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		Cosmic	Rays	and	Neutrino	Sources		

Can	neutrinos	reveal	origins	
of	cosmic	rays?		

Gaisser	2013	

pγ → pπ 0 ,nπ +

π + → µ+ + νµ

µ+ → e+ + νe + νµ
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Neutrino	produc>on	
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	maPer	in	Galac>c	
plane:		Cosmic	rays	interac>ng	with	
Interstellar	maPer,	concentrated	in	the		
disk	

• 	Cosmic	Microwave	background:		
UHE	cosmic	rays	interact	with	
photons	in	intergalac>c	photon	
fields.		

Atmospheric		
neutrinos:	
AMANDA,	
IceCube	

Galac>c	neutrino	
flux	model:		
(Ingelman	&	
Thunman)	

Waxman	–Bahcall	upper	bound	

IceCube	flux	

Gaisser	2013	



Figure 1. Measured and expected
fluxes of natural and reactor neutrinos.

of data taking. Super-Kamiokande, with an even larger data sample, is still in operation.
The atmospheric neutrino results from these detectors have demonstrated that neutrinos
oscillate between their flavour states ⌫µ and ⌫⌧ , additionally to the ⌫e oscillations observed
for solar neutrinos [7].

The first-generation detectors in water and ice have beaten the largest underground
detectors by a factor of about 30 with respect to their sensitivity to high-energy neutrinos.
The second-stage detectors on the cubic-kilometre scale will yield another factor of 30.
Compared to detectors underground we therefore enter a “factor-1000 era”. Arguably, this
factor is not a guarantee for discoveries. On the other hand it rarely happened in astronomy
that improvements of more than an order of magnitude (in sensitivity or in angular or time
resolution) came along without discovering new, unexpected phenomena [12]. “Nothing is
guaranteed, but history is on our side” [13]: In some years we will know whether we indeed
have entered an era of discovery or not.

This review is organised as follows: Section 2 summarises the scientific motivation. Apart
from the main topic, neutrino astrophysics, it includes the indirect search for dark matter,
the study of standard and non-standard neutrino oscillations, the search for exotic particles
like magnetic monopoles, super-symmetric Q-balls or nuclearites and – last but not least –
the investigation of environmental effects, be it in deep natural water or Antarctic ice. The
basics of the detection methods are summarised in Sect. 3. In Sect. 4 the first-generation
neutrino telescopes are described, in Sect. 5 the second-generation projects on the cubic-
kilometre scale. A selection of results obtained with NT200 in Lake Baikal, ANTARES in
the Mediterranean Sea as well as AMANDA and IceCube at the South Pole is presented
in the following Sect. 6. For the highest energies beyond 100PeV, even cubic-kilometre
detectors are far too small to detect the feeble neutrino fluxes expected. This is the realm
of new technologies which aim, with a correspondingly high detection threshold, to monitor
volumes of 100 cubic kilometres and beyond. These methods are described in Sect. 7. The
last section finally gives a summary and tries an outlook to forthcoming developments.
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Fig.:	Learned	&	Mannheim	2012	

Neutrino	fluxes	at	all	energies	

?	

?	



Astrophysical	Neutrinos	

Supernova	1987a	

Observa>on	of	neutrinos,	MeV	energy	
scale,	confirm	process	of	core	collapse	



Neutrinos	from	the	sun	

•  They	are	around	us:		
–  Sun:	about	1	trillion	
neutrinos	from	the	sun	pass	
your	thumb	every	second!	

–  Low	energy	neutrinos	
penetrate	a	million	miles	of	
lead	

Neutrino	image	of	the		
(interior	of	the)	sun.		
Low	energy	neutrinos	measured	
by	the	SuperK	underground	detector.	

90°x90°	



December	14,	1911:		
Rould	Amundson	reaches	
the	Geographic	South	Pole	

7/27/17	 7	

1911/1912:		
Victor	Hess	discovers	

Cosmic	Rays	

About	100	years	ago	

100	years	later:		The	origin	of	cosmic	rays	is	s>ll	not	understood	
The	South	Pole	has	become	one	of	the	premier	astronomical		
laboratories	which	may	give	as	the	clues.	



About 50 years later, 

In 1956 the neutrino is 

detected.  


Reines and Cowan placed 

a detector of 1 m diameter

10 m near the core of a nuclear 
reactor.   


Reines	receives	Nobel	prize	
in	1995	

10^16	neutrinos	per	second		would	
pass	through	this	detector,		
and	it	was	very	hard	to	see	just	a	few.	



Moisej	Markov	 Bruno	Pontecorvo	

M.Markov:		
„We	propose	to	install	detectors	deep	in	a	lake	or	
in	the	sea	and	to	determine	the	direc>on	of		
charged	par>cles	with	the	help	of	Cherenkov	
radia>on“		
Proc.	1960	ICHEP,	Rochester,	p.	578.	

Idea	for	neutrino	
astronomy	

The	idea	for	neutrino	
astronomy		
goes	back	to	the	early	
1960ies	

-	Not	long	aoer	the	
neutrino	was	detected	by	
Reines	and	Cowan	in	
1956.		



High	Energy	Neutrino	Detec>on	Principles	

Chad	Finley	-	Oskar	Klein	Centre,	Stockholm	
University	 10	
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“Cerenkov	radia>on	from	muons	was	detected,	
and	a	comparison	of	count	rate	with	the	
expected	muon	flux	indicates	that	the	ice	is	
very	transparent,	with	an	absorp>on	length	
greater	than	18	m.	Our	results	suggest	that	a	
full-scale	Antarc>c	ice	detector	is	technically	
quite	feasible.”	Nature	353,	331-333	(26	September	1991)	

Observa5on	of	muons	using	the	polar	ice	
cap	as	a	Cerenkov	detector	
D.	M.	Lowder*,	T.	Miller*,	P.	B.	Price*,	A.	Westphal*,	S.	W.	
Barwick†,	F.	Halzen‡	&	R.	Morse‡	

First	steps	
1990:	Detec5on	of	cosmic	ray	
muons	using	PMT	in	natural	ice	in	
Greenland.	

“Our	results	suggest	that	a	full-scale	
Antarc>c	ice	detector	is	technically	quite	
feasible.”	

Seriously?	
(And	they	were	right!)	
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Chad	Finley	-	Oskar	Klein	Centre,	Stockholm	

University	

IceCube 
Neutrino Observatory

Amundsen-Scott Station

South Pole

IceCube Lab



IceCube	Neutrino	Observatory	

13	

86 strings

60 Optical Modules per string

5 160 total modules in Ice

1 km3 = Gigaton instrumented volume

Began full operations May 2011

Highly stable operation.
Since 2014:    livetime > 99% 
              clean-uptime   97-98%
               (analysis-ready, 
               full-detector data) 

DeepCore:
 Low-energy Extension

 IceTop:  1 km2 surface array

2.5	km	





Digital	Op>cal	Module	(DOM)	
Light	sensor	is	housed	inside	a	pressure	resistant	(10000	psi)	glass	sphere.	
Each	sensor	is	basically	an	independent	detector	with	a	small	computer	on	
board	to	digi>ze	the	recorded	signals.		

5160	DOMs	
in	deep	ice	
13	in	diam.	

PMT:	10	inch	Hamamatsu	

Digi>zing	electronics	records		
waveforms.		





5160	sensors	are	deployed	
to	a	depth	between	1500	
and	2500m.	



IceCube	Laboratory	
Surface	DAQ	in	there		

- 	3	kHz	of	muons;	>200	atmospheric	neutrinos/day	
- 	10	kW	server	farm	to	preprocess	and	filter	the	data	
																~100	GB/day	over	satellite		



Events	Typical	muon	track		
In	the	detector	

(200	billion/year)	



Data		

•  Cosmic	Ray	muons:		 	 	
	 	 	2*10^11	

•  “Atmospheric”	neutrinos:	 	
	 	 	~100,000		

•  Cosmic	neutrinos:		 	 	
	 	 	~100		

Events/year	



Muons	

Angular	resolu>on:	0.5°	at	100	TeV	

Moon	shadow	of	cosmic	ray	muons		
(air	shower	primaries	get	stuck	in	moon	
!	Missing	muons	from	moon	direc>on)		

(one	year	of	data)	

Energy	resolu>on	of	muons:		
	~	0.3	in	log(E)	at	100	TeV	

(by	measuring	the	dE/dX)	

0.35°	smoothing	applied	
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Data		

•  Cosmic	Ray	muons:		 	 	
	 	 	2*10^11	

•  “Atmospheric”	neutrinos:	 	
	 	 	~100,000		

•  Cosmic	neutrinos:		 	 	
	 	 	~100		

Events/year	



AMANDA%II'
7'years''
6995'events'
2006' IceCube'40+59'

60000'events'
2012'

AMANDA%B10'
17'events'
WIN,'1999'

AMANDA%B10'
178'events'
nature,'2001'

15	years	of	neutrino	skymaps	



AMANDA%II'
7'years''
6995'events'
2006' IceCube'40+59'

60000'events'
2012'

AMANDA%B10'
17'events'
WIN,'1999'

AMANDA%B10'
178'events'
nature,'2001'

15	years	of	neutrino	skymaps	

IceCube	2014	
178000	upgoing	neutrinos	



AMANDA%II'
7'years''
6995'events'
2006' IceCube'40+59'

60000'events'
2012'

AMANDA%B10'
17'events'
WIN,'1999'

AMANDA%B10'
178'events'
nature,'2001'

15	years	of	neutrino	skymaps	

IceCube	2014	

IceCube	2014	
178000	upgoing	neutrinos	



Topology	of	neutrino	interac5ons	
neutrino-induced	showers	

Hadronic	showers		
<E>	≈	20%	Enu	

“Mixed”	showers		
<Eelectromagne5c	>	≈	80%	Enu	
<Ehadronic	>	≈	20%	Enu		

EM	or	Hadronic	

graphics:	Jaime	Alvarez	



2
7	

Charged-current	νμ	

Up-going	(throughgoing)	track	

Factor	of	~2	energy	resolu5on	
<	1	degree	angular	resolu5on	

(data)	

Neutral-current	/	νe		

Isolated	energy	deposi>on	
(cascade)	with	no	track	

15%	deposited	energy	resolu5on	
10	degree	angular	resolu5on	(above	100	
TeV)	

(data)	

Charged-current	ν	τ	

“Double-bang”	

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

(simula>on)	

Early	 Late	

Types	of	events	and	interac>ons	

ID:	above	1	PeV	



Event	selec>on	strategies	

Throughgoing	muons	 Events	with	contained	vertex	



Event	selec>on	strategies	

Throughgoing	muons	 Events	with	contained	vertex	



Veto	region	

Fiducial	volume	
~420	Mt	

The	PMT	signals	of	all	PMTs		
in	the	veto	region	are	treated	as	Veto	signals:		
~2400	DOMs	
Contained	vertex	events:		“First	light	is	in	fiducial	
region”	

Amongst	the	first	250	photoelectrons	of	an	event,	not	
more	than	3.0	photoelectrons	are	allowed	in	the	veto	
region.			

>6000	pe	total	

>2	pe	(t<T250)	



Star>ng	muon	
“Dr.	Strangepork”	
Deposited	energy:	71	TeV	



Star>ng	muon	
“Dr.	Strangepork”	
Deposited	energy:	71	TeV	



Discovery	of	high	energy	cosmic	neutrinos	I		

July	2013:	
2	events:	E	>	1	PeV	

1.1	PeV	
“Bert”	

Nov	2013:	
2	years	of	data:		
28	events	
~	4	sigma	above	BG			

250	TeV	

Outgoing	track	

Excess	of	events	compared	to	
background	at	very	high	
energies	
37	events,	one	event	at	2	PeV		
5.7	sigma	

Phys.Rev.LeP.	113	(2014)		

2	PeV	

“Big	Bird”	



High	energy	events	with	contained	vertex:	4	!	6	years	
•  82 events in 6 years (54	in	4	years)	
•  ~	half	(41)	are	expected	to	be	bkg	(atm.	muons	and	atm.	

neutrinos)		
•  Astrophysical	fit	(and	its	significance)	depends	on	number,	

zenith	angle,	and	energy		

6 years (ICRC 2017)

Zenith	distribu8on	
incompa8ble	with	
atmospheric	origin	

Energy	distribu>on	



Most	events	in	Southern	hemisphere	(downgoing).		

Most	events	in	Southern	hemisphere	(downgoing).		

Declina>on	vs		energy	

												Astrophysical	dominated	region	

Earth	absorp>on		dominated	region	
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Most	events	in	Southern	hemisphere	(downgoing).		

Declina>on	vs		energy	

												Astrophysical	dominated	region	

Earth	absorp>on		dominated	region	
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																																							Astrophysical	dominated	

Earth	absorp>on	dominated	



Skymap	in	equatorial	coordinates	



Beyond	HESE:	adding	par>ally	contained	events.		

Events	with		
PARTIALLY	contained	vertex	

Now	(as	of	ICRC)	we	have	new	results	for	such	events	at	high	energies.	



The	highest	energy	neutrino?	
Interes>ng	event	found	in	expanded	search	

Background	studies	not	complete	yet!			
If	confirmed,	the	highest	energy	neutrino	
Charge:	200,000	photoelectrons		

Energy:	~7	PeV	

PEPE: PEV ENERGY PATRICIALLY-
CONTAINED EVENTS

The new event selection: 

Glashow resonance 

4

MC

PEPE
(uncontained)

HESE
(contained)



Event:	Hydrangea	



Event	selec>on	strategies	

Throughgoing	muons,		
Mostly	upgoing	 Events	with	contained	vertex	



133	TeV	

290	TeV	

132	TeV	

142	TeV	

200	TeV	

147	TeV	

160	TeV	

132	TeV	

107	TeV	

Example	of	highest	
events	found	



The highest energy neutrino induced muon

Highest-energy	neutrino-induced	muon:	
2.6	PeV	deposited	energy	
8.7	PeV	neutrino	energy	(median)	

Astrophys.J.	833	(2016)	no.1,	3		



Diffuse	Flux	with	Muon	Neutrinos	

44	

Upgoing or Horizontal track = 
    Earth-filtered

350 000 events in 6-year analysis

Estimated 99.7% pure 
muon-neutrino sample

5.6σ  for astrophysical flux 

Astrophys.J. 833 (2016) 1, 3



•  Selected	horizontal	and	
up-going	muon	tracks	

•  Fit	the	astrophysical	
neutrino	flux	above	
~120	TeV	tp	5	PeV	

•  Power	law	index:	
2.19±0.10	

45	

See	C.	Haack,	NU022	

Muon	neutrino	flux	from	the	Northern	sky	

ICRC	2017,	see	C.Haack	(IceCube	C.)		



Energy	spectrum	combined	



Energy	spectrum	(1)	



Energy	spectrum:	2	components?	



Energy	spectrum	combined	

<	1%	of	flux	

Gamma	Ray	Bursts?	



Energy	spectrum	combined	

AGN?	(Ac5ve	Galac5c	Nuclei)	 A	beCer	fit?	



A	an	aPempt	to	>e	all	together	 3

10-10

10-9

10-8

10-7

10-6

10-5

100 102 104 106 108 1010

E
2

[G
e

V
 c

m
-2

s-1
sr

-1
]

E [GeV]

Fermi AugerIceCube

pp 
pp 

cosmogenic

cosmogenic 

CR

FIG. 1: Diffuse CR (thin dotted line), gamma-ray (thick
solid line, adapted from Ref. [18]), and all-flavor neutrino
(thick dashed line, adapted from Ref. [18]) intensities pre-
dicted in our grand-unified cosmic particle model in which
the UHECR flux is produced by an extragalactic distribution
of proton sources, producing a “flat” CR proton spectrum,
EcrQEcr

= 0.5×1044 erg Mpc−3 yr−1, and residing in environ-
ments which are almost “calorimetric” for Ecr ! 50−100 PeV
protons. The observed UHECR flux and spectrum (Auger
data points from Ref. [62, 63]) and IceCube’s neutrino flux
and spectrum (IceCube data points from Ref. [3]) are both
self-consistently explained (see Refs. [8, 20] for detailed dis-
cussion). The non-blazar contribution of the diffuse gamma-
ray background measured by Fermi (shaded region above
50 GeV), which amounts to ∼ 30% [58] (see also Ref. [57])
of the “total” extragalactic gamma-ray background, shown
as Fermi data points [17], is simultaneously accounted for in
this model (see Refs. [13, 18] for details). The model UHECR
flux (thin dotted line) and corresponding cosmogenic neutrino
(thin dashed line) and gamma-ray (thin solid line) fluxes are
adapted from Ref. [64].

rays produced in CR interactions with the cosmic mi-
crowave background and extragalactic background light
(see Fig. 1). In particular, SBGs have been predicted to
produce a significant contribution to the diffuse gamma-
ray background [59–61], consistent with the neutrino flux
measured by IceCube. The source density and luminos-
ity reached by gamma-ray observations are discussed in
Sec. V, where we show that some neutrino source models
like CR reservoir models should be testable with future
gamma-ray observatories.
Our conclusions are summarized and discussed in

Sec. VI. We use Ωm = 0.3, ΩΛ = 0.7 and H0 =
70 km s−1 Mpc−1 throughout.

II. SOURCE DENSITY LIMITS

The analysis presented here relies on medium-energy
muon-neutrino-induced muon track events, for which the
angular resolution (∼ 0.5 deg) enables one to straightfor-
wardly determine the absence of sources producing mul-
tiple events. Although statistics are limited, in the high-
energy data sets, where the atmospheric backgrounds are
much smaller, significant clustering has not been seen in
both the latest high-energy starting event (HESE) data
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FIG. 2: All-flavor neutrino fluxes of “post-IceCube” blazar
models, with parameters chosen to explain the IceCube data.
We consider in this paper three spectral templates, taken from
Tavecchio & Ghisellini (TG15) [38] and Petropoulou et al.
(PDPMR15) [39] for BL Lac objects, and from Dermer et al.
(DMI14) [36] for flat spectrum radio sources (FSRQs).

(including several tracks) [3] and the multiyear upgoing
muon neutrino data [6, 65] (cf. [123]). More statistics are
available by including lower-energy events, and no source
has been detected in the point and extended source analy-
ses [12, 66, 67]. As taken into account in the point-source
analyses, low-energy doublets may come from the atmo-
spheric neutrino background. In what follows we con-
sider the implications of a nondetection of any medium-
or high-energy multiplets in the multiyear observation by
IceCube and the future neutrino detector IceCube-Gen2.
The background-induced false number of sources produc-
ing multiplets is small enough for sufficiently high-energy
muon tracks.
We consider in this section the limits set on the num-

ber density and luminosity of “standard candle” sources,
all producing the same luminosity. We denote the den-
sity and luminosity of the sources by neff

s and Leff
νµ , and

explain in Sec. III how these effective density and lu-
minosity may be defined for nonstandard candle sources
in order to enable the application of the results to such
source classes. The muon neutrino luminosity is defined
as the luminosity per logarithmic neutrino energy bin
(EνLEνµ

≡ EνdLνµ/dEν).

The average (over randomly distributed observers)
number of the sources producing more than k−1 multiple
events is given by Nm≥k =

∫

dV neff
s [z]Pm≥k[z], where

Pm≥k[z] is the probability that a single source at red-
shift z will produce more than k − 1 multiple events,
and neff

s [z] is the comoving source density at z (we as-
sume that, for random observers, the number of sources
within small volumes dV follows a Poisson distribution
with average neff

s [z]dV). When the number of total sig-
nal events is not too small, denoting the average number
of events produced by a source at z by λ[z], we have
Pm≥2(λ) = 1 − (1 + λ) exp(−λ), where λ may be ex-
pressed using the luminosity distance dN=1 for which a
source produces one event, λ[z] = (dN=1/dL[z])2 where
dL[z] is the luminosity distance to z.

Murase	&	Waxman,	2016	Adapted	from	

The	same	power	level	for		
Photons,	neutrinos	and	cosmic	
rays.	

Waxmann/Bahcall	“upper	bound”	
based	on	generic	CR	power	arguments:	
Observed	flux	at	same	power	level	
hints	at	a	connec8on/causality	of	CR	
and	IceCube	neutrinos.	
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FIG. 1: Diffuse CR (thin dotted line), gamma-ray (thick
solid line, adapted from Ref. [18]), and all-flavor neutrino
(thick dashed line, adapted from Ref. [18]) intensities pre-
dicted in our grand-unified cosmic particle model in which
the UHECR flux is produced by an extragalactic distribution
of proton sources, producing a “flat” CR proton spectrum,
EcrQEcr

= 0.5×1044 erg Mpc−3 yr−1, and residing in environ-
ments which are almost “calorimetric” for Ecr ! 50−100 PeV
protons. The observed UHECR flux and spectrum (Auger
data points from Ref. [62, 63]) and IceCube’s neutrino flux
and spectrum (IceCube data points from Ref. [3]) are both
self-consistently explained (see Refs. [8, 20] for detailed dis-
cussion). The non-blazar contribution of the diffuse gamma-
ray background measured by Fermi (shaded region above
50 GeV), which amounts to ∼ 30% [58] (see also Ref. [57])
of the “total” extragalactic gamma-ray background, shown
as Fermi data points [17], is simultaneously accounted for in
this model (see Refs. [13, 18] for details). The model UHECR
flux (thin dotted line) and corresponding cosmogenic neutrino
(thin dashed line) and gamma-ray (thin solid line) fluxes are
adapted from Ref. [64].

rays produced in CR interactions with the cosmic mi-
crowave background and extragalactic background light
(see Fig. 1). In particular, SBGs have been predicted to
produce a significant contribution to the diffuse gamma-
ray background [59–61], consistent with the neutrino flux
measured by IceCube. The source density and luminos-
ity reached by gamma-ray observations are discussed in
Sec. V, where we show that some neutrino source models
like CR reservoir models should be testable with future
gamma-ray observatories.
Our conclusions are summarized and discussed in

Sec. VI. We use Ωm = 0.3, ΩΛ = 0.7 and H0 =
70 km s−1 Mpc−1 throughout.

II. SOURCE DENSITY LIMITS

The analysis presented here relies on medium-energy
muon-neutrino-induced muon track events, for which the
angular resolution (∼ 0.5 deg) enables one to straightfor-
wardly determine the absence of sources producing mul-
tiple events. Although statistics are limited, in the high-
energy data sets, where the atmospheric backgrounds are
much smaller, significant clustering has not been seen in
both the latest high-energy starting event (HESE) data
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FIG. 2: All-flavor neutrino fluxes of “post-IceCube” blazar
models, with parameters chosen to explain the IceCube data.
We consider in this paper three spectral templates, taken from
Tavecchio & Ghisellini (TG15) [38] and Petropoulou et al.
(PDPMR15) [39] for BL Lac objects, and from Dermer et al.
(DMI14) [36] for flat spectrum radio sources (FSRQs).

(including several tracks) [3] and the multiyear upgoing
muon neutrino data [6, 65] (cf. [123]). More statistics are
available by including lower-energy events, and no source
has been detected in the point and extended source analy-
ses [12, 66, 67]. As taken into account in the point-source
analyses, low-energy doublets may come from the atmo-
spheric neutrino background. In what follows we con-
sider the implications of a nondetection of any medium-
or high-energy multiplets in the multiyear observation by
IceCube and the future neutrino detector IceCube-Gen2.
The background-induced false number of sources produc-
ing multiplets is small enough for sufficiently high-energy
muon tracks.
We consider in this section the limits set on the num-

ber density and luminosity of “standard candle” sources,
all producing the same luminosity. We denote the den-
sity and luminosity of the sources by neff

s and Leff
νµ , and

explain in Sec. III how these effective density and lu-
minosity may be defined for nonstandard candle sources
in order to enable the application of the results to such
source classes. The muon neutrino luminosity is defined
as the luminosity per logarithmic neutrino energy bin
(EνLEνµ

≡ EνdLνµ/dEν).

The average (over randomly distributed observers)
number of the sources producing more than k−1 multiple
events is given by Nm≥k =

∫

dV neff
s [z]Pm≥k[z], where

Pm≥k[z] is the probability that a single source at red-
shift z will produce more than k − 1 multiple events,
and neff

s [z] is the comoving source density at z (we as-
sume that, for random observers, the number of sources
within small volumes dV follows a Poisson distribution
with average neff

s [z]dV). When the number of total sig-
nal events is not too small, denoting the average number
of events produced by a source at z by λ[z], we have
Pm≥2(λ) = 1 − (1 + λ) exp(−λ), where λ may be ex-
pressed using the luminosity distance dN=1 for which a
source produces one event, λ[z] = (dN=1/dL[z])2 where
dL[z] is the luminosity distance to z.

Murase	&	Waxman,	2016	Adapted	from	
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FIG. 1: Diffuse CR (thin dotted line), gamma-ray (thick
solid line, adapted from Ref. [18]), and all-flavor neutrino
(thick dashed line, adapted from Ref. [18]) intensities pre-
dicted in our grand-unified cosmic particle model in which
the UHECR flux is produced by an extragalactic distribution
of proton sources, producing a “flat” CR proton spectrum,
EcrQEcr

= 0.5×1044 erg Mpc−3 yr−1, and residing in environ-
ments which are almost “calorimetric” for Ecr ! 50−100 PeV
protons. The observed UHECR flux and spectrum (Auger
data points from Ref. [62, 63]) and IceCube’s neutrino flux
and spectrum (IceCube data points from Ref. [3]) are both
self-consistently explained (see Refs. [8, 20] for detailed dis-
cussion). The non-blazar contribution of the diffuse gamma-
ray background measured by Fermi (shaded region above
50 GeV), which amounts to ∼ 30% [58] (see also Ref. [57])
of the “total” extragalactic gamma-ray background, shown
as Fermi data points [17], is simultaneously accounted for in
this model (see Refs. [13, 18] for details). The model UHECR
flux (thin dotted line) and corresponding cosmogenic neutrino
(thin dashed line) and gamma-ray (thin solid line) fluxes are
adapted from Ref. [64].

rays produced in CR interactions with the cosmic mi-
crowave background and extragalactic background light
(see Fig. 1). In particular, SBGs have been predicted to
produce a significant contribution to the diffuse gamma-
ray background [59–61], consistent with the neutrino flux
measured by IceCube. The source density and luminos-
ity reached by gamma-ray observations are discussed in
Sec. V, where we show that some neutrino source models
like CR reservoir models should be testable with future
gamma-ray observatories.
Our conclusions are summarized and discussed in

Sec. VI. We use Ωm = 0.3, ΩΛ = 0.7 and H0 =
70 km s−1 Mpc−1 throughout.

II. SOURCE DENSITY LIMITS

The analysis presented here relies on medium-energy
muon-neutrino-induced muon track events, for which the
angular resolution (∼ 0.5 deg) enables one to straightfor-
wardly determine the absence of sources producing mul-
tiple events. Although statistics are limited, in the high-
energy data sets, where the atmospheric backgrounds are
much smaller, significant clustering has not been seen in
both the latest high-energy starting event (HESE) data
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FIG. 2: All-flavor neutrino fluxes of “post-IceCube” blazar
models, with parameters chosen to explain the IceCube data.
We consider in this paper three spectral templates, taken from
Tavecchio & Ghisellini (TG15) [38] and Petropoulou et al.
(PDPMR15) [39] for BL Lac objects, and from Dermer et al.
(DMI14) [36] for flat spectrum radio sources (FSRQs).

(including several tracks) [3] and the multiyear upgoing
muon neutrino data [6, 65] (cf. [123]). More statistics are
available by including lower-energy events, and no source
has been detected in the point and extended source analy-
ses [12, 66, 67]. As taken into account in the point-source
analyses, low-energy doublets may come from the atmo-
spheric neutrino background. In what follows we con-
sider the implications of a nondetection of any medium-
or high-energy multiplets in the multiyear observation by
IceCube and the future neutrino detector IceCube-Gen2.
The background-induced false number of sources produc-
ing multiplets is small enough for sufficiently high-energy
muon tracks.
We consider in this section the limits set on the num-

ber density and luminosity of “standard candle” sources,
all producing the same luminosity. We denote the den-
sity and luminosity of the sources by neff

s and Leff
νµ , and

explain in Sec. III how these effective density and lu-
minosity may be defined for nonstandard candle sources
in order to enable the application of the results to such
source classes. The muon neutrino luminosity is defined
as the luminosity per logarithmic neutrino energy bin
(EνLEνµ

≡ EνdLνµ/dEν).

The average (over randomly distributed observers)
number of the sources producing more than k−1 multiple
events is given by Nm≥k =

∫

dV neff
s [z]Pm≥k[z], where

Pm≥k[z] is the probability that a single source at red-
shift z will produce more than k − 1 multiple events,
and neff

s [z] is the comoving source density at z (we as-
sume that, for random observers, the number of sources
within small volumes dV follows a Poisson distribution
with average neff

s [z]dV). When the number of total sig-
nal events is not too small, denoting the average number
of events produced by a source at z by λ[z], we have
Pm≥2(λ) = 1 − (1 + λ) exp(−λ), where λ may be ex-
pressed using the luminosity distance dN=1 for which a
source produces one event, λ[z] = (dN=1/dL[z])2 where
dL[z] is the luminosity distance to z.

Murase	&	Waxman,	2016	Adapted	from	

The	same	power	level	for		
Photons,	neutrinos	and	cosmic	
rays.	

Waxmann/Bahcall	“upper	bound”	
based	on	generic	CR	power	arguments:	
Observed	flux	at	same	power	level	
hints	at	a	connec8on/causality	of	CR	
and	IceCube	neutrinos.	
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FIG. 1: Diffuse CR (thin dotted line), gamma-ray (thick
solid line, adapted from Ref. [18]), and all-flavor neutrino
(thick dashed line, adapted from Ref. [18]) intensities pre-
dicted in our grand-unified cosmic particle model in which
the UHECR flux is produced by an extragalactic distribution
of proton sources, producing a “flat” CR proton spectrum,
EcrQEcr

= 0.5×1044 erg Mpc−3 yr−1, and residing in environ-
ments which are almost “calorimetric” for Ecr ! 50−100 PeV
protons. The observed UHECR flux and spectrum (Auger
data points from Ref. [62, 63]) and IceCube’s neutrino flux
and spectrum (IceCube data points from Ref. [3]) are both
self-consistently explained (see Refs. [8, 20] for detailed dis-
cussion). The non-blazar contribution of the diffuse gamma-
ray background measured by Fermi (shaded region above
50 GeV), which amounts to ∼ 30% [58] (see also Ref. [57])
of the “total” extragalactic gamma-ray background, shown
as Fermi data points [17], is simultaneously accounted for in
this model (see Refs. [13, 18] for details). The model UHECR
flux (thin dotted line) and corresponding cosmogenic neutrino
(thin dashed line) and gamma-ray (thin solid line) fluxes are
adapted from Ref. [64].

rays produced in CR interactions with the cosmic mi-
crowave background and extragalactic background light
(see Fig. 1). In particular, SBGs have been predicted to
produce a significant contribution to the diffuse gamma-
ray background [59–61], consistent with the neutrino flux
measured by IceCube. The source density and luminos-
ity reached by gamma-ray observations are discussed in
Sec. V, where we show that some neutrino source models
like CR reservoir models should be testable with future
gamma-ray observatories.
Our conclusions are summarized and discussed in

Sec. VI. We use Ωm = 0.3, ΩΛ = 0.7 and H0 =
70 km s−1 Mpc−1 throughout.

II. SOURCE DENSITY LIMITS

The analysis presented here relies on medium-energy
muon-neutrino-induced muon track events, for which the
angular resolution (∼ 0.5 deg) enables one to straightfor-
wardly determine the absence of sources producing mul-
tiple events. Although statistics are limited, in the high-
energy data sets, where the atmospheric backgrounds are
much smaller, significant clustering has not been seen in
both the latest high-energy starting event (HESE) data
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FIG. 2: All-flavor neutrino fluxes of “post-IceCube” blazar
models, with parameters chosen to explain the IceCube data.
We consider in this paper three spectral templates, taken from
Tavecchio & Ghisellini (TG15) [38] and Petropoulou et al.
(PDPMR15) [39] for BL Lac objects, and from Dermer et al.
(DMI14) [36] for flat spectrum radio sources (FSRQs).

(including several tracks) [3] and the multiyear upgoing
muon neutrino data [6, 65] (cf. [123]). More statistics are
available by including lower-energy events, and no source
has been detected in the point and extended source analy-
ses [12, 66, 67]. As taken into account in the point-source
analyses, low-energy doublets may come from the atmo-
spheric neutrino background. In what follows we con-
sider the implications of a nondetection of any medium-
or high-energy multiplets in the multiyear observation by
IceCube and the future neutrino detector IceCube-Gen2.
The background-induced false number of sources produc-
ing multiplets is small enough for sufficiently high-energy
muon tracks.
We consider in this section the limits set on the num-

ber density and luminosity of “standard candle” sources,
all producing the same luminosity. We denote the den-
sity and luminosity of the sources by neff

s and Leff
νµ , and

explain in Sec. III how these effective density and lu-
minosity may be defined for nonstandard candle sources
in order to enable the application of the results to such
source classes. The muon neutrino luminosity is defined
as the luminosity per logarithmic neutrino energy bin
(EνLEνµ

≡ EνdLνµ/dEν).

The average (over randomly distributed observers)
number of the sources producing more than k−1 multiple
events is given by Nm≥k =

∫

dV neff
s [z]Pm≥k[z], where

Pm≥k[z] is the probability that a single source at red-
shift z will produce more than k − 1 multiple events,
and neff

s [z] is the comoving source density at z (we as-
sume that, for random observers, the number of sources
within small volumes dV follows a Poisson distribution
with average neff

s [z]dV). When the number of total sig-
nal events is not too small, denoting the average number
of events produced by a source at z by λ[z], we have
Pm≥2(λ) = 1 − (1 + λ) exp(−λ), where λ may be ex-
pressed using the luminosity distance dN=1 for which a
source produces one event, λ[z] = (dN=1/dL[z])2 where
dL[z] is the luminosity distance to z.

Murase	&	Waxman,	2016	Adapted	from	



Summary	on	diffuse	fluxes	

•  More	and	very	compelling	evidence	for	an	astrophysical	flux,		

•  Consistent	with	all	flavor		

	 	-	cascades	(electron/tau,	NC)	and	muon	neutrinos	observed	as	expected	

•  North	and	South	

!	

•  Likely	at	least	in	part	extragalac>c	neutrino	flux		

	 	 	(except	for	some	models,	eg	DM	scenario)	



Event	with	energy	>	~100	TeV	
(more	than	50%	of	events	are	astrophysical)	



57	

ApJ 835 (2017) 2, 151 7-year	Point	Source	Search	

Not	significant	(at	all)	



7-year	Point	Source	Search	

Chad	Finley	-	Oskar	Klein	Centre,	Stockholm	
University	 58	

ApJ 835 (2017) 2, 151 

Southern	sky	 Northern	sky	



Rela>ng	Diffuse	and	Point	Source	fluxes	

59	

Point-source	
equivalent	flux	if	the	
diffuse	astrophysical	
flux	came	from:	

one	point	in	
the	sky	

1000	points	in	
the	sky	

100	points	in	
the	sky	

Popula'on	studies	with	
Stacking	Searches		

ApJ 835 (2017) 2, 151 



60	Implica>on	from	point	source	limits	and		
presence	of	(strong)	diffuse	flux	
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Kowalski	Plot	

Slide	adapted	from	Gaisser	

Source	density	and	
luminosity	are	
related	to	produce	
the	observed	flux.		

Absence	of	
clustering	sets	a	
minimum	on	
source	density.	

!Certain	classes	
of	sources	
disfavored.		



61	Galactic plane?

< 16% of 
E-2.5 flux

What	frac>on	of	the	diffuse	flux	can	come	from	the	
galac>c	plane?			

Answer:		<16%	

That	is	consistent	with	expecta>ons.		

From	upward	muon	neutrino	flux.	



62	

See: M. Huber, NU043
Fermi-LAT PRL 116(15) 151105

Astrophys.J. 835 (2017) no.1, 45

Blazars	account	for:	

2FHL	HBL	

AGN	Blazar	catalog	search	

Blazar	models	are	s8ll	not	excluded.		
They	would	make	the	right		
Energy	spectrum.	

AGN	with	supermassive	black	hole,	with	Jet	poin>ng	at	us.		

IceCube	flux	

Blazar	flux	 FERMI	
gamma’s	

IceCube	
neutrinos	

Frac>on	of	
diffuse	flux	

>85%	 <6%	



Diffuse	cosmic	gamma	ray	flux	
arXiv:1412.5106,		
aoer	Murase,	Ahlers,	Lacki,	Phys.Rev.	D88,	121301	(2013)	

pp	interac>ons	can	produce	
IceCube	PeV	neutrino	flux		

corresponding	PeV	gamma	flux		
cascades	down,	fits	Fermi	flux		



Outlook,	Future	strategies	

•  More	sta>s>cs.		

•  Con>nue	searches	for	associa>on	with	sources	
•  Increase	mul>-messenger	strategies	with	other	telescopes,	

including	transient	sources:	

	!	single	events	can	serve	as	alerts	

•  Consider	experimental	upgrades.		
–  For	0.1	PeV	to	10	PeV	(1000	PeV)	upgrade	of	IceCube	
–  For	GZK	energies,	pursue	other	radio	detec>on	techniques	(such	as	

ARA	at	South	Pole,	ARIANNA,	or	elsewhere…)	



Real>me	Public	Alerts	via	AMON,	GCN	

Chad	Finley	-	Oskar	Klein	Centre,	Stockholm	
University	 65	

IceCube 161210A 
r.a. 46.6 ± 1.0° (90% CL) 

dec  15.0 ± 0.4° (90% CL) 

Energy: ~ 100 TeV 

Astrophysical signal probability:  49% 
https://gcn.gsfc.nasa.gov/other/icecube_161210.gcn3 

Operating since April 2016  (second filter stream added during summer)

10 alerts in first year

Example event: 



Outlook,	Future	strategies	

Anna Franckowiak|  IPA 2017  |  May 10, 2017  |  Page 18 

Target of Opportunity Program 

SN/GRB 

Optical Telescopes 
(iPTF, MASTER, 

Tarot, Pan-STARRS, 
ASAS-SN) 

X-ray (Swift) 

Cherenkov 
Telescopes 
(MAGIC, Veritas, 
HESS) 

Radio Telescopes 
(MWA) 

IceCube, MAGIC, VERITAS, arXiv:1610.01814 
ANTARES JCAP 1602 (2016) 
Ackermann et al.arXiv:0709.2640 
IceCube A&A 539, A60 (2012) 

Figure	credit:	A.	Frankoviak	



Example	transient:	AGN	flare	

Chance	probability		
For	random	coincidence	>5%	
(not	significant)	 Anna Franckowiak|  IPA 2017  |  May 10, 2017  |  Page 11 

Blazar Flares 

>  Gamma rays tell us 
WHERE and WHEN 

>  Major outburst of 
blazar PKS 
B1424−418 occurred 
in temporal and 
positional coincidence 
PeV neutrino 

>  single source has 
sufficiently high 
fluence to explain an 
observed coinciding 
PeV neutrino event 

>  5% chance 
coincidence Kadler et al., Nature Physics, 2016 

8.3pc 

RA 208.4° 
Dec -55.8° 



Example	transient:	Fast	Radio	Bursts	

!	Donglian	Xu	paper	at	ICRC	



Example	transient:	Fast	Radio	Bursts	

!	Donglian	Xu	paper	at	ICRC	



The	big	picture	

ICRC 2017                                                                                                                                                                                    E. RESCONI 11

A. Turcati, modified from L. Mohrmann, PhD Thesis (2015)

preliminary

THE OBSERVATIONS: HYBRID SPECTRAL ENERGY DISTRIBUTION

Figure:	A.	Turca>,	aoer	L.	Mohrmann	2015	
The	same	power	level	for		
Photons,	neutrinos	and	cosmic	rays:	

*3	(3	flavor)	

OPTICAL	 OPTICAL	&	
RADIO	(eg.	ARA	like)	



Ar>st	concep>on	
Here:	120	strings	at	300	m	spacing	

IceCube-Gen2	

The	next	Genera5on	IceCube:		
Increase	energy	threshold	
allows	larger	string	spacing	

Air	shower	veto	array	



Geometry	

Surface	Area:	~6.5km2						(0.9)	

Instrumented	depth:	1.26	km		
(1.0)	

Instrumented	Volume:	8	km3	

Order	of	magnitude	increase	
of	contained	event	rate	at	high	
energies.	

[m]	



Discovery	poten>al	for	point	sources	



Op>cal	sensors	

•  P-DOM	

•  M-DOM	
•  D-EGG	
•  WOM	

•  Brusselsprout	OM	
•  WLS	fibers	

Ac>ve	R&D	in	Collabora>on:	



South	Pole	Ice	is	very	transparent	at		
radio	frequencies,	at	0.1	to	1	GHz:	>	1km	



Figure:	
WAIS	GPR	map	at	350MHz	

Ref:	WAIS	2006	CReSIS	Radar	Data	Summary	

Ground	penetra>ng	radar	(350MHz)		image	of	Antarc>c	ice	sheet		

Cold	ice	is	extremely	transparent	to	radio	waves	

3.5	km		

25	km		



South	Pole	glacial	ice	–	2.8km,	cold	and	RF	transparent	

•  Thickness:	2800m	

•  Temperature:	-55°C	at	top,	-40°C	
at	1500m	

•  APenua>on	length	at	300MHz:	
~	1.5km	at	depths	<	1500m.		

•  Very	low	electromagne>c	noise	

depth/
m	

0	

500	

1000	

1500	

2000	

2500	

Observed	test	
radio	pulses	

Event	reconstruc>on	of	test	pulser	using	
interferometric	analysis	



Ultra-high energy neutrino search with ARA Ming-Yuan Lu

time differences between the channels given the geometry and the ice model for every possible
combination of four hits in an event, and then averaging across all results. The resolution in the
zenith angle is 2.5�. This filter has been evaluated using an AraSim sample of neutrinos generated
at 1018eV and a sample of point-like radio sources generated with a uniform spatial distribution
above-ice in the few-kilometer vicinity of an ARA station. The reconstructed arrival angles show
a very good separation between in-ice neutrino vertices and above-ice radio sources (Fig.5).
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Figure 5: Left: the efficiency as a function of signal strength for the wavefront RMS method and the
time sequence quality parameter for a simulated set of neutrinos generated at 1018 eV. Right: reconstructed
wavefront arrival angles originating from neutrino interactions (red) and above-ice radio sources (blue).
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Figure 6: The projected trigger level sensitivity of this work (ARA 2 Stations ’13-’15), as compared to
previously published ARA upper limit (ARA (2016) [5]). The current best limits are set by IceCube, Auger,
and ANITA [14–17]. A projected sensitivity of 200 ARA statiosn in five years demonstrates the potential of
a radio array to probe cosmogenic flux models [18, 19] down to E2F(En) = 10�9GeV cm�2s�1sr�1.

5. Summary and Outlook

We presented filter techniques that efficiently reduce thermal background and the radiospline

7

Neutrino	fluxes	and	the	poten>al	of	an	ARA	like	detector	



Lot’s	of	data!	
Exci'ng	'mes!	

Thank	you!	

“Race	around	the	World”,	Dec	25,	2008	

Closing	in	on	the	puzzle,	but	more	
data	is	needed,	and	more	detector!	



Neutrino oscillation  analysis with IceCube-DeepCore

Deep	Core	data	
! Resconi	et	al.	(Poster)	
! G.	Sullivan’s	talk	



81	IceCube-Gen2 Phase 1

Science	goals:	

•  νμ	disappearance	

•  ντ	appearance	

•  Precise	calibra>on	of	IceCube	op>cal	proper>es	
and	DOM	response		



82	Phase 1 science: precision νμ disappearance 

IceCube	DeepCore:	3	years	Gen2	Phase	3	years	

Precision	significantly	improved	over	DeepCore	

DeepCore

Gen2 Phase 1

JPAM	de	André,	J	Highnight,	IPA	2017	



Understanding	the	ice	

Measurement	of	South	Pole	ice	transparency	with	the	IceCube	LED	
calibra5on	system,		

Aartsen	et	al.,	(IceCube	Coll.),	NIMA55353	

hPp://arxiv.org/abs/1301.5361	

Absorp>on	

ScaPering	(eff.):	20	–	50	m	
Absorp>on:	100	–	200	m	

1.	Ver>cal	structure	of	ice	parameters	

2.	Azimuthal	varia>on	in	of	scaPering	
Less	scaPering	in	direc>on	of	ice	flow:	
!	up	to	~10%	/100m	varia>on	in	amplitude	

3.	Ice	layers	are	>lted	–	not	planar	

Azimuth	[°]	D
at
a/
no

nd
ire

c>
on

al
	M

C	 Rela>ve	amplitude,	125m	from	muons	

A
bs
or
p>

on
	le
ng
th
	[m

]	



84	Gen2 preliminary timeline



The OFU and XFU system

  



Iridium

SN/GRB

Madison/Bonn

Swift (X-ray)PTF (optical)

IceCube

arXiv: 1309.6979 (p.40)

Alerts Alerts

3 / 23

IceCube	alerts	op>cal,	x-ray,	and	gamma-ray	
observatories	where	and	when	to	point	

WIPAC	 85	

Very	soon:		
VERITAS	



Can	derive	on	event	to	event	basis	the	
probability	of	an	event	being	astrophysical.	

•  Deposited	Energy:	84	TeV	

•  Muon	energy:	~200	TeV	

•  Zenith	angle:	55.6°	

•  Leaves	no	light	along	first	400m	of	track	

86	

This	event	represents	a	2.8σ	
fluctua>on	of	the	background-only	
hypothesis	(a	posteriori)	



87	Phase 1: enhancing IceCube high-energy science

New calibration devices inside 
IceCube enhance HE science
• reconstructions
• tau flavor identification

factor of 6!

angular reco.  systematics limited

POCAM being deployed at Lake Baikal

New	calibra>on	boosts	the	en>re	IceCube	data	set	(>	10	yrs)		

See	NU143	



Flavor	ra>o	

For	a	detailed	flavor	ra>o	
discussion,	see	

arXiv:	1502.03376:		

Flavor	ra>o	at	earth	is	related	to		
flavor	ra>o	at	astrophyical	source,		
Aoer	oscilla>ons	en	route	to	Earth.	



Tau	neutrinos	

ντ + N→τ + X
Charged	Current	tau	neutrino:	

Double-bang	signature	from	decaying	tau,		

Can	iden8fy	double	bang	above	400	TeV.	

Also	lower	energy	as	developed	by	
Donglian	Xu	

Simulated	event:	1.36	PeV		
(no	data	event	iden>fied	yet)	

 lτ  = γ ctτ  ∼  50 (Eτ  /PeV) m

Event	with	longer	decay	length	

En
er
gy
	d
ep

os
i>
on

	a
lo
ng
	tr
ac
k	

dE
/d
X	
[T
eV
/1
0m

]	

Distance	along	track		[m]	

90m	

Expected	to	see	the	first	Tau	already!	



Median sensitivity

Double cascade

ντ

90	Improved ντ search with starting events 

All flavors

Cascade

νμ

Track

See	M.	Usner,	NU067	

•  Lack	of	ντ	candidates	compa>ble	with	sta>s>cal	fluctua>on	

fit	frac>on	
of	each	
event	class	

fit	frac>on	
of	each	
event	class	



91	Search for tau neutrinos
See	M.	Usner,	NU067	

•  Icecube	would	have	
expected	about	~2	events	
by	now.		

•  Lack	of	ντ	candidates	
compa>ble	with	sta>s>cal	
fluctua>on	



92	Transient population studies: gamma ray bursts

Prompt	emission	from	GRBs	can	produce	<1%	of	the	observed	neutrino	flux.		

•  Short	dura>on	→	
minimal	background	

•  No	neutrinos	
observed	in	
coincidence	with	
GRBs	

arXiv:1702.06868	



Deciphering	the	neutrino	flavors	at	the	
astrophysical	source.	

Probing acceleration environments

11

Gen2 can detect a flavor-dependent cutoff at PeV energies

PRELIMINARY

Sensi>vity	to	muon	cooling	
in	the	sources	with	Gen2:	

Above	a	cri>cal	energy,	the	
decay	>me	for	secondary	
muons	from	pion	decay	
exceeds	the	cooling	>me,	
and	the	flavor	ra>o	at	the	
source	changes	from	1:2:0	
to	0:1:0		

Gen2	sensi>vity	to	nu_mu	
Frac>on	at	the	source.		



•  “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	–	
The	neutrino	telescope	paradigm	updside-down?	

Suggested	by		Schoenert	et	al.	
Phys.Rev.	D79	(2009)	043009	
arXiv:0812.4308	

νµµ

π ± ,K ±



1.	Same	parent	par>cle.	

Two	cases	

2.	Muon	from	elsewhere	
in	the	shower.	Applies	
also	to	nu_e	(contained	
event	analysis).					
!	Monte-Carlo	

	arXiv:1405.0525 		
T.	Gaisser,		K.	Jero,	AK	and	J.	v.	Santen	

µ

νµ

π ± ,K ±

νee,µνµµ

π ± ,K ±



Neutrino	self-veto	

νµ

νe

	arXiv:1405.0525 		

T.	Gaisser,		K.	Jero,	AK	and	J.	v.	Santen	Based	on	full	simula>on	

Aoer	veto	



Zenith	angle	distribu>on,	shows	effect	of	built	in	
neutrino	self-	veto	

Edep	>	30	TeV	



Edep	>	60	TeV	



Edep	>	100	TeV	



Edep	>	150	TeV	



Edep	>	100	TeV	



100 101 102 103 104 105 106 107 108 109 1010 1011

E [GeV]

10�10

10�9

10�8

10�7

10�6

10�5

E
2
⇥

�
[G

eV
s�

1
sr

�
1
cm

�
2
]

23
.8

32
.3

16
9.7

22
5.3

20
8.8

17
3.4

49
.0

37
.6

10
.8

4.6 2.4 1.5

Diffuse � (Fermi LAT)
Cosmic rays (Auger)
Cosmic rays (TA)

IceCube (ApJ 2015)
Gen2 (15 years)

102	Connecting HE neutrinos to UHE cosmic rays

PRELIMINARY

IceCube-Gen2	(15	year	
projec>on)	

E-2

E-2.5



Depth	and	effec>ve	volume	at	South	Pole.		
Depth 200.0 meters Theta 0.00 to 180.00 degrees

ShowerEnergy 18.00 (log10 eV) Freq 1000.0 to  60.0 MHz
Noise Floor 100.0 uV/m Volume: 228248961521.893494
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Taking	advantage	of	the	deep	ice.		



Depth	and	effec>ve	volume	at	South	Pole.		
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Simulated	events		triggering	
ARA	sta>on	at	200m	
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Depth	and	effec>ve	volume	at	South	Pole.		
Simulated	events		triggering	
ARA	sta>on	at	200m	

Plots:		
ARASim,	
Ming-Yuan	Lu	
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R&D	for	a	“phased	array”:	Interferometric	trigger		
Upside	poten>al	by	significant	factors!	Acceptance Comparison for 10 Stations @ Summit 

•  Stations act independently and are far apart (similar to current 
designs) 

–  Number of events increases linearly with number of stations 

•  Increase is x10 at low energies and x3 at high energies simply from 
phasing (yellow ! orange) 

•  In a perfect world: phasing 400 antennas provides good energy 
overlap with IceCube above 1 PeV 5 

Acceptance vs. Energy 

1 PeV 
1 EeV 

Current approach 
(triggering on each 
antenna separately) 

The phased array 
outlined earlier 
(triggering on the 
coherent sum of 
antennas) 

Vieregg, Bechtol, Romero-Wolf 

!	String	of	16	antennas	will	be	co-deployed	with	an	ARA	sta>on	next	season.	


