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Measuring ντ appearance
From theory: “2-3 osc” is νµ → ντ

I measured by OPERA (5 events)
I also observed by SK at ∼ 4σ

Precise measurement of ντ
appearance allows verification of
unitarity of mixing matrix

ντ CC x-sec turns on at a few GeV
I need as high ν energy as

possible

However νµ → ντ oscillation
maximum at much lower energies
at typical oscillation baselines

I maximum at 25 GeV for ν
traveling through Earth’s
diameter

23

conducted in the 1970’s and 1980’s using either bub-
ble chamber or spark chamber detectors and represent a
large fraction of the data presented in the summary plots
we will show. Over the years, interest in this energy re-
gion waned as efforts migrated to higher energies to yield
larger event samples and the focus centered on measure-
ment of electroweak parameters (sin2 θW ) 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 we will discuss here
are important because they form some of the dominant
signal and background channels for experiments search-
ing for neutrino oscillations. This is especially true for
experiments that use atmospheric or accelerator-based
sources of neutrinos. With a view to better understand-
ing these neutrino cross sections, new experiments such
as ArgoNeuT, K2K, MiniBooNE, MINERνA, MINOS,
NOMAD, SciBooNE, and T2K have started to study this
intermediate energy region in greater detail. New theo-
retical approaches have also recently emerged.
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FIG. 10 Plot comparing the total charged current νµ (solid)
and ντ (dashed) per nucleon cross sections divided by neutrino
energy and plotted as a function of neutrino energy.

We start by describing the key processes which can
contribute to the total cross section at these intermediate
neutrino energies. Here, we will focus on several key
processes: quasi-elastic, NC elastic scattering, resonant
single pion production, coherent pion production, multi-
pion production, and kaon production before turning our
discussion to deep inelastic scattering in the following
chapter on high energy neutrino interactions. For com-
parison purposes, we will also include predictions from
the NUANCE event generator (Casper, 2002), chosen as
a representative of the type of models used in modern
neutrino experiments to describe this energy region.
The bulk of our discussions center around measurements
of νµ-nucleon scattering. Many of these arguments also
carry over to ντ scattering, except for one key difference;

the energy threshold for the reaction. Unlike for the
muon case, the charged current ντ interaction cross
section is severely altered because of the large τ lepton
mass. Figure 10 reflects some of the large differences in
the cross section that come about due to this threshold
energy.

A. Quasi-Elastic Scattering

For neutrino energies less than ∼ 2 GeV, neutrino-
hadron interactions are predominantly quasi-elastic
(QE), hence they provide a large source of signal events in
many neutrino oscillation experiments operating in this
energy range. In a QE interaction, the neutrino scatters
off an entire nucleon rather than its constituent partons.
In a charged current neutrino QE interaction, the target
neutron is converted to a proton. In the case of an an-
tineutrino scattering, the target proton is converted into
a neutron:

νµ n→ µ− p, νµ p→ µ+ n (56)

Such simple interactions were extensively studied in the
1970-1990’s primarily using deuterium-filled bubbble
chambers. The main interest at the time was in testing
the V-A nature of the weak interaction and in measuring
the axial-vector form factor of the nucleon, topics that
were considered particularly important in providing an
anchor for the study of NC interactions (Section V.B).
As examples, references (Lyubushkin et al., 2009; Singh
and Oset, 1992) provide valuable summaries of some of
these early QE investigations.

In predicting the QE scattering cross section, early
experiments relied heavily on the formalism first writ-
ten down by Llewellyn-Smith in 1972 (Llewellyn-Smith,
1972). In the case of QE scattering off free nucleons, the
QE differential cross section can be expressed as:

dσ

dQ2
=
G2
FM

2|Vud|2
8πE2

ν

[
A± (s− u)

M2
B +

(s− u)2

M4
C

]
(57)

where (−)+ refers to (anti)neutrino scattering, GF is
the Fermi coupling constant, Q2 is the squared four-
momentum transfer (Q2 = −q2 > 0), M is the nucleon
mass, m is the lepton mass, Eν is the incident neutrino
energy, and (s−u) = 4MEν−Q2−m2. The factors A, B,
and C are functions of the familiar vector (F1 and F2),
axial-vector (FA), and pseudoscalar (FP ) form factors of
the nucleon:

 (GeV)νtrue E10 210

) xν 
→ µν

P
(

0.0

0.2

0.4

0.6

0.8

1.0

2 = 7.59e-05 eV21
2 m∆

2 = 2.42e-03 eV32
2 m∆

) = 0.86112θ(22sin

) = 0.09813θ(22sin

) = 0.49023θ(2sin

° = 0
CP

δ

eν: xν
µν: xν
τν: xν

 [ie. cos(Zen)=-1]νup-going 

J. P. Athayde Marcondes de André IceCube/PINGU ντ app. – DPF 2015 7 August 2015 2 / 16

Source: J A Formaggio, G P Zeller,

arXiv:1305.7513



Atmospheric neutrinos

Neutrinos from different baselines and energies
I Baselines vary between ∼20 km to ∼12760 km
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IceCube Preliminary

Large volume detectors
needed for large
statistics

∼ 104 νµ expected per
year at analysis level in
DeepCore
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IceCube

50 m

1450 m

2450 m 

2820 m

IceCube Array
 86 strings including 8 DeepCore strings 
5160 optical sensors

DeepCore 
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m 

IceCube Lab
IceTop
81 Stations
324 optical sensors

Bedrock

Without DeepCore:
78 strings,
125 m string spacing,
17 m module z-spacing
Optimized for (very)
High Energy neutrinos

J. P. Athayde Marcondes de André IceCube/PINGU ντ app. – DPF 2015 7 August 2015 4 / 16



IceCube-DeepCore

78 strings, 125 m string
spacing
17 m modules z-spacing

8 strings, 40-75 m string
spacing
7 m modules z-spacing
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Measurement strategy

Huge background from atmospheric µ
I Use IC as veto to reject atm µ events
I Same as done for νµ disappearance

analysis
F see J. Hignight’s talk

Reconstruct ν energy and direction
I oscillation distance (L) given by zenith

Separate ν events with
clear muons from rest

I only ∼18% of τ decay
have µ

I νµ CC is main
background to analysis

Cannot currently separate
different types of “cascade”
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What is the signal in IceCube-DeepCore?
The oscillation formalism does not relate to how the ν interacts

I in that sense, ντ CC and NC are both signal
But, uncertainties on the x-sec would affect more ντ CC rate

I in that case using signal as only ντ CC would simplify interpretation
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Currently both ντ CC and NC considered signal.
I In future plan to present results in both scenarios
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What is the signal in IceCube-DeepCore?

But fit is not done in L/E, but in E × cos θz
I Most signal in cascade channel
I Pattern in E × cos θz helps reduces impact of systematics
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Systematic errors and fitting
Gaussian prior prior in fit?

∆M2 (2.42 ± 0.10) · 10−3 eV2 Yes
sin2(θ23) 0.490 ± 0.055 Yes

ν overall normalization ±15% No
Atmo. µ normalization 1.34 ± 20% No
νe/νµ flux normalization ±2% Yes
ν̄/ν flux normalization ±15% Yes

Spectral index of νµ flux ±0.05 Yes
DOM efficiency ±10% Yes

Hole Ice (0.02 ± 0.01) cm−1 Yes

Fit is done using Gaussian priors for most systematic errors and flat
prior for ντ normalization (between 0.0 and 2.0)

I in future will use more complicated prior for oscillation parameters
For estimation of sensitivity, fit performed on several pseudo data
generated from MC

I When fit without prior, Gaussian prior is used for sampling of
parameter used for pseudo-data creation.

While main systematics already accounted for, still evaluating impact of
other systematics
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Reconstructed ντ normalization – 1 year

Entries  30000

Mean   0.07244

RMS    0.0952

 normτνFit 0 0.5 1 1.5 2

1

10

210

310

410

Entries  30000

Mean   0.07244

RMS    0.0952

Entries  30000

Mean     1.02
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Entries  30000

Mean     1.02
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 norm = 0τνTrue 

 norm = 1τνTrue 

Reasonable separation between default 3-flavour oscillation and
no ντ appearance with 1 year DeepCore data
Significance to exclude no ντ appearance: ∼ 6.5σ (Gaus approx)
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Sensitivity for ντ normalization – “3 years”
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25% precision on ντ normalization
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IceCube-DeepCore-PINGU

78 strings, 125 m string
spacing
17 m modules z-spacing

8 strings, 75 m string spacing
7 m modules z-spacing

40 strings, 22 m string spacing
3 m modules z-spacing

I all optical modules in
clearest ice X (m)
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Top view of the PINGU new candidate detector
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For more on PINGU analysis see T. DeYoung’s talk
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ντ appearance in PINGU

Follow same procedure as for DeepCore
I Denser array⇒ improved reconstruction and PID

ντ composes larger part of final sample than in DeepCore
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ντ appearance in PINGU – expected sensitivity
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5σ exclusion of no ντ appearance after 1 month of data

10% precision in the ντ normalization after 6 months
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Summary and outlook

Atmospheric ν various baselines and energies permit
measurement of ντ appearance

IceCube-DeepCore should currently be able to statistically
measure it with high significance

I Progress being made towards this measurement
I Expected 25% precision on normalization with already taken data

PINGU should further increase sensitivity to ντ appearance
I < 10% precision on normalization after 1 year of data
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Backup slides

J. P. Athayde Marcondes de André IceCube/PINGU ντ app. – DPF 2015 7 August 2015 17 / 16



Event display at PINGU
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Reconstruction resolutions

Energy and Zenith Resolutions 
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
• For PINGU, σE/E ~ 20 % and σθ ~ 10 - 20 deg. 
• PINGU's (E,θ) resolutions 2x better than DeepCore’s. 
✦ Resolutions plotted on right hand side are single gaussian fits 

• (E,θ) resolutions are fairly Gaussian, and for PINGU νe, νμ resolutions are similar.

Effective Area 
• Selection efficiency depends on 

✦ Energy 
✦ Flavor and parity 
✦ Interaction (CC vs. NC)  
✦ Zenith angle, cosθz. 

• Angular resolution very good: few events removed due to mis-reconstruction. 
!
!
!
!
!
!
!
!
!
!
!
!
!
!
• With MTon effective mass, PINGU will detect ~50k atmospheric neutrinos  

(3 < Eν < 100 GeV) per year.

Particle Identification 
•  All νμ CC and 17 % of ντ CC interactions  

contain an outgoing µ. 
• Look µ to tag event as “track”, otherwise  

“cascade”. 
• Classification variables (see figure 1 for  

difference between tracks/cascades) 
✦ Hits [200,6] ns before cascade light front  

(“Early hits”) 
✦ Hits [0.2,20] μs after cascade light front (“Very late hits”) 
✦ Time when 10% of charge is detected 
✦ Reconstructed Lµ 
✦ Reconstructed Eµ/Eν ratio 
✦ Likelihood difference between best fit and fit assuming just hadronic cascade 

• Train Boosted Decision Tree with TMVA with these variables 
✦ Trained distribution agrees well with data in DeepCore

PINGU1 and DeepCore2 
• DeepCore: low energy infill to IceCube. 
• PINGU: low energy extension to DeepCore 

✦ Baseline detector: 40 strings, 20m string  
spacing, 60 optical modules per string. 

• Physics goals for PINGU: 
✦ Determine neutrino mass hierarchya 
✦ Precision measurement of Δm23, θ23 
✦ ντ appearanceb 
✦ WIMP annihilation searches 
✦ Others, see LoI1

Event Reconstruction and Particle Identification for 
Low Energy Events in DeepCore and PINGU

Event Reconstruction 
• Hypothesis: all events are νμ CC DIS interaction: νμ + N -> μ + X 
• Maximize likelihood that observed light explained by expected light in each DOM. 

✦ Expectation for likelihood based on detailed ice simulation 
✦ Parameters describing hypothesis (see parameters in red in figure): 
✦ Non-smooth likelihood space: use MultiNest3 to maximize likelihood 

• For events with no muon track: 
✦ Eµ should be reconstructed at ~ 0 GeV. 
✦ Hadronic cascades have lower light yield. 

✤ Bias for events with EM cascades (mostly νe CC events)

Timothy C. Arlen1, J.P.A.M. de André2 for the IceCube-PINGU Collaboration!
Penn State University, Department of Physics, University Park, PA 16802!

1tca3@psu.edu, 2jpa14@psu.edu

References: 
(1) The IceCube-PINGU Collaboration, “Letter of Intent” (2014) [arXiv:1401.2046]. 
(2) The IceCube Collaboration, Astroparticle Physics, 35, 10 (2012) [arXiv:1109.6096]. 
(3) F Feroz, et al., Mon. Not. Roy. Astron. Soc. 398, 1601 (2009) [arXiv:0809.3437].
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Related Posters: 
(a) L Schulte, T Arlen, S Boser, Calculating PINGU's Sensitivity to the Neutrino Mass Hierarchy 
(b) J.P.A.M. de Andre, Sensitivity to Nu Tau Appearance at DeepCore and PINGU. 
(c) M. Jurkovic, New calibration methods for IceCube, DeepCore and PINGU.
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Energy and Zenith Resolutions 
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
• For PINGU, σE/E ~ 20 % and σθ ~ 10 - 20 deg. 
• PINGU's (E,θ) resolutions 2x better than DeepCore’s. 
✦ Resolutions plotted on right hand side are single gaussian fits 

• (E,θ) resolutions are fairly Gaussian, and for PINGU νe, νμ resolutions are similar.

Effective Area 
• Selection efficiency depends on 

✦ Energy 
✦ Flavor and parity 
✦ Interaction (CC vs. NC)  
✦ Zenith angle, cosθz. 

• Angular resolution very good: few events removed due to mis-reconstruction. 
!
!
!
!
!
!
!
!
!
!
!
!
!
!
• With MTon effective mass, PINGU will detect ~50k atmospheric neutrinos  

(3 < Eν < 100 GeV) per year.

Particle Identification 
•  All νμ CC and 17 % of ντ CC interactions  

contain an outgoing µ. 
• Look µ to tag event as “track”, otherwise  

“cascade”. 
• Classification variables (see figure 1 for  

difference between tracks/cascades) 
✦ Hits [200,6] ns before cascade light front  

(“Early hits”) 
✦ Hits [0.2,20] μs after cascade light front (“Very late hits”) 
✦ Time when 10% of charge is detected 
✦ Reconstructed Lµ 
✦ Reconstructed Eµ/Eν ratio 
✦ Likelihood difference between best fit and fit assuming just hadronic cascade 

• Train Boosted Decision Tree with TMVA with these variables 
✦ Trained distribution agrees well with data in DeepCore

PINGU1 and DeepCore2 
• DeepCore: low energy infill to IceCube. 
• PINGU: low energy extension to DeepCore 

✦ Baseline detector: 40 strings, 20m string  
spacing, 60 optical modules per string. 

• Physics goals for PINGU: 
✦ Determine neutrino mass hierarchya 
✦ Precision measurement of Δm23, θ23 
✦ ντ appearanceb 
✦ WIMP annihilation searches 
✦ Others, see LoI1

Event Reconstruction and Particle Identification for 
Low Energy Events in DeepCore and PINGU

Event Reconstruction 
• Hypothesis: all events are νμ CC DIS interaction: νμ + N -> μ + X 
• Maximize likelihood that observed light explained by expected light in each DOM. 

✦ Expectation for likelihood based on detailed ice simulation 
✦ Parameters describing hypothesis (see parameters in red in figure): 
✦ Non-smooth likelihood space: use MultiNest3 to maximize likelihood 

• For events with no muon track: 
✦ Eµ should be reconstructed at ~ 0 GeV. 
✦ Hadronic cascades have lower light yield. 

✤ Bias for events with EM cascades (mostly νe CC events)

Timothy C. Arlen1, J.P.A.M. de André2 for the IceCube-PINGU Collaboration!
Penn State University, Department of Physics, University Park, PA 16802!
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