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The	IceCube	Experiment
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Event	Topologies
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Astrophysical	Neutrinos



Through-going	muon	neutrinos	
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๏	Earth	is	a	perfect	muon	blocker.	

๏	Observed	upgoing	muon	tracks	
are	most	likely	caused	by	a	CC-νμ 	
interaction	in	or	around	the	ice.

Muons	blocked	
	by	the	Earth!

IceCube
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Through-going	muon	neutrinos	
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๏	Earth	is	a	perfect	muon	blocker.	

๏	Observed	upgoing	muon	tracks	
are	most	likely	caused	by	a	CC-νμ 	
interaction	in	or	around	the	ice.

๏	Muons	above	a	TeV	travel	
several	kilometers	in	the	ice.	

๏	Effective	volume	is	increased	by	
the	muon	range.

Muons	blocked	
	by	the	Earth!
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๏	New	results	with	9.5	years	
of	data.	
๏	Excess	of	high-energy	
component	is	clearly	visible.	
๏	Best-fit	Astrophysical	
spectral	index	is	2.28	� 	0.09±

Through-going	muon	neutrinos	
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Reject	atmospheric	
neutrinos	via	

accompanying	muons

Look	for	events	starting	in	
the	fiducial	volume	with	no	
accompanying	muon

๏	A	high	neutrino	signal	purity	sample.	
๏	Excellent	rejection	of	atmospheric	background	in	the	
downgoing	region.	
๏	New	results	including	7.5	years	of	data

	Conventional	atmospheric	neutrino	
suppression	reaches	two	orders	of	
magnitude	in	the	downgoing	region

	Reject	atmospheric	muons

High	Energy	Starting	Events	(HESE)
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High	Energy	Starting	Events	(HESE)

๏	22	new	events	in	2016.		
๏	9	new	events	in	2017.	
๏	102	events	in	full	sample.	60	of	them	
above	60	TeV.

±๏	Best-fit	spectral	index:	2.89				0.2	
๏	Fit	performed	for	events	above	60	TeV
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High	Energy	Starting	Events	(HESE)

๏	22	new	events	in	2016.		
๏	9	new	events	in	2017.	
๏	102	events	in	full	sample.	60	of	them	
above	60	TeV.

±๏	Best-fit	spectral	index:	2.89				0.2	
๏	Still	no	prompt.		
๏	Fit	performed	for	events	above	60	TeV
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First	astrophysical	tau-neutrino	candidate

๏	Event	identified	in	three	analyses.	
Aptly	named	‘Double	Double’.		

๏	Double	pulse	shape	clearly	visible.	

๏	Observed	light	arrival	time	pattern	
favors	the	double	cascade	
hypothesis.	

๏	Dedicated	resimulations	assuming	best-
fit	HESE	spectrum	show	97%	of	Double-
Double	like	events	are	ντ  -induced .
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Astrophysical	Neutrino	Flavor

๏	Measurement	of	astrophysical	neutrino	
flavor	ratio	is	a	probe	of	oscillations	over	
cosmological	baselines	and	TeV-PeV	
energies.	

๏	A	deviation	from	standard	oscillations	in	
flavor	measurements	is	a	probe	for	new	
neutrino	physics.
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SM

(1:0:0) neutron decay 
(1:2:0) pion production 
(0:1:0) muon dumped

J. Stachurska: PoS(ICRC2019)1015
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Sensitivity

Result

	HESE	Flavor	ratio	measurement	consistent	with	(1:1:1)	

๏	Best-fit:	(0.29:0.5:0.21)	
๏	Non-zero	ντ  component!



Where	are	they	all	coming	from?
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A	Particle	Physicist’s	guide	to	PeV	neutrino	beams

๏	Extreme	gravitational	well	
provides	acceleration.	

๏	Jetted	protons	collide	with	
radiation	and	dust	(beam	
dump)	

๏	Neutrinos	produced	via	pion	
decay.	

๏	Extremely	dense	region	
implies	efficient	neutrino	
production	and	gamma-ray	
absorption	at	the	source.



Catching	Wind	
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Catching	Wind	
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๏	IceCube	detected	a	high-energy	upgoing	
muon	track	5.7	degrees	below	the	
horizon	(IC170922A).	Best-fit	neutrino	
energy	is	290	TeV	assuming	E-2	
spectrum.	



Catching	Wind	
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๏	IceCube	detected	a	high-energy	upgoing	
muon	track	5.7	degrees	below	the	
horizon	(IC170922A).	Best-fit	neutrino	
energy	is	290	TeV	assuming	E-2	
spectrum.	

๏	Fermi	gamma-ray	satellite,	in	a	followup	
to	the	IceCube	alert,	reported	a	flaring	
blazar	within	~0.1	degrees	of	IceCube	
event	(TXS	0506+056).	



Catching	Wind	

๏	MAGIC	reported	<100	GeV	gamma	
rays	in	that	direction.	

๏	Chance	correlation	with	enhanced	
gamma-ray	activity	rejected	at	more	
than	3σ	level.	
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๏	IceCube	detected	a	high-energy	upgoing	
muon	track	5.7	degrees	below	the	
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spectrum.	
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Following	the	thread
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๏	The	ten-year	averaged	flux	of	TXS	is	
dominated	by	the	flare	in	2014.	

๏	No	gamma-ray	enhancement	detected	in	
2014,	but	hints	of	a	hardening	spectrum	
(Padovani+	2018,	Garrappa+2018)	

๏	Halzen+	2018	showed	that	efficient	
neutrino	emitters	with	high	radiation	density	
are	opaque	to	high-energy	gamma-rays.	

๏	Major	accretion	event	needed	to	explain	
the	target	density	required	for	the	2014	
flare.	Vanilla	Blazars	are	not	the	answer. [Halzen+ 2018]
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Connecting	the	dots
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Galaxy	Mergers
๏	TXS	0506+056:	Not	a	typical	Blazar.	

๏	A	closer	look	in	the	radio	band	suggests	
2-jet	structure.	

๏	Colliding	jets	implies	merging	galaxies.		

๏	This	provides	the	necessary	target	
density	for	efficient	neutrino	production.
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Galaxy	Mergers
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Neutrino	Cross	Sections	at	TeV+
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	High	Energy	neutrino	flux	attenuation	depends	on	energy	and	zenith	angle.	

Ghandi et al. Astropart.Phys.5:81-110,1996

Connolly et al. Phys.Rev. D83 (2011) 113009


Vincent et al.  JCAP 1711 (2017) 012

Bertone et al. arXiv:1808.02034
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๏	Total	neutrino	cross-section	can	be	measured	with	IceCube	using	Cascades	(good	
energy	resolution)	or	tracks	(good	angular	resolution),	or	a	combination	of	both.	
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Earth	Tomography	with	High	Energy	neutrinos

๏	Idea	proposed	since	the	70’s.	In	theory	can	be	done	with	oscillations	or	
absorption	using	man-made,	atmospheric,	or	astrophysical	neutrino	
beams.

๏	First	measurement	of	earth’s	density	profile	with	1	year	of	
IceCube	data!	(A.Donini+	Nature	Physics	15:37,	2019)	

๏Dedicated	IceCube	analysis	with	10	years	of	data	is	ongoing	(the	
10	year	projection	is	shown	in	red).	

๏	Authors	chose	to	fit	for	a	5-
layer	Earth	model	(1	inner	
core,	2	outer	core,	and	2	
mantle)
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Followup	to	anomalous	ANITA	detections
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๏	EeV	neutrinos	have	a	mean	interaction	length	of	� (100)	kilometers	in	Earth.	
๏	ντ  CC	produces	τ  —>	Short	τ lifetime	—>	τ decays	before	losing	too	much	
energy,	producing	a	flux	of	secondary	tau	neutrinos.	
๏	Any	flux	that	caused	the	ANITA	event	can	be	tested	via	its	secondaries	in	
IceCube.

𝒪

IS	et.	al	PoS(ICRC2019)995
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๏	ANITA	reported	two	anomalous	
events	during	their	2006	and	2014	
flight.	

๏	Three	point	source	searches	for	
neutrinos	in	the	direction	of	the	
anomalous	event	reported	in	2014.	

๏	Prompt:	Time	window	around	
ANITA	detection.	
๏	Rolling:	Varying	time	window,	
looking	for	flares	in	same	direction.	
๏	Steady:	Search	for	steady	flux.	

No	correlation	was	found.	Upper	limits	
placed	on	TeV	muon-neutrino	flux.
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๏	Based	on	ANITA	acceptance,	
calculate	best-fit	normalization	on	
the	incoming	flux	(Black	hexagon)	

๏	Calculate	upper	limit	on	the	
normalization	based	on	the	non-
observation	of	secondaries	at	
IceCube	(maroon	triangle)	

๏	Upper	limits	require	an	
overfluctuation	at	the	103	level	for	
AAE141220	to	accommodate	a	
point-source	interpretation.

ANITA	detections	highly	unlikely	to	be	caused	by	SM	astrophysical	
neutrinos,	regardless	of	spectral	assumptions	or	emission	time	profile.
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Summary

๏	Updated	measurements	of	the	Astrophysical	spectrum:	
๏	HESE:	spectral	index	2.89	,	favors	single-power	law.	
๏	Through-going	numu:	spectral	index	2.28,	also	favors	single	power	
law.	

๏	Updated	Flavor	ratio	measurement,	compatible	with	(1:1:1).	
๏	First	Astrophysical	tau-neutrino	candidates!	
๏	First	potential	source	of	PeV	cosmic-rays	identified.	
๏	New	measurement	of	Neutrino	cross	section	at	TeV+	
๏	First	measurement	of	Earth	density	profile	with	weak	interactions.	
๏	IceCube	followup	confirms	ANITA	anomalous	events	are	unlikely	to	be	
caused	by	SM	astrophysical	neutrinos,	regardless	of	source	spectrum	and	
time-profile.



�34



�35

More	on	Double	Double
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