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The	IceCube+DeepCore	Detector
•IceCube	built	in	2010	to	map	
the	 	sky	at	 	TeV	
•Find	astrophysical	ν	
•Find	astrophysical	ν	sources	
•Help	solve	mystery	of	UHECR	

•Enhanced	with	DeepCore	
•more	densely	instrumented		
region	for	DM	and	atm.	ν	osc.

ν Eν ∼ 1

2

Digital	Optical	Module	(DOM)

Module	being	lowered	into	melted	hole.

IceCube:	
13	Countries	
54	Institutions	
319	Collaborators
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Neutrinos	in	IceCube:	Sources
•Atmospheric	tau	neutrinos	
•cosmic	rays	(mainly	protons)	interact	
in	the	earth’s	atmosphere	

•creating	 	that	oscillate	 	

•IceCube	threshold		 ,	
;	 	eV	

•Astrophysical	high	energy	neutrinos	
•created	in	cosmic	accelerators,	e.g.,	in	
particle	jets	created	by	black	holes	

•Evident	at	 	in	IceCube	
•IceCube	has	seen	PeV-scale	( 	eV)	 's

νμ → ντ

Eν ∼ 5 GeV
Eatm.

ν < ∼ 10 TeV Eν ≈ 109−12

Eν > ∼ 10 TeV
1015 ν
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Neutrinos	in	IceCube:	Sources
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At	higher	energies,	neutrino	
dlavors	can	be	distinguished:

•Atmospheric	tau	neutrinos	
•cosmic	rays	(mainly	protons)	interact	
in	the	earth’s	atmosphere	

•creating	 	that	oscillate	 	

•IceCube	threshold		 ,	
;	 	eV	

•Astrophysical	high	energy	neutrinos	
•created	in	cosmic	accelerators,	e.g.,	in	
particle	jets	created	by	black	holes	

•Evident	at	 	in	IceCube	
•IceCube	has	seen	PeV-scale	( 	eV)	 's

νμ → ντ

Eν ∼ 5 GeV
Eatm.

ν < ∼ 10 TeV Eν ≈ 109−12

Eν > ∼ 10 TeV
1015 ν

Single	cascade:	νCC
e , νNC

e,μ,τ

σE ∼ 11 %

Track:	νCC
μ , νCC

τ (τ → μ)

σϕ ∼ 2∘

Double	cascade:	νCC
τ

early	⇒	late

light	level

Eντ
∼ 10 PeV

Lτ ∼ 50 m/PeV
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Astrophysical	 :	ν Eν > ∼ 10 TeV
• 	mainly	from	 	decay	in	
astrophysical	beamdumps	
•Needle	in	a	haystack!	
• 	atmospheric	 /yr,	

• 	atmospheric	 /yr,	and	

• 	astrophysical	 /yr	

•Beat	down	atm.	 	using	part	of	
detector	as	veto	(see	below)	
•Separate	atm.	 	from	
astrophys.	 	using	 ,	
spatiotemporal	concidence,	
and/or	event	topology

ν π±

1011 μ
105 ν
101 ν

μ

ν
ν Eν
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Astrophysical	 :	ν Eν > ∼ 10 TeV
• 	mainly	from	 	decay	in	
astrophyical	beamdumps	
•Needle	in	a	haystack!	
• 	atmospheric	 /yr,	

• 	atmospheric	 /yr,	and	

• 	astrophysical	 /yr	

•Beat	down	atm.	 	using	part	of	
detector	as	veto	(see	below)	
•Separate	atm.	 	from	
astrophys.	 	using	 ,	
spatiotemporal	concidence,	
and/or	event	topology

ν π±

1011 μ
105 ν
101 ν

μ

ν
ν Eν
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Single	cascade:	νCC
e , νNC

e,μ,τ

σE ∼ 11 %

Track:	νCC
μ , νCC

τ (τ → μ)

σϕ ∼ 2∘

Double	cascade:	νCC
τ

Lτ ∼ 50 m/PeV

early	⇒	late

light	level

“Double	Bang”
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Astrophysical	ντ
•Measurements	to	date:	
•Search	for	1-2	clean	“double	
pulse”	waveforms	and/or	a	
“two-cascade”	signature	

•~2	 	candidates	found:	
•Assuming		
•1:1:1	dlavor	ratio	at	earth			

• 	(IceCube	msmt.)	

expect	1.5	signal	and	0.8	
background	in	7.5	yrs	
•Notes:	
•Estimate	that	98%	and	76%	of	
events	like	the	two	seen	are	 –
induced	

•Index	of	-2.87	softest	
measured	by	IceCube

ντ

Φ(ν) ∝ E−2.87
ν

ντ
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Astrophysical	ντ
•Joint	dlavor	analysis:	
•First	time	best	dit	point	with	

	

•First	probe	of	 	dlavor	oscillations	
over	cosmic	baselines	&	at	the	TeV	
scale	

•Rules	out	no- 	hypothesis	at	

(Φνe
, Φνμ

, and Φντ
) ≠ 0

ν

νastro.
τ

2.8σ
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Next	Steps:	Upcoming	 	Measurementνastro
τ

•Waiting	for	a	clean	“double	bang”	
would	require	much	patience:	

	are	rare.Eντ
> ∼ PeV
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Upcoming	Astrophysical	 	Measurementντ
•Waiting	for	a	clean	“double	bang”	
would	require	much	patience:	

	are	rare.	

•Instead	use	more	plentiful	“double	
pulse”	 	events	at	lower	threshold	
energies:		 	

•Follow	in	footsteps	of	previous	
analyses,	but	look	for	DP	signature	
on	3	strings	(180	vs.	1–2	modules)	
•Render	each	string	into	a	2-D	image	
•Identify	DP	signal(s)	using	deep	
convolutional	neural	networks

Eντ
> ∼ PeV

ντ
Eντ

> ∼ 50 TeV
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Qt:	total	charge	
Qs:	string	charge

tim
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Module	number	(∝		Depth)

	DP	structure	
(2	hyperbolas)
ντ	single	shower	

(1	hyperbola)
νe 	trackνμ
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Upcoming	Astrophysical	 	Measurementντ

11

De
pt
h

Se
le
ct
ed
	

M
od
ul
es

Time	(3	ns	bins)

(Note:	axes	
swapped	from	
previous	slide’s	
digures.)

Simulated	~200	TeV	 	.	
Data	from	most	illuminated	string	and	its	two	nearest	neighbors:

ντ
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•Preliminarily	predict	~ 	
on	background	of 	
events	(HESE	dlux;	stat.	errors	only)		
•~10	years	livetime	
•background	dominated	by		

	and	prompt	 	

•systematic	effects	appear	to		
have	minimal	impact	

•With	~5	events,	can	rule	out		
no– 	at	high	condidence	
•~50%	chance	to	reach	 	

•May	be	able	to	better		
constrain	astrophysical		
neutrino	“dlavor	triangle”	

•Also:	Exploring	supra-PeV	 			
producing	kms-long	 	tracks	
•Potentially	distinguishable	from		
	tracks	(smoother:	 )

4.8 ± 0.1 νCC
τ

∼ 0.4 ± 0.06

νastro
e,μ νatm

νastro
τ

5σ

ντ
τ

μ mτ ≫ mμ

Upcoming	Astrophysical	 	Measurementντ
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After	opening	the	box,	here’s	what	the	triangle	plot	
might	look	like	for	two	selected	values	of	events	seen:

2	events	seen 5	events	seen
IceCube	
Work	in	
Progress

Blue	lines	from	IceCube	Collaboration,	Phys.	Rev.	D	99,	032004	
Orange	lines	lack	full	systematic	treatment.

Source	 	=	1:2:0	 	~1:1:1	at	det.νe :νμ :ντ →

IceCube	
Work	in	
Progress
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Upcoming	Astrophysical	 	Measurementντ
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IceCube	Work	
in	Progress

Simulated	example	
(5	events)	overlaid	
on	current	msmt.

Overlaid	plot	lacks	full	
systematic	treatment

•Preliminarily	predict	~ 	
on	background	of 	
events	(HESE	dlux;	stat.	errors	only)		
•~10	years	livetime	
•background	dominated	by		

	and	prompt	 	

•systematic	effects	appear	to		
have	minimal	impact	

•With	~5	events,	can	rule	out		
no– 	at	high	condidence	
•~50%	chance	to	reach	 	

•May	be	able	to	better		
constrain	astrophysical		
neutrino	“dlavor	triangle”	

•Also:	Exploring	supra-PeV	 			
producing	kms-long	 	tracks	
•Potentially	distinguishable	from		
	tracks	(smoother:	 )

4.8 ± 0.1 νCC
τ

∼ 0.4 ± 0.06

νastro
e,μ νatm

νastro
τ

5σ

ντ
τ

μ mτ ≫ mμ
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Conclusions
•IceCube	is	unique	in	its	broad	sensitivity	to	 	(and	 )	

•~6	orders	of	magnitude	in	 	(and	 ):	10	GeV	 	10	PeV	

•~20	orders	of	magnitude	in	 	:		~ 	 	 	ly	

•IceCube	makes	both	exclusive	 	and	inclusive	 measurements	
•Exclusive:	 double	pulse	

•Likely	to	soon	have	world’s	largest	(exclusive)	 	appearance	sample	

• 	are	powerful	probes	of	

•ultra-long	baseline,	ultra-high	energy	 	oscillations	

•astrophysical	accelerator	 	production	scenarios	

•new	physics	

•Very	early	days	for	 …but	maturing	rapidly!

ντ τ
Eντ

Eτ ↔

Lντ
Rearth ↔ ∼ 4 × 109

νastro
τ νatm

τ

νastro
τ → τ →

ντ

νastro
τ

ν
ν

νastro
τ
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Thanks!



Aeff
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no	nutau		
rejection	p-value
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IceCube	Prospects
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•IceCube	Upgrade	
•Will	improve	both	low	
and	high	energy	
neutrino	
measurements		
•Important	step	
towards	the	“Gen-2”	
experiment	that	will	
improve	IceCube’s	
capabilities	by	~10x

Next Steps:
KM3NeT - ORCA

82 days of data taken with first ORCA line  
fromOct. – Dec. 2017: first atm. ν candidates!

115 lines with 2,070 mDOMs, 6MTon inst. volume

• determination of the neutrino mass ordering  
• improved measurements of neutrino oscillations

Low energies: PINGU 
neutrino physics  
and dark matter

Upgrade

The IceCube Upgrade

7 strings with 875 advanced DOMs and  
improved calibration devices


• improved measurements of neutrino oscillations 
• improved angular resolution for neutrino astronomy 

Proposals pending – news expected soon!

Talk by U. Katz! …also see posters 
by I. de Palma #193, J. Evans #163
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IceCube:	Neutrino	Particle	Physics
•Only	detector	in	the	
world	that	can	
perform	atmospheric	
ν	oscillation	studies	
at	high	energies	
•Megaton-scale		
detector	confers		
enormous		
statistical		
power
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FIG. 3. The 90% allowed region from this work (solid line)
compared to other experiments [12–14,16] (dashed lines). The
cross marks our best-fit point. The outer plots show the results of
the 1D projections after profiling over the other variables along
with the 68% C.L. Δχ2c threshold estimated using the Feldman-
Cousins method [48].
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FIG. 15. Distribution of the data as a function of reconstructed
L/E, overlaid with the best fit neutrino and cosmic-ray muon
histograms for Analysis A (top) and B (bottom). The bottom
portion of each shows the ratio of the data to the predicted
distribution at the best fit point, with black points representing
data and the height of the shaded band the uncertainty of the
best fit (statistical errors only).

The confirmatory B analysis yields slightly weaker limits
of 2.5�(1.4�).

The confidence intervals for the measurements pre-
sented here, shown in Fig. 17, are calculated using the1030

approach of Feldman and Cousins [65] to ensure proper
coverage.

The presented results are of a precision competitive
with those of Super-K and OPERA (see Fig. 16), and
complementary to those measurements in terms of energy1035

scale, L/E range and systematic uncertainties.

Determining its impact on tests of PMNS matrix uni-
tarity requires global fits incorporating results from other
experiments, as our result is only sensitive to the two
elements Uµ3 and U⌧3 of the matrix, while unitarity tests1040

involve elements from a full row or column of the matrix.
The measurement is limited by systematic uncertainties,
in particular uncertainties in the initial flux of atmospheric
neutrinos and uncertainties of our detector. Nevertheless,

FIG. 16. Observed ��2 from the best fit CC+NC (CC) ⌫⌧ nor-
malization of 0.75 (0.62) as a function of the ⌫⌧normalization
(black lines). Shaded bands show the with the 68% ranges
of the expected distribution of ��2 values obtained from
pseudo-experiments assuming nominal values for oscillation
parameters and a tau neutrino normalization of 1.0.

FIG. 17. The measured values for CC+NC (top) and CC-only
(bottom) results in both analyses. Also shown are previous
best-fit values of the CC-only ⌫⌧ normalization from OPERA
and Super-Kamiokande. All measurements are consistent with
standard unitary oscillations (⌫⌧ normalization of 1.0), with
the two analyses presented here showing excellent agreement.

our result will improve with more statistics, as the afore-1045

mentioned uncertainties are constrained by the data in
the measurement itself, and the precision at which we
can control them improves as the sample size increases.
This defines a clear path forward towards a higher preci-
sion tau neutrino appearance measurement: more data,1050

extended event selection and better control of detector un-
certainties. With ten years of DeepCore data we expect an
analysis similar to the one presented here to attain a world-
leading precision as good as 15%. Better reconstruction
algorithms–currently under development–promise to im-1055

prove the precision, as do proposed detector upgrades [66].
The upgrades will include advanced calibration devices to
improve our understanding of detector-related uncertain-
ties, and the additional optical modules will be better and
more e�cient at identifying and reconstructing low energy1060

Preliminary

15

FIG. 15. Distribution of the data as a function of reconstructed
L/E, overlaid with the best fit neutrino and cosmic-ray muon
histograms for Analysis A (top) and B (bottom). The bottom
portion of each shows the ratio of the data to the predicted
distribution at the best fit point, with black points representing
data and the height of the shaded band the uncertainty of the
best fit (statistical errors only).

The confirmatory B analysis yields slightly weaker limits
of 2.5�(1.4�).

The confidence intervals for the measurements pre-
sented here, shown in Fig. 17, are calculated using the1030

approach of Feldman and Cousins [65] to ensure proper
coverage.

The presented results are of a precision competitive
with those of Super-K and OPERA (see Fig. 16), and
complementary to those measurements in terms of energy1035

scale, L/E range and systematic uncertainties.

Determining its impact on tests of PMNS matrix uni-
tarity requires global fits incorporating results from other
experiments, as our result is only sensitive to the two
elements Uµ3 and U⌧3 of the matrix, while unitarity tests1040

involve elements from a full row or column of the matrix.
The measurement is limited by systematic uncertainties,
in particular uncertainties in the initial flux of atmospheric
neutrinos and uncertainties of our detector. Nevertheless,

FIG. 16. Observed ��2 from the best fit CC+NC (CC) ⌫⌧ nor-
malization of 0.75 (0.62) as a function of the ⌫⌧normalization
(black lines). Shaded bands show the with the 68% ranges
of the expected distribution of ��2 values obtained from
pseudo-experiments assuming nominal values for oscillation
parameters and a tau neutrino normalization of 1.0.

FIG. 17. The measured values for CC+NC (top) and CC-only
(bottom) results in both analyses. Also shown are previous
best-fit values of the CC-only ⌫⌧ normalization from OPERA
and Super-Kamiokande. All measurements are consistent with
standard unitary oscillations (⌫⌧ normalization of 1.0), with
the two analyses presented here showing excellent agreement.

our result will improve with more statistics, as the afore-1045

mentioned uncertainties are constrained by the data in
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extended event selection and better control of detector un-
certainties. With ten years of DeepCore data we expect an
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νµ	“disappearance”	results	competitive	with		
dedicated	accelerator-based	ν	experiments

ντ	“appearance”	results	currently	competitive		
and	soon	will	be	world-leading;	tests	unitarity
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8-Year	DeepCore	 	Disappearanceνμ
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