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Outline

• Neutrino Physics in Ice 

– Neutrino oscillations with DeepCore 

– Neutrino physics at 10 TeV 

• Future Plans: PINGU and IceCube-Gen2 Phase 1
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atmospheric μ 
(~3 kHz)

atmospheric ν (~5 mHz)

astrophysical ν  
(~µHz)

IceCube: Signals and Backgrounds

“conventional:” π/K decay 
“prompt:” charmed mesons, intrinsic charm



IceCube DeepCore

• A more densely instrumented region at 
the bottom center of IceCube 

• Eight special strings plus 12 nearest 
standard strings 

• Hamamatsu high Q.E. PMTs 

• String spacing ~70 m, DOM spacing  
7 m: ~5x higher effective 
photocathode density than IceCube 

• In the clearest ice, below 2100 m 

• λatten ≈ 45-50 m, very low levels of 
radioactive impurities 

• IceCube provides an active veto against 
cosmic ray muon background
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DeepCore Physics: 5-100 GeV

• Searches for dark matter-induced neutrino flux from… 

• …the Sun: Phys. Rev. Lett. 110, 131302 (2013), Eur. Phys. J. C77, 146 (2017)  

• …the Earth: Eur. Phys. J. C77, 82 (2017) 

• …Galactic Center: Eur. Phys. J. C75. 492 (2015), Eur. Phys. J. C76. 531 (2016), arXiv:1705.08103 

• …Galactic Halo: Eur. Phys. J. C75. 20 (2015) 

• …dwarf galaxies: Phys. Rev. D88, 122001 (2013) 

• Direct searches for exotic particles, e.g. slow monopoles: Eur. Phys. J. C74, 2938 (2014) 

• Neutrino astronomy: neutrino bursts from, e.g. choked GRBs: Astrophys. J. 816, 75 (2016) 

• Atmospheric neutrino spectrum: first measurements of νe above 50 GeV:  
Phys. Rev. Lett. 110, 151105 (2013), Phys. Rev. D91, 122004 (2015) 

• … and atmospheric neutrino oscillations
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Oscillations with Atmospheric Neutrinos

• Neutrinos available over a wide range of baselines, with energies 
from a few GeV to 10’s of TeV 

• Oscillations produce distinctive  
pattern in 2D energy-angle space 

• Rather than near and far  
detectors, we have a range  
of beams and a single detector 

• Multi-MTon volume/high  
statistics allows deconvolution  
of systematics (generically depend  
on angle or energy) from oscillations

~12,700km
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Probing oscillation physics at a range of baselines and energies not accessible 
to long-baseline or reactor neutrino experiments
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Oscillograms

• Measure atmospheric parameters (Δm2
atm, θ23) at high energies 

• Tau neutrino appearance also accessible – test of 3x3 mixing paradigm 

• Below ~15 GeV, matter resonances (MSW) depend on mass ordering
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Atmospheric neutrino oscillations
»Neutrinos change 3avor as they travel

» Earth's matter pro6le modi6es expectation from vacuum oscillations

»  Between Eν = 2-15 GeV  resonances, transitions → νe  ν↔ μ take place

»  For Eν >15 GeV  saturation (→ θ13→π/2), dominated by νμ  ν↔ τ transitions

Resonance region Saturation Resonance region Saturation
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Vacuum-dom. Vacuum-dom.ResonancesResonances
Yáñez and Kouchner, arXiv:1509.08404



Atmospheric Oscillations with DeepCore

• 41,599 events from 2012-14 data sets, χ 2/n.d.f. = 117 / 119 

• Full analysis is L x Eν x particle type, projected onto (L/Eν) for illustration 

• Shaded range shows uncertainty in prediction at best fit (mostly atm. μ)
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Nuisance Parameters

• Held fixed due to lack of impact on fit: ∆m2
21 = 7.53×10−5 eV2,  

sin2 θ12 = 0.304, sin2 θ13 = 2.17 × 10−2, and δCP = 0º

11



Best fit:                                         eV2, Δm2
32 = 2.31+0.11

�0.13 � 10�3 sin2 θ23 = 0.51+0.07
�0.09
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Tau Appearance and PMNS Unitarity

• Direct tests of unitarity of the  
PMNS mixing matrix are limited  
by imprecision of tau neutrino  
appearance data 

• 30% deviations in tau row  
allowed at 2σ CL by world data 

• Tau lepton mass suppresses  
CC cross section – appearance  
measurements difficult in  
long-baseline experiments

13
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FIG. 2: 1-D ��2 for deviation of both UPMNS row (solid) and
column (dashed) normalisations, fitted with all spectral and
normalisation data, when considering new physics that enters
above |�m2| � 10�2eV2.

as |Uµ1| and |Uµ2| only appear in the degenerate com-
bination |Uµ1|2 + |Uµ2|2, they cannot be distinguished
individually. This degeneracy is very weakly broken by
the ⌫µ ! ⌫e appearance experiment T2K [1], and will be
improved upon taking of more data and with future high
statistics NO⌫A [11] results. The addition of this nor-
malisation and sterile data in the 3⌫ unitarity case does
not change anything in the fit. From here on we will
discuss only the main results, as calculated including all
normalisation and sterile search data.

The addition of this sterile search and normalisation
data improves the situation significantly. If we define
the shift in range of allowed values as the ratio of the
di↵erence in 3� ranges without and with unitarity, to
that derived with unitarity, the increase in parameter
space for |Uei|, i = 2, 3 and |Uµi|, i = 1, 2, 3 are all 
10% (4%, 8%, 8%, 7% and 4% respectively), with |Ue1|
taking the majority of the discrepancy in the ⌫e sector,
with an increase of allowed range of 68%, primarily
due to the weaker bounds from KamLAND compared
to the SBL reactors, and that |Ue1|2 forms the bulk of
|Ue1|2 + |Ue2|2 + |Ue3|2. The entire ⌫⌧ sector, however,
may contain substantial discrepancies from unitarity
with shifts in allowed regions of 37%, 46% and 104%
respectively. We have little or no current mechanisms
to directly measure any ⌫⌧ elements and we have not
yet observed any oscillation amplitude peaks, even the
recent 5� discovery of ⌫µ ! ⌫⌧ at OPERA [49] only
sees the tail end of the 1st oscillation maximum and the
observation of 5 events on a background of 0.25 ± 0.05
is not significant spectrally and can be equally be fit by
a flat normalisation discrepancy. The precision we do
have is driven by the fact large deviations here cause
violations of unitarity too large in the ⌫e and ⌫µ sectors,
passed through by the geometric Cauchy-Schwartz

constraints.

We must stress that even if the 3� ranges of the
U
PMNS

elements agree closely with the unitarity case,
this does not equate to the neutrino mixing matrix
being unitary. In the unitary case the correlations are
much stronger and choosing an exact value for any one
the mixing elements drastically reduces the uncertainty
on the remaining elements. To better understand the
level at which we know unitarity is conserved or not, we
plot the resultant ranges for the normalisation in Fig
(2). We see that the ⌫e and ⌫µ normalisation deviations
from unity are relatively well constrained ( 0.06 and
0.07 at 3� CL respectively), primarily by reactor fluxes
and a combination of precision measurements of the rate
and spectra of upward going muon-like events observed
at Super-Kamiokande [53] and the multitude of long
and short baseline accelerator ⌫µ ! ⌫µ disappearance
experiments. We note the ⌫µ normalisation deviation
from unity is constrained slightly (⇡ 1%) better than
the ⌫e normalisation. This is due to the large theoretical
error, 5%, on total flux from reactors assumed [56]. The
remaining normalisation deviations from unity are all
constrained to be . 0.2 - 0.4 at 3� CL.

For the case of the six neutrino unitarity triangles, we
present the allowed ranges for their closures in Fig. (3).
For the three row triangles the bounds originate from a
combination of the corresponding geometric constraints
along with appearance data in the respective channel.
The column triangles, however, are bound by the geomet-
ric constraints only, and as the column normalisations are
proportionally less known, so too are the column unitar-
ity triangles. Only one triangle does not contain a ⌫⌧
element, the ⌫e⌫µ triangle, and hence it is the only tri-
angle in which it is excluded to be open by more than
0.03 at the 3� CL, compared to between 0.1 - 0.2 at the
3� CL for the remaining triangles. This hierarchical sit-
uation will not improve unless precise measurements can
be made in the ⌫⌧ sector.

If one wishes to proceed with measurements of unitar-
ity, without the assumption of an extended U

PMNS

ma-
trix and its subsequent Cauchy-Schwartz bounds, then
prospects for improvement are essentially limited to mea-
suring the ⌫e normalisation. Improvement of all ⌫e ele-
ments is possible, especially if the new generation reac-
tor experiments, JUNO [57] and RENO50 [58], proceed
as planned. See discussion by X. Qian et al. [12] for
a detailed discussion of the possible improvements. Sig-
nificant improvement in the ⌫µ sector would require the
measurement of ⌫µ disappearance at the solar mass scale,
well beyond what is currently technologically feasible.
Improvements in the indirect 3+N sterile measure-

ments are much more promising, the Fermilab Short
Baseline Neutrino (SBN) [59] program consisting of the
SBND, MicroBooNE and ICARUS experiments on the
Booster beam, will be capable of probing a wide range

Parke and Ross-Lonergan 2016

⌫⌧ appearance: testing unitarity of the mixing matrix U

If we don’t assume unitarity of mixing matrix! 9 parameters to be measured
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I ⌫ disappearance: sensitive to the absolute values of 1 row
I ⌫ appearance: sensitive to products between 2 rows

Probing the ⌧ -row: ⌫⌧ appearance!
I OPERA and SK measured that
I in both cases saw too many ⌫⌧

F not statistically significant
) need precision measurements

Phys. Rev. D 93, 113009

J. P. A. M. de André, for IceCube-Gen2 International Workshop on Neutrino Telescopes 2017 17 March 2017 3 / 19



Two parallel analyses underway, results coming soon

Expected sensitivity based on  
MC data challenges
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Atmospheric Neutrinos at TeV and Above

• Unprecedented  
neutrino data set  
with energies up  
to 100 TeV 

• Unique probe of  
a range of potential 
new physics
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FIG. 11. For a given astrophysical spectral index (x axis)
in the upper panel, the best fit prompt flux (blue line) and
its errors (band at 68% C.L.) from the profile likelihood scan
are obtained. The bottom panel shows the range of allowed
region of the index parameter from the full fit.

down-going prompt neutrinos will be accompanied by
muons which will cause the event to be rejected. This
will show up as a change in the zenith angle distribution,
with down-going events suppressed, in contrast to the
astrophysical component, which will remain isotropic.

The presence of very high energy events (⇠1 PeV) in
the downward region favors the astrophysical component
over the prompt component. It should be noted that the
presence of the cosmic-ray knee introduces a kink into
the prompt component spectrum. As Fig. 12 shows,
at energies above a few hundred TeV, this kink further
reduces the prompt component.

Since the fit results for the conventional components
are not influenced by the prompt or astrophysical com-
ponents, we obtain the conventional ⌫

e

spectrum inde-
pendent of assumptions about the other components. A
separate fit is performed by introducing conventional ⌫

e

components divided into four true energy ranges while
keeping all of the other components unchanged. The re-
sulting best-fit normalizations in each range produce the
neutrino fluxes as shown in Fig. 12 and Table III. The
fit finds good agreement with models of the conventional
⌫
e

flux. The other components in the fit show consistent
values when compared to the previous baseline fit.

The relatively high conventional ⌫
e

flux normalization
measured in the first fit can be further examined by vary-
ing the relative contribution from ⇡ and K to the con-
ventional neutrino fluxes. In a third fit, we introduce an
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FIG. 12. The atmospheric ⌫e flux result (shown as red filled
triangles). Markers indicate the IceCube measurements of
the atmospheric neutrino flux while lines show the theoreti-
cal models. The black circles and the blue band come from
the through-going upward ⌫µ analyses [3, 4]. The open tri-
angles show the ⌫e measurement with the IceCube-DeepCore
dataset [2]. The magenta band shows the modified ERS pre-
diction.

TABLE III. The results of the binned (‘second’) fit to the ⌫e
flux for an E�2 spectrum, in four energy bins.

log
10

Emin

⌫ �log
10

Emax

⌫ hE⌫i(GeV) E2

⌫�⌫(GeV cm�2s�1sr�1)

2.0 � 2.5 270 (1.0± 0.9)⇥ 10�5

2.5 � 3.0 590 (7.6± 1.9)⇥ 10�6

3.0 � 4.0 2.5⇥ 103 (6.4± 2.6)⇥ 10�7

4.0 � 5.0 20.7⇥ 103 (3.5± 3.3)⇥ 10�8

extra fit parameter (⇠) which modifies the K contribu-
tions in Eq. 7 and in Eq. 8 simultaneously.

�
⌫µ(⇠) = C · E�2.65

⌫µ
· (w

⇡

+ ⇠ · w
K

) (7)

�
⌫e(⇠) = C 0 · E�2.65

⌫e
· ⇠ · w

K

0 (8)

A value of ⇠ = 1 corresponds to the standard expec-
tations based on the modified Honda model and a value
of ⇠ > 1 corresponds to increased kaon production. As
the conventional ⌫

µ

and ⌫
e

flux normalizations are fixed
to the baseline model, ⇠ probes the deviations from the
model due to relative K contribution. The ⌫

e

normaliza-
tion C 0 and the kaon weight w

K

0 are fixed at the Honda
flux. For the ⌫

µ

part, while the change in ⇠ corresponds
to a change in shape of the energy distribution, the total
number of ⌫

µ

events is fixed to the baseline expectation

e.g. ster
ile neutrinos: 

talk by C
arlos Argüelles  

tomorrow



TeV Neutrino Cross Section

• Measure neutrino absorption in the Earth, knowing matter density 

• Observe 1.30 +0.30
–0.26 (stat) +0.32

–0.40 (syst) x Standard Model prediction (from 
Cooper-Sarkar et al., JHEP Aug. 2011) from 6.3 TeV to 980 TeV 

• Prompt and astrophysical fluxes are important systematics…



IceCube-Gen2 Facility
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Gen2  
High-Energy Array

Gen2 Surface Veto

IceCube

DeepCore

PINGU

Multi-component observatory: 
• Surface air shower detector 
• Gen2 High-Energy Array 
• Sub-surface radio detector  
• PINGU

A wide band neutrino observatory (MeV – EeV) using several detection 
technologies – optical, radio, and surface veto – to maximize the science Envisioned neutrino facility addressing a wide  
range of scientific topics spanning GeV-EeV energies 

• Gen2 high energy array 
• PINGU low energy extension 
• Surface air shower/veto array 
• Sub-surface radio Cherenkov array



PINGU

• 26 additional, very 
densely instrumented  
strings embedded in 
DeepCore 

• Additional calibration 
devices to better 
control detector 
systematics 

• 6 MTon fiducial 
volume with  
few GeV energy 
threshold 600− 400− 200− 0 200 400 600

D
ep

th
 [m

]

2400−

2200−

2000−

1800−

1600−

1400−

X [m]
100− 50− 0 50 100 150 200

Y 
[m

]

200−

150−

100−

50−

0

50

100

X [m]
600− 400− 200− 0 200 400 600

Y 
[m

]

600−

400−

200−

0

200

400

600
IceCube
DeepCore
PINGU

Du
st

 L
og

ge
r D

at
a

Ic
eC

ub
e 

DO
M

s 
(1

7m
 s

pa
ci

ng
)

De
ep

Co
re

 D
O

M
s 

(7
m

 s
pa

ci
ng

)

PI
NG

U 
DO

M
s 

(3
m

 s
pa

ci
ng

)

De
ep

Co
re

 C
ap

Y 
(m

)

De
pt

h 
(m

)

Dust Layer

X (m)
Absorption Length

IceCube
DeepCore
PINGU

Du
st

 L
og

ge
r D

at
a

Ic
eC

ub
e 

DO
M

s 
(1

7m
 s

pa
ci

ng
)

De
ep

Co
re

 D
O

M
s 

(7
m

 s
pa

ci
ng

)

PI
NG

U 
DO

M
s 

(3
m

 s
pa

ci
ng

)

De
ep

Co
re

 C
ap

Y 
(m

)

De
pt

h 
(m

)

Dust Layer

X (m)
Absorption Length

IceCube
DeepCore
PINGU

Du
st

 L
og

ge
r D

at
a

Ic
eC

ub
e 

DO
M

s 
(1

7m
 s

pa
ci

ng
)

De
ep

Co
re

 D
O

M
s 

(7
m

 s
pa

ci
ng

)

PI
NG

U 
DO

M
s 

(3
m

 s
pa

ci
ng

)

De
ep

Co
re

 C
ap

Y 
(m

)

De
pt

h 
(m

)

Dust Layer

X (m)
Absorption Length

IceCube
DeepCore
PINGU

Du
st

 L
og

ge
r D

at
a

Ic
eC

ub
e 

DO
M

s 
(1

7m
 s

pa
ci

ng
)

De
ep

Co
re

 D
O

M
s 

(7
m

 s
pa

ci
ng

)

PI
NG

U 
DO

M
s 

(3
m

 s
pa

ci
ng

)

De
ep

Co
re

 C
ap

Y 
(m

)

De
pt

h 
(m

)

Dust Layer

X (m)
Absorption Length

IceCube
DeepCore
PINGU

Du
st

 L
og

ge
r D

at
a

Ic
eC

ub
e 

DO
M

s 
(1

7m
 s

pa
ci

ng
)

De
ep

Co
re

 D
O

M
s 

(7
m

 s
pa

ci
ng

)

PI
NG

U 
DO

M
s 

(3
m

 s
pa

ci
ng

)

De
ep

Co
re

 C
ap

Y 
(m

)

De
pt

h 
(m

)

Dust Layer

X (m)
Absorption Length

More information, performance  
estimates in updated Letter of 

Intent, arXiv:1607.02671 



Neutrino Physics with PINGU

19

Determination of the  
neutrino mass ordering

Measurement of mixing 
parameters with different 
method/energy range –  
Excellent sensitivity to 
octant of θ23

Precision 
measurement of 
ντ appearance –
 probe unitarity 
of PMNS matrixLivetime (months)
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First Step: IceCube-Gen2 Phase 1

• Seven new strings of multi-PMT mDOMs in the DeepCore region 

• Inter-string spacing of ~22 m 

• Suite of new calibration  
devices, incorporating  
lessons learned from  
a decade of IceCube  
calibration efforts 

• Improve scientific  
capabilities of IceCube at  
both high and low energy

20
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Tau Neutrino Appearance

• DeepCore will already make  
the world’s most precise 
measurements of tau 
neutrino appearance 

• IceCube-Gen2 Phase 1 
required to achieve 
better than 10%  
precision on ντ 
appearance

21
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Atmospheric Oscillation Parameters

• Currently unclear whether  
sin2 θ23 is maximal 

• 3rd mass state made  
up of equal parts νμ, ντ 

• Evidence of new  
symmetry?

• IceCube, T2K consistent 
with maximal mixing,  
NOvA disfavors at 2.6σ

• Phase 1 will enable IceCube measurements with precision 
competitive with projected final T2K/NOvA results

22
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Sterile Neutrinos

• Observable at low energy via the usual matter effects, rather than 
resonance with Earth density profile 

• Distort the standard oscillation pattern for core-crossing neutrinos 

23 Page 4  Andrii TERLIUK  | Sterile neutrinos  with Gen2/Phase1  | 10 December 2015 | 

Sterile neutrino signal below 100 GeV

> Changes of the oscillations minimum for neutrinos crossing the Earth

> Main modifications at E > 25 GeV

> Almost no changes for the lowest energy part

E�ects of 
the sterile 
neutrino
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Sterile Neutrinos

• Higher precision event  
reconstructions increase  
sensitivity considerably,  
even though the effect  
is mainly at Eν > 20 GeV

• Phase 1 should produce  
similar improvements in  
searches for non-standard  
neutrino interactions (NSI)  
— under investigation

24
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IceCube Gen2 preliminary

SK (2015), 90 % C.L.
IceCube 2016 (3y), 90 % C.L.
IceCube, GRECO (3y), 90 % C.L.
IC Gen2 Phase1 (3y), 90 % C.L.



Summary and Outlook

• The IceCube Neutrino Observatory is a groundbreaking contributor 
to a new era of multimessenger astrophysics 

• IceCube’s copious background of atmospheric neutrinos also 
enables investigation of a range of neutrino and BSM physics 

• Neutrino oscillations, sterile neutrinos, UHE neutrino interactions, dark 
matter, Lorentz violation, monopoles, etc. 

• Planning is underway for IceCube-Gen2: accelerate progress 
toward understanding astrophysical neutrinos, plus a rich neutrino 
physics program with PINGU 

• First step: Phase 1, substantially increase IceCube reach for both high 
energy neutrino astronomy and low energy neutrino physics 



The IceCube-Gen2 Collaboration




