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Next Step: the IceCube Upgrade

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

• Inter-string spacing of ~22 m 

• Suite of new calibration  
devices to boost 
IceCube calibration 
initiatives 

• Improve scientific  
capabilities of IceCube at  
both high and low energy
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Multi-PMT Digital Optical Module (mDOM)

Alexander Kappes, IceCube Collaboration Meeting, Madison, 1.5.2017
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Hardware topics for today — Overview

PMT holding 
structure

optical gel

PMT base

PMT

• Baseline sensor design is the mDOM 

• 24x3” PMTs in a 14” DOM 

• Double the photocathode area  
of IceCube DOMs 

• Segmentation provides 
directional information  
for detected photons 

• Onboard LEDs  

• Ice and hole calibration 

• Ability to mimic tau events 

• Also developing camera for local ice calibration



Science Goals

• Neutrino astronomy at high energy with recalibration and reanalysis 
of existing data 

• Improved angular resolution and veto performance 

• Tau neutrino identification 

• Multi-messenger astronomy 

• Neutrino physics at low energy with new instrumentation 

• Tau neutrino appearance and PMNS unitarity tests 

• Precision measurements of sin² θ23 (incl. octant) and Δm²32 at 10-20 GeV
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Recalibration and Reanalysis of Data

• Improved devices and closer inter-string 
spacing permit significant improvement in 
bulk and hole ice modeling 

• Probe                   for first time 

• Wider range of angles accessible to LEDs, 
especially vertically 

• More precise LEDs, new devices like POCAM, 
onboard cameras

L < �e↵
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Recalibration and Reanalysis of Data

• Improved devices and closer inter-string 
spacing permit significant improvement in 
bulk and hole ice modeling 

• Probe                   for first time 

• Wider range of angles accessible to LEDs, 
especially vertically 

• More precise LEDs, new devices like POCAM, 
onboard cameras

• Extrapolate throughout detector using new 
DOM calibration methods, ice layer info 

• Improvements can be applied retroactively 
to existing data: ~km3⋅decade of improved 
data available immediately
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Neutrino Astronomy

• Angular resolution of high 
energy events dominated 
by ice optical uncertainties 

• Statistical limit is 0.1-0.2º  
(νμ) and 3-5º (νe, ντ) rather 
than 0.5-1º/10-15º 

• Source sensitivity is linear in 
angular resolution – factor 5 
is worth 25x more exposure 

• Ability to identify ντ also limited by systematics 

• Ice is complex but stable – existing data can 
be reprocessed with improved calibrations, 
improvements will be retroactive

factor of 6
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Multi-Messenger Follow-Up Observations

• Identification of counterparts 
limited by angular resolution 

• E.g.: HESE-160427a,  
~140 TeV (Edep) track in 
coincidence with Pan-STARRS 
SN PS16cgx (p-value 0.3% if 
type Ic)

7

April 27 HESE track

● Sent out as public GCN alert
○ SPEFit2: 90% within 8.9°
○ Tension between Millipede and 

SplineMPE scan => 90% within 0.6°

● What is the actual angular 
uncertainty from Millipede?
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real event
HESE-160427a (GCN alert)



Multi-Messenger Follow-Up Observations

• Identification of counterparts 
limited by angular resolution 

• E.g.: HESE-160427a,  
~140 TeV (Edep) track in 
coincidence with Pan-STARRS 
SN PS16cgx (p-value 0.3% if 
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Multi-Messenger Follow-Up Observations

• Identification of counterparts 
limited by angular resolution 

• E.g.: HESE-160427a,  
~140 TeV (Edep) track in 
coincidence with Pan-STARRS 
SN PS16cgx (p-value 0.3% if 
type Ic)

• With improved calibration, 
current ~0.6º error circle could 
be improved to ~0.1º

• Smaller error circle also facilitates 
follow-up of cascades as well as tracks 

• E.g., CTA’s SC-MST field of view of 8º well matched to cascade resolution of 3º-5º
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IceCube probes oscillation physics at baselines and energies inaccessible to 
LBL or reactor neutrino experiments – essential for constraining new physics

 

 

 

 

10-3 10-2 10-1 100 101 102 103

Eν [GeV]
1018

1019

1020

1021

1022

1023

103

104

105

106

107
L 

[G
eV

–1
]

L 
[m

]

Double CHOOZ  
RENO

Daya Bay 

DAEδALUS 

Solar Potential 

KamLAND
K2K

T2K
MINOS/OPERA/ICARUS

NOνA
DUNE

Super-Kamiokande

IceCube  
(High Energy)

DeepCore  
/PINGU

JUNO

L Latm

RENO-50

ORCA KM3NeT-ARCA

tau production  
threshold



Measuring Oscillations

• Exploit high statistics to measure  
2D distortions due to oscillations  
in energy/angle space

• Broad range of energies 
and significant matter 
densities permit searches 
for a range of new physics 
(sterile neutrinos, NSI,…)
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• Currently unclear whether  
sin2 θ23 is maximal 

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

• Evidence of new  
symmetry?

Atmospheric Oscillation Parameters
arXiv:1707.07081, Phys. Rev. Lett. 120, 071801 (2018)
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• 3rd mass state made  
up of equal parts νμ, ντ 
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• T2K and IceCube prefer 
maximal mixing, NOvA  
disfavors maximal at 2.6σ*
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• Currently unclear whether  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• 3rd mass state made  
up of equal parts νμ, ντ 

• Evidence of new  
symmetry?

• T2K and IceCube prefer 
maximal mixing, NOvA  
disfavors maximal at 2.6σ*

Atmospheric Oscillation Parameters

NOvA prelim.

arXiv:1707.07081, Phys. Rev. Lett. 120, 071801 (2018)
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• 3rd mass state made  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• Currently unclear whether  
sin2 θ23 is maximal 

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

• Evidence of new  
symmetry?

• T2K and IceCube prefer 
maximal mixing, NOvA  
disfavors maximal at 2.6σ*

• Higher energy range of IceCube also permits octant determination via 
matter resonance (99.93% CL expected at NOvA 2017 best fit)

Atmospheric Oscillation Parameters

IceCube Upgrade [NH]  
(3 yr proj.)

arXiv:1707.07081, Phys. Rev. Lett. 120, 071801 (2018)



Tau Appearance and PMNS Unitarity

• 3-yr DeepCore result 
competitive with 15-yr 
Super-K measurement  

• Analysis improvements 
and additional data will 
improve precision  

• IceCube Upgrade will 
achieve ±7% in 3 years 

• ~10% precision needed 
for real tests of unitarity of 
PMNS mixing matrix
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IceCube Upgrade Status

• Proposals pending with NSF (PHY mid-scale) and foreign partners 

• $22.7M US plus $12.8M from foreign partners 

• Significantly enhanced detector performance for ~10% incremental investment 

• Improved performance retroactively for reanalysis of 10 km3⋅year IceCube data set 

• Project-driven timeline: 

• Final engineering and design reviews in 2018-19 

• mDOM, DAQ electronics and cable production in 2020 

• Drill integration and firn drilling at South Pole in 2020/21 

• Deep drilling and deployment in 2021/22 

• Commissioning and integration in 2022



The Future: IceCube-Gen2
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• High Energy Array 

• 120 strings x 80 sensors/string 

• ~8 km3 volume, wider string spacing 

• PINGU 

• Low energy infill 

• 26 strings (incl. IC Upgrade) 

• Also investigating surface 
arrays, UHE radio detection 

• Cost scale similar to IceCube



Thanks for your attention!



Calibration with the Upgrade

• Improved devices and closer inter-string spacing will permit 
significant improvement 
in understanding of  
bulk and hole ice 

• Wider range of angles  
accessible to LEDs – both  
horizontally and vertically 

• Probe                   for  
the first time

New	flasher	baselines	

X (m)
100− 50− 0 50 100 150 200

Y 
(m

)

200−

150−

100−

50−

0

50

100

PINGU Geometry V47 (Jokinen)

IceCube

DeepCore

PINGU

PINGU Geometry V47 (Jokinen)

X (m)
100− 50− 0 50 100 150 200

Y 
(m

)

200−

150−

100−

50−

0

50

100

PINGU Geometry V47 (Jokinen)

IceCube

DeepCore

PINGU

PINGU Geometry V47 (Jokinen)

X (m)
100− 50− 0 50 100 150 200

Y 
(m

)

200−

150−

100−

50−

0

50

100

PINGU Geometry V47 (Jokinen)

IceCube

DeepCore

PINGU

PINGU Geometry V47 (Jokinen)

X (m)
100− 50− 0 50 100 150 200

Y 
(m

)

200−

150−

100−

50−

0

50

100

PINGU Geometry V47 (Jokinen)

IceCube

DeepCore

PINGU

PINGU Geometry V47 (Jokinen)

22.2 m

71.4 m

Y(m)

X(m)

L < �e↵
scatt



Calibration with the Upgrade

• Improved devices and closer inter-string spacing will permit 
significant improvement 
in understanding of  
bulk and hole ice 

• Wider range of angles  
accessible to LEDs – both  
horizontally and vertically 

• Probe                   for  
the first time

• More precise LEDs,  
fundamentally new  
devices like POCAM

L < �e↵
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POCAM v1-g being deployed at Lake Baikal



Bulk Ice Characterization

• Optical properties of  
the bulk ice are  
determined by varying  
amount of dust grains 

• Current uncertainties 
on absorption, effective 
scattering at ~10% level 

• Also: anisotropy,  
scattering angle distribution 

• Dust logger data taken during construction provides an incredibly 
detailed map of the ice – the issue is conversion to optical properties

16

Toba eruption



Bulk Ice Characterization

• Precision measurements in the Phase 1 region can be applied 
throughout the array, using our existing 3D map of the dust layers
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(b) Vertical offsets of features in the dust layers
for all IceCube holes, relative to hole 86 (array
center); the seven holes directly measured with
the dust logger are shown in red.

Figure 3: Existing measurements of dust concentration throughout the IceCube volume. The 3D shapes
of the ice layers are well understood, allowing precision measurements from the center of IceCube to be
extrapolated to the full detector.

and the local response of the individual Digital Optical Modules (DOMs). The properties of the bulk ice are
dominated by the varying concentrations of dust grains deposited as the ice sheet was formed [11], while
local effects include obscuration by the power cables and scattering by bubbles in the refrozen ice, as well as
the non-linear response of DOMs to high light levels. Current event reconstruction algorithms must exclude
the DOMs that detect the most photons in high energy events, as modeling errors compounded by the weight
given to DOMs with large amounts of information degrades the overall fit. A significant program is already
underway to improve the calibration of these effects using the LED “flashers” mounted on each DOM. These
efforts will in particular improve the reconstruction of bright events by determining the individual DOMs’
angular response over 4⇡.

The effectiveness of these methods would be greatly enhanced with smaller spacing between strings and
improved precision in the in-ice calibration light sources. Thus, the second pillar of the Phase 1 upgrade
takes advantage of the new boreholes to deploy a suite of advanced calibration instruments over the full
range of IceCube depths, building on lessons learned from a decade of experience with the IceCube detec-
tor. Because the full details of every IceCube event have been archived, the new calibration devices can
retroactively reduce systematic errors in IceCube data analysis, leading to improved high energy ⌫⌧ iden-
tification and significantly better efficiency and angular resolution for high energy neutrino cascades. The
reanalyzed IceCube 10 km3 yr data set (which we will refer to as the 2IC neutrino catalog) will provide an
immediate improvement in sensitivity for a range of high energy astronomical phenomena.

The deployment of Phase 1 instrumentation will reduce the errors in two ways:

1. By obtaining more precise measurements of the bulk ice at all depths. Recent studies show that an
improvement of as much as 50% may be obtained compared to current performance.

2. By improving ongoing calibration of the individual effective DOM response functions, through vali-
dation against measurements with upgraded calibration devices of both the new Phase 1 strings and

3



Local Effects on DOM Response

• Sensitivity of DOMs in situ is modified by cable shadow and 
bubbles in the refrozen ice 

• Leading systematic for 
low energy analyses  

• Limits angular resolution 
for high energy events 

• Closer strings, POCAMs, 
and better LEDs will 
enable us to map the  
DOM angular response  
directly

18



• Original contained event searches (HESE, MESE) 
make no use of neutrino event information 

• Search entire veto volume for muon traces: maximal 
robustness, (nearly) equal flavor sensitivity

High Energy Cascade Veto
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• Original contained event searches (HESE, MESE) 
make no use of neutrino event information 

• Search entire veto volume for muon traces: maximal 
robustness, (nearly) equal flavor sensitivity

• For νμ CC events, improved ESTES analysis doubles 
efficiency in 10-100 TeV range 

• Uses event reconstruction to determine veto region: lower 
effective energy threshold, reduced false-positive rate
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• Original contained event searches (HESE, MESE) 
make no use of neutrino event information 

• Search entire veto volume for muon traces: maximal 
robustness, (nearly) equal flavor sensitivity

• For νμ CC events, improved ESTES analysis doubles 
efficiency in 10-100 TeV range 

• Uses event reconstruction to determine veto region: lower 
effective energy threshold, reduced false-positive rate

• Better reconstruction will permit similar gains for 
cascades 

• Slightly worse pointing, but can also use particle ID to 
reject background (atmospheric muons) 

High Energy Cascade Veto

19

✓

✘
μ

μ



Angular Resolution

• Reconstruction of tracks and cascades 
limited by systematics above ~100 TeV 

• Uncertainties in detailed scattering of 
Cherenkov photons in bulk ice and in  
immediate vicinity of DOMs (cable  
shadow, bubbles in refrozen ice) 

• DOMs closest to the event must be  
omitted from fit to avoid strong pulls  

• Resolutions as low as 0.1º-0.2º (muons), 
3º-5º for cascades possible in the 
absence of systematic uncertainties 

• Better resolution also enables targeted veto – up to 2x yield for cascades at 10-100 TeV 

20
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Flavor Ratio Measurements

• No tau neutrinos yet identified  

• Difficult to tag below ~PeV; only 2 expected so far assuming equal flavors 
(9% probability of observing zero events)



Tau Neutrino Identification

• For standard PMNS oscillations, 1/3 of cosmic 
neutrinos should arrive as ντ 

• Depends weakly on source environment and 
oscillation parameters, but only a small region 
of flavor triangle is allowed in SM 

• Primary detection channel is “double 
bang:” ντ interaction followed by τ 
lepton decay 

• Anisotropic Cherenkov photon 
propagation can give double 
image of single cascade (cf. 
birefringence) 

• New LEDs will enable controlled 
injection precisely timed light 
pulses – direct calibration 0.
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Experimental Uncertainties

• Neutrino-nucleon interactions dominate long-baseline systematics 

• Nuclear physics effects can have a significant impact at lower energies – IceCube 
complementary from the experimental perspective, as well as theoretical

globally describes the transition between these processes or
how they should be combined. Moreover, the full extent to
which nuclear effects impact this region is a topic that has
only recently been appreciated. Therefore, in this section, we
focus on what is currently known, both experimentally and
theoretically, about each of the exclusive final-state processes
that participate in this region.

To start, Fig. 9 summarizes the existing measurements of
CC neutrino and antineutrino cross sections across this inter-
mediate energy range

!"N ! " !X; (54)

!!"N ! " þX: (55)

These results have been accumulated over many decades
using a variety of neutrino targets and detector technologies.
We immediately notice three things from this figure. First, the
total cross sections approaches a linear dependence on neu-
trino energy. This scaling behavior is a prediction of the quark
parton model (Feynman, 1969), a topic we return to later, and
is expected if pointlike scattering off quarks dominates the
scattering mechanism, for example, in the case of deep
inelastic scattering. Such assumptions break down, of course,
at lower neutrino energies (i.e., lower momentum transfers).
Second, the neutrino cross sections at the lower energy end of
this region are not typically as well measured as their high-
energy counterparts. This is generally due to the lack of high
statistics data historically available in this energy range and
the challenges that arise when trying to describe all of the
various underlying physical processes that can participate in
this region. Third, antineutrino cross sections are typically
less well measured than their neutrino counterparts. This is
generally due to lower statistics and larger background con-
tamination present in that case.

Most of our knowledge of neutrino cross sections in
this intermediate energy range comes from early experiments
that collected relatively small data samples (tens-to-a-few-
thousand events). These measurements were conducted in

the 1970s and 1980s using either bubble chamber or spark
chamber detectors and represent a large fraction of the data
presented in the summary plots we show. Over the years,
interest in this energy region waned as efforts migrated to
higher energies to yield larger event samples and the focus
centered on measurement of electroweak parameters (sin2#W)
and structure functions in the deep inelastic scattering region.
With the discovery of neutrino oscillations and the advent of
higher intensity neutrino beams, however, this situation has
been rapidly changing. The processes discussed here are im-
portant because they form some of the dominant signal and
background channels for experiments searching for neutrino
oscillations. This is especially true for experiments that use
atmospheric or accelerator-based sources of neutrinos. With a
view to better understanding these neutrino cross sections,
new experiments such as Argon Neutrino Test (ArgoNeuT),
KEK to Kamioka (K2K), Mini Booster Neutrino Experiment
(MiniBooNE),Main INjector ExpeRiment: nu-A (MINER!A),
Main Injector Neutrino Oscillation Search (MINOS), Neutrino
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FIG. 9. Total neutrino and antineutrino per nucleon CC cross
sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figs. 28, 11,
and 12, with the inclusion of additional lower energy CC inclusive
data from m (Baker et al., 1982), # (Baranov et al., 1979), j
(Ciampolillo et al., 1979), and ? (Nakajima et al., 2011). Also
shown are the various contributing processes that will be inves-
tigated in the remaining sections of this review. These contributions
include quasielastic scattering (dashed), resonance production (dot-
dashed), and deep inelastic scattering (dotted). Example predictions
for each are provided by the NUANCE generator (Casper, 2002).
Note that the quasielastic scattering data and predictions have been
averaged over neutron and proton targets and hence have been
divided by a factor of 2 for the purposes of this plot.

Joseph A. Formaggio and G. P. Zeller: From eV to EeV: Neutrino cross sections . . . 1323

Rev. Mod. Phys., Vol. 84, No. 3, July–September 2012

Formaggio and Zeller 2012
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Muon Neutrino Disappearance: L /E
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arXiv:1707.07081, Phys. Rev. Lett. 120, 071801 (2018)



Tau Neutrino Appearance and 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

26

5

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
UPMNS 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 UPMNS 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

U =

0

@
Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
U⌧1 U⌧2 U⌧3

1

A
 ⌫e appearance and disappearance
 ⌫µ disappearance and ⌫e or ⌫⌧ appearance
 ⌫⌧ appearance

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
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Oscillation Signatures

• Different oscillation effects  
have different characteristic  
distortions of data set 

• NSI, steriles, etc. also have  
characteristic signatures

Actual Signal
• nm disappearance

• Deficit of events compared 
to the no-oscillation case

• Disappearance mostly visible 
in the track channel 
(relatively pure muon 
neutrino sample)

• For upgoing events, 
concentrated around first 
oscillation maximum of ~25 
GeV

• nt appearance
• Additional cascade channel 

events compared to no-
appearance case

• ~order of magnitude smaller 
effect than disappearance (due 
to suppressed CC cross section)

• Slightly worse resolution for 
cascades than tracks
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νµ disappearance

ντ appearance

• Systematic uncertainties are 
constrained by sidebands –
untangled from oscillations 
by broader impact on data


