lower	energy	
– Muon	decay	is	increasingly	suppressed	at	high	
energies.	Life	time	of	2.2µsec	much	longer	due	to	
time	dilatation	(Lorentzfactors	of	>	1000).		

• For	completeness:		
	 make	e.m.	showers,	which	are	responsible	

for	most	background	for	ground	based	
detectors	(Cherenkov	telescopes,	
scintillator	arrays,	or	HAWC.)

π + → µ+ + νµ

µ+ → e+ + νe + νµ

νe νµ

π 0 →γ + γ

π −

graphic:	
B.	Louis



15	years	of	neutrino	skymaps



15	years	of	neutrino	skymaps

IceCube	2013
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Topology	of	neutrino	interactions 
neutrino-induced	showers

Hadronic	showers		
<E>	≈	20%	Eνυ

“Mixed”	showers		
<Eelectromagnetic	>	≈	80%	Eνυ	

<Ehadronic	>	≈	20%	Enu	
EM	or	Hadronic

graphics:	Jaime	Alvarez



Event	types
• Throughgoing	muons	–	the	workhorse	for	

neutrino	astronomy.	
– Vertex	can	be	far	outside	the	detector.	Increased	effective	

volume!		

• Starting	tracks:	downgoing	neutrino	
astronomy	(reject	background	of	throughgoing	
cosmic	ray	muons)

• Cascade	events:	
– 																					and	neutral	current	
– High	energy	resolution	(fully	active	calorimeter,	
all	energy	gets	depositied	in	the	detection	
volume)	

νe,ντ



Rare	and	complex	event	types:

• Tau	events			

• The	tau	will	decay	

• At	low	energies	(<1TeV),	the	tau	will	decay	
“instantly”	

• At	high	energies	the	decay	length	is	long	
enough	for	a		the	second	interaction	to	
become	detectable	

• “Double	bang”	signature	
• Also	possible,	partially	contained	first	or	

second	interaction	only.	
• Energy	loss	of	tau	is	smaller	than	that	of	a	

muon.

ντ

 lτ  = γ ctτ  ∼  50 (Eτ  /PeV) m

ντ + N→τ + X

τ Tau _ decay
γ ctτ

⎯ →⎯⎯⎯ ντ + X



Event	types
• Cascade	events:	

– 																					and	neutral	current	
– High	energy	resolution	(fully	active	calorimeter,	
all	energy	gets	depositied	in	the	detection	
volume)	

νe,ντ



Cascades 14

~ 13 TeV deposited~ 20 TeV deposited



Cherenkov	yield	from	showers
• Ice	is	a	“fully	active	

calorimeter”	for	energy	
deposited	inside.	

• Charged	particles	
produce	Cherenkov	light	
proportional	to	energy	
loss.	

• Cherenkov	yield	
(300-600nm):		
• 1.7E8	photons/TeV	
• ~0.05%	of	energy	is	

converted	into	photons.	

15

31

Figure 3.8: Cherenkov photon yield from electromagnetic cascades of various energies derived from GEANT
simulation [79]. The upper panel shows the longitudinal profile, and the lower panel shows the total number
of induced photons per unit of energy deposition. The constant of proportionality is approximately 169664
photons/GeV between 300 and 600 nm. Since each photon in this wavelength range carries less than 1 eV
of energy on average, the energy loss to detected Cherenkov photons is less than 0.01%.

e.m. cascades



Bootcamp - About Events and data Analysis

Longitudinal development 16

Most light emitted 
near shower 
maximum  

GEANT4

Total photon yield 
proportional to energy
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Angular profile 17

GEANT4

Peaked at 
Cherenkov angle
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Angular profile 18

44

(a) Total observed light level as a function of radial dis-
tance from the source and observation angle with re-
spect to the source direction. While scattering in the ice
washes out the peak at the Cherenkov angle, the direc-
tion of the source remains visible as an asymmetry even
at large distances.

(b) Normalized time distribution of detected photons at
di↵erent distances for two observation angles. Photons
detected at the Cherenkov angle have generally experi-
enced the least scattering, and so are detected earlier
and more closely bunched in time than those detected
at other angles. In the approximation shown in Fig-
ure 3.12a, the time distribution does not depend on ob-
servation angle.

Figure 3.13: Distribution of detectable photons obtained from a Monte Carlo simulation [93] of a horizontal,
1 GeV electromagnetic cascade in the upper part of the IceCube detector. Both the number and time
distribution of photons depend on the direction of the cascade, here oriented in the direction of observation
angle 0. The distributions shown are made from spline tables (see [15]).

at source at distance

44

(a) Total observed light level as a function of radial dis-
tance from the source and observation angle with re-
spect to the source direction. While scattering in the ice
washes out the peak at the Cherenkov angle, the direc-
tion of the source remains visible as an asymmetry even
at large distances.

(b) Normalized time distribution of detected photons at
di↵erent distances for two observation angles. Photons
detected at the Cherenkov angle have generally experi-
enced the least scattering, and so are detected earlier
and more closely bunched in time than those detected
at other angles. In the approximation shown in Fig-
ure 3.12a, the time distribution does not depend on ob-
servation angle.

Figure 3.13: Distribution of detectable photons obtained from a Monte Carlo simulation [93] of a horizontal,
1 GeV electromagnetic cascade in the upper part of the IceCube detector. Both the number and time
distribution of photons depend on the direction of the cascade, here oriented in the direction of observation
angle 0. The distributions shown are made from spline tables (see [15]).

Orientation of sensor 
matters even at 
large distances.

Modeling important. 
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Likelihood fit: Millipede/Monopod 19
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Example: a 1 PeV cascade from 2012
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Likelihood fit: Millipede/Monopod 20
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Likelihood fit: Millipede/Monopod 21
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Example: a 1 PeV cascade from 2012
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Waveforms do 
not always fit 

well!
Why?
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Likelihood fit: Millipede/Monopod 22

Bootcamp - About Events and data Analysis

Likelihood fit: Millipede/Monopod
25

Bootcamp - About Events and data Analysis

Likelihood fit: Millipede/Monopod
25

Still some work to do!

Estimated effect of modeling uncertainties,
at least a factor to in angular resolution.
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Deposited-energy resolution for showers in IceCube23

J. Inst 9 (2014) P03009

less than 
10%

-very good!



Muons

24



Muon	energy	loss,	range
http://pdg.lbl.gov/2011/reviews/rpp2011-rev-passage-particles-matter.pdf



Muon	energy	loss,	range
http://pdg.lbl.gov/2011/reviews/rpp2011-rev-passage-particles-matter.pdf



Muon	energy	loss,	range



Energy Reconstruction of Muons

• Measurement/reconstruction of the deposited energy

• Infer the energy of the muon from observed deposited energy

• Case 1: vertex outside the detector (how far outside is not known)

• Case 2: vertex inside the detector

• Infer energy of the neutrino

28



Reconstrucing	the	deposited	energy

Simulated	Muon	of			5	PeV	energy	
Many	stochastic	energy	losses	complicate	energy	loss	
reconstruction.		
Current	best	methods:	~0.2	in	log(dE/dx)

Improved	differential	energy	loss	reconstruction	
determines	individual	energy	losses	along	the	track.	

Possible	impacts/applications:		
-	Distinguish	single	muons	from	multiple	muons	
-	Basis	for	substantially	improved	angular	reconstruction	
much	more	accurate	light	emission	hypothesis	(PDFs)	that	
can	be	fed	to	the	arrival	time	fitting	algorithm	

True	energy	loss:	107.9TeV	
Reconstructed	energy	loss:	108.8	TeV	
(I	have	never	seen	an	agreement	that	good	since)

N.	Whitehorn

dE
/d
X	
(G
eV
/1
5m

)

Time	(ns)



Energy Resolution for Muons
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133 TeV

290 TeV

132 TeV

142 TeV

200 TeV

147 TeV

160 TeV

132 TeV

107 TeV



Diffuse Astrophysical Flux
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Image courtesy NASA Johnson Space Center 10-1
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Fitting data as superposition of defined spectra

• Try to treat diffuse neutrino data as a superposition of

• Conventional atmospheric neutrinos

• Prompt atmospheric neutrinos

• Astrophysical neutrinos (isotropic with a spectrum of E-2)
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Muon Effective Area

• This event selection is efficient for muon energies at or above 105 GeV

34Chris Weaver—April APS Meeting 2014
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zenith and energy

Conventional Normalization 1.20±0.05

Prompt Normalization 1.27 [0,2.8]

Astrophysical Normalization 1.03⨉10-8 [.65,1.45], 0 excluded at ~3.5σ
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Northern Sky Through-going Events

• Analysis of through-going events from the northern sky using 2 years of data—νµ 

charged current only, >1 TeV

• Excess over atmospheric background of 3.7σ
• Signal looks similar in different channels and different parts of the sky

36
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Can also add power index as 
free parameter to fit. 



energy tells probability of astro origin 
on event by event basis

0

0.2

0.4

0.6

0.8

1

1.2

103 104 105 106

Fr
ac

tio
n 

of
 F

itt
ed

 S
pe

ct
ru

m

MuEx Energy (GeV)

Background Fraction
Astrophysical Signal Fraction

10-2

10-1

100

101

102

103

104

103 104 105 106

Ev
en

ts

Muon Energy Proxy (arb. units)

Conventional atmospheric
Prompt atmospheric

E-2 astrophysical
Sum of predictions
Experimental data



From muEx energy proxy  
to best fit neutrino spectrum

115
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Figure 6.11: The predicted rate of events to be observed in this analysis as a function of primary
neutrino energy, assuming the best-fit flux of Section 6.3. The lower panel repeats the same
information in cumulative form, form high to low energy.
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Parameter Fit Result Prior
Conventional flux normalization 0.94+.04

�.04 times the HKKMS07 flux Must be non-negative
Prompt flux normalization 0+1.05 times the ERS prompt flux Must be non-negative
Astrophysical flux normalization 1.6+0.63

�0.8 ⇥ 10�18GeV�1 cm�2 sr�1 s�1 Must be non-negative
Astrophysical flux index 2.21+0.21

�0.23 None
Cosmic ray spectral index change �0.026+0.01

�0.008 Gaussian: 0 ± 0.05
Detector optical e�ciency +18.7+0.55

�0.5 % Gaussian: +9.9% ± 3%
Kaon production normalization 1.15+0.08

�0.07 times the HKKMS07 flux Gaussian: 1 ± 0.1

Table 6.3: Best fit parameters when an astrophysical flux with the form of an arbitrary power law is
included. The listed error ranges are 68% confidence intervals.

raising its normalization to pass through the same data points. The only other fit parameter to undergo an

interesting change is the normalization for the prompt atmospheric flux, which has dropped to zero. This is

of course now possible because the softer astrophysical flux takes over more smoothly from the conventional

atmospheric component, so the prompt component is not needed to fill in the transition.

A di↵erent method of visualizing this result is shown in Figure 6.9, which shows a scan over the likelihood

space in both of the free parameters of the astrophysical flux. Both plots are overlaid with confidence contours

constructed using Wilks’ Theorem. The plot of likelihood values clearly shows the minor degeneracy between
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Figure 6.8: Distribution of reconstructed event energies compared to the best fit model for an E

�� power
law astrophysical flux. The fitted zenith angle distribution is not qualitatively di↵erent from
that shown in Figure 6.3 since it is entirely dominated by the conventional atmospheric
component.

integral

differential

best fit neutrino energy distribution

Analysis was done in 
observable space (MuEx,

energy proxy)



From muEx energy proxy  
to best fit neutrino spectrum

123

0° 360°

90°

-90°

Neutrino Acceptance0 1

Signal Probability0 1

Figure 7.6: The distribution of the highest energy events observed by this analysis on the sky in
equatorial coordinates. The blue shading represents the relative acceptance of the detector
for neutrinos with energies above 150 TeV, and each red cross indicates the reconstructed
arrival direction of one of the events in Table 6.1 with its color indicating the probability of
that event arising from the astrophysical component of the best fit power law spectrum of
Section 6.3 rather than the atmospheric component (as in Figure 6.10). In particular, it is
clear that the distribution of the data in declination is primarily derived from the detector
acceptance.

Point source analyses uses the 
energy term/weight routinely

when constructing the likelihood function:
A coincidence of 2 events of 100 TeV is a signal.

A coincidence of 20 1 TeV events is still background 



From muEx energy proxy  
to best fit neutrino spectrum
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Professor James Mo-
riarty

50.7 TeV
93.2�

(This event looks quite
dim due to being entirely
in the dust layer.)

Dr. Giacomo Rap-
paccini

50.3 TeV
101.9�

Table A.2 lists the same 20 events with their true muon and neutrino energy PDFs computed assuming

the spectrum fitted in Section 6.3. Each PDF is constructed from the true properties of all simulated events

which have energy proxies within 5% of the observed event’s value, and reconstructed zenith angles within 5�

for events with energy proxies less than 100 TeV and 10� for those with larger energy proxies. Unfortunately,

due to limited simulation statistics, many of these distributions still contain large fluctuations, particularly

those with the highest energies. As a result, the estimated energies are rather imprecise and should be

treated as ‘ballpark’ numbers only.

Table A.2: Inferred event energies

Name Probable muon energy Probable neutrino energy

Dr. Heinrich Faust
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APPENDIX
Details of Observed Events

Table A.1 lists the 20 events which were found in the final data sample, which are those with energy

proxy values greater than 50 TeV. The grid shown in the top view of the events has a spacing of 100 meters.

Table A.1: Images of observed events with highest estimated energies

Name Side view Top View
Energy Proxy
Zenith Angle
(Comments)

Dr. Heinrich Faust
290.1 TeV
106.3�

Dr. Hari Seldon
199.8 TeV
90.2�

Dr. Susan Calvin
160.2 TeV
108.7�

The inferred energy of the muon and the neutrino depends on the assumed (best fit) neutrino spectrum
Can only make a probabilistic statement about neutrino energy of muon.



Events	with	contained	vertex	
-	starting	muons	and	showers

41



• “Atmospheric	neutrinos”	are	
generated	in	cosmic	ray	air	showers.	

• Above	some	neutrino	energy,	~100	
TeV,		these	neutrinos	will	likely	be	
accompanied	by	one	or	more	
muons	from	parent	air	shower.	

• Those	muons	can	be	used	to	veto	
atmospheric	neutrino	background.

Neutrino	self	veto	–	
Background	free	neutrino	astronomy?
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Figure 2. The Atmospheric- 
Neutrino Source
Collisions between cosmic rays and 
nuclei in the upper atmosphere can 
create high-energy pions (⇤). In the 
collision shown on the right, a ⇤�, ⇤ 0,
and other heavy particles (the hadronic
shower) are created. The ⇤ 0 decays
and produces gamma rays and leptons
the electromagnetic shower) but no

neutrinos. The ⇤� produces two muon
neutrinos (blue) and an electron 
neutrino (red). The collision shown on
he left produces a ⇤⇥, leading to the

production of two muon neutrinos and
an electron antineutrino. 

(The neutrino interaction cross sections, and hence the neutrino detection probability,
increases dramatically with energy.) Depending on the energy of the incident cosmic
ray and how its energy is shared among the fragments of the initial reaction, neutrino
energies can range from hundreds of millions of electron volts to about 
100 giga-electron-volts (GeV). (In comparison, the highest-energy solar neutrino
comes from the 8B reaction, with a maximum energy of about 15 MeV.) 

Muon neutrinos produce muons in the detector, and electron neutrinos produce
electrons, so that the detector signals can be analyzed to distinguish muon events
from electron events. Because the sensitivity of the detectors to electrons and muons
varies over the observed energy range, the experiments depend on a Monte Carlo
simulation to determine the relative detection efficiencies. Experimental results, 
therefore, are reported as a “ratio of ratios”—the ratio of observed muon neutrino to
electron neutrino events divided by the ratio of muon neutrino to electron neutrino
events as derived from a simulation:

R = 

If the measured results agree with the theoretical predictions, R = 1.
A recent summary of the experimental data is given by Gaisser and Goodman

(1994) and shown in Table II. For most of the experiments, R is significantly less
than 1: the mean value is about 0.65. (In the table, the Kamiokande and IMB III 
experiments identify muons in two ways. The first involves identification of the
Cerenkov ring, which is significantly different for electrons and muons. The second
involves searching for the energetic electron that is the signature for muons that have
stopped in the water detector and decayed. A consistent value of R is obtained using
either method.) Despite lingering questions concerning the simulations and some 
systematic effects, the experimenters and many other physicists believe that the 
observed values for R are suppressed by about 35 percent.

The Kamiokande group has also reported what is known as a zenith-angle depen-
dence to the apparent atmospheric-neutrino deficit. Restricting the data to neutrinos
that come from directly over the detector (a zenith angle of 0 degrees and a distance of
about 30 kilometers) yields R < 1.3 (that is, more muon to electron neutrino events are
observed than predicted by theory). Neutrinos that are born closer to the horizon (a
zenith angle of 90 degrees) and have to travel a greater distance to reach the detector
result in R < 0.5. Finally, neutrinos that have to travel through the earth to reach the
detector (roughly 12,000 kilometers) result in an even lower value for R. The apparent

(⇧⌅ ⇧e) observed
��
(⇧⌅ ⇧e) simulation

Table II. Results from the Atmospheric Neutrino Experiments

Experiment Exposure R
(kiloton-year)

IMB I 3.8 0.68 ⌃ 0.08
Kamiokande Ring 7.7 0.60 ⌃ 0.06
Kamiokande Decay – 0.69 ⌃ 0.06
IMB III Ring 7.7 0.54 ⌃ 0.05
IMB III Decay – 0.64 ⌃ 0.07
Frejus Contained 2.0 0.87 ⌃ 0.13
Soudan 1.0 0.64 ⌃ 0.19
NUSEX 0.5 0.99 ⌃ 0.29

.

The result of the Kamiokande experiment will be tested in the near future by
super-Kamiokande, which will have significantly better statistical precision. Also,
the neutrino oscillation hypothesis and the MSW solution will be tested by the
Sudbury Neutrino Observatory (SNO) experiment, which will measure both
charged- and neutral-current solar-neutrino interactions.

Evidence from Atmospheric Neutrinos. Upon reaching the earth, high-energy
cosmic rays collide violently with nuclei present in the rarefied gas of the earth’s
upper atmosphere. As a result, a large number of pions—⇤⇥, ⇤0, and ⇤�—are
produced (see Figure 2). These particles eventually decay into either electrons or
positrons and various types of neutrinos and antineutrinos. (A large number of
kaons are also produced by cosmic rays in the upper atmosphere, and these 
particles also eventually decay into various leptons.)  As seen in Figure 2, the
decay of either positive or negative pions results in the eventual production of 
two muon neutrinos (⇧⌅ and ⇧�⌅) but only one electron neutrino (either ⇧e or ⇧�e).
Experimenters, therefore, expect to measure two muon neutrinos for each 
electron neutrino. 

Atmospheric neutrinos are orders of magnitude less abundant than solar 
neutrinos, but can be readily detected because they have very high energies. 

B. Louis et al., “The evidence for 
oscillations,” 
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Figure 5.4: An illustration (not to scale) of how downgoing atmospheric neutrinos that interact inside the
fiducial volume of IceCube can be vetoed by muons produced in the same air shower. The left panel shows
an air shower where a K

+ ! µ

+
⌫

µ

decay produces a neutrino that undergoes a CC interaction inside the
fiducial volume of IceCube, shown as a white rectangle. The µ

+ from the same decay triggers the outer-layer
veto, causing the event to be classified as penetrating muon background. The left panel shows the analogue
process for ⌫

e

in which the partner lepton in the K

+ ! ⇡

0
e

+
⌫

e

decay can’t penetrate the > 1.5 km of ice
overburden to trigger the veto. In this case, the veto can only come from muons produced in other decays
in the same shower.

Muons and any 
energetic 
neutrinos 

travel close to 
each other, 

typically within 
<10 m. 
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All-Flavor, All-Sky with Starting Events

• Phys. Rev. Lett. 113, 101101: Analysis of starting events depositing >60 TeV or more 
using 3 years of data, observes events up to ~2 PeV

• Mostly νe charged current and neutral current interactions, mostly sensitive in the 
southern sky

• Clear excess over background (5.7σ), no clear clustering on the sky
46

p-value: 7%
p-value: 84%

http://www.dx.doi.org/10.1103/PhysRevLett.113.101101
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Energy dependent veto-layers
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Figure 4.7: Fraction of pre-selected penetrating muon background events (Section 4.1.1) that pass the
veto conditions (Sections 4.2.2 and 4.2.3), derived from MC simulation. The outer-layer veto reduces the
background of the highest-energy muons by 104, but degrades rapidly at lower energies. The incoming-track
veto scales in a similar way with respect to energy, but is more sensitive because it considers isolated photon
detections. In contrast to the outer-layer veto, its e�ciency also improves with increasing distance d from
the detector border of the reconstructed vertex.
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All-Flavor, All-Sky with Starting Events

• Phys. Rev. D 91, 022001: Extends analysis of starting events down to ~1 TeV, using 2 
years of data

• Astrophysical spectrum seems to continue down to a few TeV

54

http://link.aps.org/doi/10.1103/PhysRevD.91.022001
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Kyle Jero -> Neutrino conference poster
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Astronomy in Southern sky
increasingly competitive: 

- Galactic plane, stacking
- lower energy
- access to flavor ratio at the 

same energy range
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Flavor composition and astrophysics  
Improved muon selections will allow for more precise 
measurement of 
astrophysical only muon flux and cascade 
flux in the same energy range.  

TeVPA 2015 - Jakob van Santen - Astrophysical neutrinos in IceCube

Combined analysis: flavor composition
23

L. Mohrmann, ApJ 809, 98 (2015)

a harder spectral index of −2.3 ± 0.3, but with larger
uncertainties. The result is compatible with the one obtained
here.60

We have tested the hypothesis of isotropy by fitting a model
with two astrophysical components, one in the northern and
one in the southern sky. Compared to the all-sky result, the fit
prefers a harder spectrum E 2.0 0.4

0.3( )( )- -
+

in the northern sky and a
slightly softer spectrum E 2.56 0.12( )- o in the southern sky with a
significance of 1.1σ (p = 13%). The result is not conclusive;
the discrepancy could be caused by a statistical fluctuation or
by an additional component that is present in only one of the
hemispheres (either an unmodeled background component or,
e.g., a component from the inner Galaxy, although a single
point source of the required strength to create the anisotropy
anywhere in that region has already been excluded (Adrián-
Martínez et al. 2014)). Further analysis including R.A.
information will be helpful in testing the hypothesis of isotropy
in the future.

Finally, we performed a measurement of the flavor
composition of the astrophysical neutrino flux. In a first test,
we have measured the electron-neutrino fraction at Earth in a
tribimaximal mixing scenario, with equal νμ and ντ fluxes at
Earth. The best-fit fraction is 0.18 ± 0.11, a value compatible
with the fractions expected from pion-decay sources (0.33) and
muon-damped sources (0.22), but incompatible with that
expected from neutron-beam sources (0.56), see Figure 7. In
a second, more general test, we allow the normalizations of all
three flavor components to vary independently and compare the
result to compositions expected for different astrophysical

scenarios in Figure 8. In agreement with the first test, we find
that pion-decay sources and muon-damped sources are well
compatible with our data, while neutron-beam sources are
disfavored with a significance of 3.6σ (p = 0.014%). We do not
find indications for non-standard oscillation scenarios.
Previous measurements of the flavor composition were

presented by Mena et al. (2014) and Palomares-Ruiz et al.
(2015; based on event sample H1, presented in Aartsen
et al. 2014e), and by Palladino et al. (2015), Pagliaroli et al.
(2015), and Aartsen et al. (2015b; based on event samples that
were extended with respect to H1). With respect to these
measurements, the constraints presented here are significantly
improved; we attribute this to the fact that the combined event
sample analyzed here contains a significant number of shower
events as well as track events. Though the best-fit flavor
composition obtained in Aartsen et al. (2015b) (white “+” in
Figure 8) lies outside the 95% C.L. region, the 68% C.L. region
obtained here is completely contained within that obtained in
the previous work, demonstrating the compatibility of the two
results. Because neither analysis was designed to identify tau
neutrinos, a degeneracy with respect to the ντ-fraction is
observed in both; the slight preference toward a smaller ντ-
contribution found here is likely connected to the slight
differences in the energy distributions of the three neutrino
flavors. In future, the identification of tau neutrinos will enable
us to place stronger constraints on the flavor composition of the
astrophysical neutrino flux.
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APPENDIX A
TABLE OF INTERACTION TYPES

Table 10 lists the fractions of neutrino interaction types that
contribute to the event samples introduced in Section 2.

Figure 8. Profile likelihood scan of the flavor composition at Earth. Each point
in the triangle corresponds to a ratio : :en n nm t as measured on Earth, the
individual contributions are read off the three sides of the triangle. The best-fit
composition is marked with “×”; 68% and 95% confidence regions are
indicated. The ratios corresponding to three flavor composition scenarios at the
sources of the neutrinos, computed using the oscillation parameters in
Gonzalez-Garcia et al. (2014, inverted hierarchy), are marked by the square
(0:1:0), circle (1:2:0), and triangle (1:0:0), respectively. The best-fit composi-
tion obtained in an earlier IceCube analysis of the flavor composition (Aartsen
et al. 2015b) is marked with a “+.”

60 We have established the compatibility in a separate fit without the
corresponding data set, i.e., without sample H1. The 68% uncertainty interval
for the spectral index obtained in this fit (−2.45 ± 0.10) overlaps with that
obtained in Aartsen et al. (2014e).

13

The Astrophysical Journal, 809:98 (15pp), 2015 August 10 Aartsen et al.

Neutron decay: rejected at 3.7

Pion decay: allowed

Muon-damped pion decay: allowed

cf. Bustamente et al. PRL 115, 161302 (2015)

ApJ 809,98(2015)


