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D.	
  Cowen/Manchester	
  and	
  Penn	
  State

Introduction
• Neutrino	
  Oscillations
• The	
  Detectors:
• IceCube	
  &	
  DeepCore	
  (taking	
  data)
• PINGU	
  (proposed	
  as	
  part	
  of	
  IceCube	
  Gen2)

• The	
  Source:
• Atmospheric	
  neutrinos

• The	
  Signature:
• Interactions	
  in	
  ice
• Oscillations
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D.	
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  and	
  Penn	
  State

Reasons	
  to	
  Care	
  About	
  Neutrinos
• “Brian	
  Cox”	
  reasons:
• Ubiquity:	
  
• 1011	
  ν/s/cm2	
  &	
  ~300	
  in	
  every	
  cm3	
  of	
  space

• Critical	
  for	
  life
• Fusion	
  in	
  stars	
  requires	
  emission	
  of	
  ν’s	
  	
  

• “Tiniest”	
  or	
  most	
  “anti-­‐social”	
  of	
  all	
  fundamental	
  particle(s)
• Solar	
  neutrinos	
  can	
  pass	
  unscathed	
  through	
  light-­‐year-­‐long	
  column	
  of	
  lead
• ~1024	
  neutrinos	
  will	
  pass	
  through	
  your	
  body	
  in	
  your	
  lifetime;	
  only	
  ~1	
  will	
  deign	
  
to	
  touch	
  you

• Other	
  good	
  reasons:
• Least	
  understood	
  fundamental	
  particles	
  in	
  the	
  Standard	
  Model
• Studying	
  neutrino	
  properties	
  could	
  yield	
  hints	
  for	
  new	
  physics
• Their	
  detection	
  poses	
  an	
  irresistible	
  experimental	
  challenge
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D.	
  Cowen/Manchester	
  and	
  Penn	
  State

Neutrino	
  Oscillations
• General	
  3-­‐Qlavor	
  mixing	
  described	
  by	
  Pontecorvo-­‐Maki-­‐
Nakagawa-­‐Sakata	
  (PMNS)	
  matrix
• analogous	
  to	
  CKM	
  matrix	
  for	
  quarks,	
  but	
  with	
  larger	
  off-­‐diagonal	
  
elements

• Different	
  L/E	
  regimes	
  require	
  different	
  sources	
  and	
  detectors
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Neutrino	
  Oscillations
• General	
  3-­‐Qlavor	
  mixing	
  described	
  by	
  Pontecorvo-­‐Maki-­‐
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  (PMNS)	
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D.	
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The	
  Detectors	
  	
  The	
  Source	
  	
  The	
  Signature

•Detectors	
  have	
  a	
  
wide	
  range	
  of	
  sizes
• For	
  higher	
  E(ν),	
  
events	
  are	
  rarer	
  but	
  
brighter
• Leads	
  to	
  
construction	
  of	
  
bigger	
  but	
  more	
  
sparsely	
  
instrumented	
  
detectors
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The	
  Detectors	
  	
  The	
  Source	
  	
  The	
  Signature
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The	
  Detectors	
  	
  The	
  Source	
  	
  The	
  Signature
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  Detectors	
  	
  The	
  Source	
  	
  The	
  Signature
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  State

The	
  Detectors	
  	
  The	
  Source	
  	
  The	
  Signature

• IceCube	
  DeepCore
• More	
  densely	
  
instrumented	
  region	
  at	
  
bottom	
  centre	
  of	
  IceCube	
  

• Below	
  2100m,	
  clearest	
  
ice
• λatt	
  ~	
  50m
• radiopure

• IceCube	
  provides	
  active	
  
downward-­‐going	
  muon	
  
veto
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IceCube DeepCore
• A more densely instrumented region 

at the bottom center of IceCube

• Eight additional strings, super-

bialkali PMTs

• String spacing ~70 m, DOM 

spacing 7 m: ~5x higher photon 
collection efficiency 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 muons

250 m

35
0 

m Deep 
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extra  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IceCube
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Reconstructions	
  &	
  Resolutions

• From	
  the	
  
Cherenkov	
  
light	
  pattern	
  
we	
  can	
  
reconstruct	
  
each	
  event’s
• direction,
• energy,	
  and
• ~Qlavor

12

 

Include ice properties (from ice models)

Assume track and cascade are collinear

» Used in PINGU analyses

Particle identi6cation in DeepCore

IceCube Preliminary

 

Particle identi6cation in PINGU

PINGU Preliminary
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The	
  Detectors	
  	
  The	
  Source	
  	
  The	
  Signature
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D.	
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  Penn	
  State

Atmospheric	
  Neutrinos
•Production	
  
mechanism
•Wide	
  variety	
  of	
  
energies	
  and	
  
baselines
•Lots	
  of	
  possible	
  
oscillation	
  
signatures
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46 Measuring neutrino oscillations with IceCube DeepCore

The low energy component has such a high flux that it can be measured directly by rela-
tively small experiments, with detection areas of O(1 m2). Satellites and balloons can observe
the primary particles before they interact with the molecules in the atmosphere. Spectro-
scopic analysis allows one to determine the energy and type of particle detected with high
precision. A compilation of direct measurements of the proton component of cosmic rays
is shown in Fig. 5.1, where the flux has been multiplied by E´2.7. The flux at the highest
energies shown is so small that direct detection becomes technically too challenging, and the
particles have to be measured by terrestrial arrays. These arrays detect cosmic rays indirectly
by looking at the secondary particles produced after they interact in the atmosphere. The
interaction typically happens at a height of about 25 km above sea level, where a shower of
particles is initiated. Figure 5.2 shows a diagram of a typical air shower including the different
types of secondary particles produced. Terrestrial arrays determine the energy and type of
primary particle from studying the shower profile, a method which is much less precise than
direct observation.

Figure 5.2: Diagram of the development of a cosmic ray interaction in the atmosphere.

During the development of the air shower muons and neutrinos are produced. They origi-
nate in weak decays of hadrons as shown Fig. 5.2. A typical interaction is

p ` N Ñ X ` π˘, K˘

ë µ˘ ` (
_

)

νµ (5.1)

ë e˘ ` (
_

)

νe ` (
_

)

νµ .

The decay of pions and kaons results in a comparable flux of electrons, muons and neutrinos.

5.1.1 Atmospheric muons

The atmospheric muons produced in air showers with energies above a few hundred GeV
can travel long distances before they decay. They are able to penetrate deep into the Earth,
depending on their energy and the material that they are crossing [30]. Figure 5.3 shows the
measured vertical muon intensity integrated over energy as a function of depth, taking water
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Atmospheric	
  Neutrinos
•Production	
  
mechanism
•Wide	
  variety	
  of	
  
energies	
  and	
  
baselines
•Lots	
  of	
  possible	
  
oscillation	
  
signatures
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Atmospheric	
  Neutrino	
  Flux

16

IceCube	
  and	
  PINGU	
  will	
  each	
  see	
  tens	
  of	
  thousands	
  of	
  ν/yr

Atmospheric	
  ν	
  Energy	
  Spectrum
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Atmospheric	
  Neutrinos
•Production	
  
mechanism
•Wide	
  variety	
  of	
  
energies	
  and	
  
baselines
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  of	
  possible	
  
oscillation	
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•Simulated	
  νµ	
  CC	
  event,	
  Eν	
  =	
  9.3	
  GeV
• 4.4	
  GeV	
  initial	
  cascade,	
  4.9	
  GeV	
  muon

•Physics	
  hits	
  only	
  (no	
  noise)

DeepCore	
  Only

The	
  Detectors	
  	
  The	
  Source	
  	
  The	
  Signature
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•Simulated	
  νµ	
  CC	
  event,	
  Eν	
  =	
  9.3	
  GeV
• 4.4	
  GeV	
  initial	
  cascade,	
  4.9	
  GeV	
  muon

•Physics	
  hits	
  only	
  (no	
  noise)

DeepCore	
  Only DeepCore	
  +	
  PINGU

The	
  Detectors	
  	
  The	
  Source	
  	
  The	
  Signature
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The	
  Detectors	
  	
  The	
  Source	
  	
  The	
  Signature
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The	
  Detectors	
  	
  The	
  Source	
  	
  The	
  Signature

• Using	
  just	
  ν–induced	
  
Cherenkov	
  light,	
  IceCube	
  
and	
  PINGU	
  can	
  separate	
  
tracks	
  from	
  showers
• tracks:	
  νµ	
  CC	
  interactions	
  
with	
  sufQiciently	
  energetic	
  
muon

• showers:	
  all	
  other	
  ν	
  
interactions

• Provides	
  sensitivity	
  to
• νµ	
  disappearance
• ντ	
  appearance
• the	
  neutrino	
  mass	
  
hierarchy

20

Neutrino Energy (GeV)
10 20 30 40 50

O
sc

illa
tio

n 
Pr

ob
ab

ilit
ie

s

0.0

0.2

0.4

0.6

0.8

1.0 µν →µν

τν →µν

Mena, Mocioiu & Razzaque, Phys. Rev. D78, 093003

ντ appearance

νµ disappearance

Neutrino
hierarchy
(sin2(2θ13)=0.1)

L	
  =	
  dE



D.	
  Cowen/Manchester	
  and	
  Penn	
  State

Atmospheric	
  Neutrino	
  Oscillations
• Atmospheric	
  neutrinos	
  are	
  
observed	
  over	
  wide	
  range	
  of	
  
energies	
  &	
  pathlengths
• oscillations	
  produce	
  
distinctive	
  pattern	
  in	
  (Eν,cosθ)	
  
space

• can	
  combat	
  systematics	
  using	
  
events	
  in	
  “side	
  band”	
  regions	
  
where	
  oscillations	
  do	
  not	
  
occur

• For	
  reference:
• at	
  L	
  =	
  dE,	
  P(νµ→νµ)	
  =	
  0	
  at	
  
Eν	
  ~	
  25	
  GeV

• see	
  MSW	
  and	
  parametric	
  
oscillations	
  below	
  Eν	
  ~	
  20	
  GeV

21

Oscillations produce distinctive
pattern in energy-angle space

Approach: control systematics 

 

~
1
2
,7

0
0
km

IceCube 
DeepCore 

PINGU

νµ
νµνµνµ

νµ

νµ

νµ
νµ

νµ



D.	
  Cowen/Manchester	
  and	
  Penn	
  State

IceCube/DeepCore	
  νµ	
  Disappearance

•IceCube	
  has	
  done	
  three	
  analyses	
  so	
  far	
  
(two	
  published,	
  third	
  on	
  the	
  way)
•PRL	
  111,	
  081801	
  (2013)

•PRD	
  91,	
  072004	
  (2015)

•Differences	
  mainly	
  in	
  sophistication	
  of	
  
event	
  reconstruction
•Focus	
  here	
  on	
  the	
  second	
  published	
  
analysis	
  and	
  the	
  third	
  analysis	
  in	
  progress

22
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IceCube/DeepCore	
  νµ	
  Disappearance

•Analysis	
  steps
•Reject	
  downward	
  going	
  cosmic	
  ray	
  muon	
  
background
• initially,	
  ↓µ	
  outnumber	
  νµ(CC)	
  by	
  105:1

• use	
  IceCube	
  and	
  outer	
  layers	
  of	
  DeepCore	
  to	
  veto	
  ↓µ
• Achieve	
  1:1	
  with	
  40%	
  signal	
  retention

•Require	
  minimum	
  number	
  of	
  
“direct”	
  (~unscattered)	
  photons	
  in	
  each	
  event	
  
to	
  ensure	
  good	
  reconstruction

23
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IceCube/DeepCore	
  νµ	
  Disappearance
• Analysis	
  steps	
  (continued)
• Fit	
  each	
  event	
  assuming	
  a	
  point-­‐like	
  or	
  track-­‐like	
  hypothesis

• Keep	
  only	
  track-­‐like	
  events
• selection	
  criteria	
  keep	
  only	
  those	
  
νµ	
  CC	
  events	
  with	
  Lµ	
  >	
  ~20m

• Estimate	
  event	
  energy	
  from	
  
shower	
  at	
  vertex	
  and	
  Lµ
• Energy	
  of	
  remaining	
  
neutrinos	
  from	
  simulation:

24

are obtained from a multidimensional parameterization of
many different source configurations, as explained and
used in [34]. The light expected from a hadronic shower is
obtained by scaling down the expectation from an electro-
magnetic shower. Unlike the directional fit, here both direct
and scattered photons are used to reconstruct the neutrino
energy.
The energy estimation is completed in two steps. The

goal of the first step is to determine the range of
the muon by assuming all the light present in the detector
is explained by a single muon. The vertex and decay point
of the muon are fit by maximizing the likelihood of a finite
muon track, to explain the pattern observed, normalized to
the probability obtained from an infinite muon track
hypothesis.
The fit starts by finding the projection of the first and last

DOM with a signal along the track, serving as first guesses
for the vertex and decay point. Two independent likelihood
functions, which are formed by multiplying the probability
for a DOM to observe zero photons given an expectation of
x photons from a track, Pð0jxtrackÞ ¼ e−x, are maximized
for each of these points. The DOMs considered are those
that observed no light and are situated before the first guess
vertex in one likelihood, and after the first guess decay
point in the second (within a distance of 200 m from the
infinite track hypothesis). DOMs that detected light are not
included in the calculation. The likelihood functions are
given by

Lð0; xtrackÞ ¼
Y

j

expð−xj;finiteÞ
expð−xj;infiniteÞ

; ð3Þ

where j runs over all DOMs that fulfill the criteria outlined
above for the vertex and decay point. This procedure has a
typical accuracy of 25 m.
The vertex point found in the first step above is

used as a seed in the second step of the energy
reconstruction where the aim is to describe the light in
the vicinity of the interaction vertex taking into account that
a hadronic shower might have also been produced. While
the light output of the muon is taken to be constant along its
range, the light expected from the hadronic shower depends
on its energy. Both the energy of the hadronic shower and
the position of the interaction vertex are obtained by
maximizing a likelihood function similar to that in
Eq. (3), but which also includes DOMs that have detected
light, a probability given by Pð1jxvertexÞ ¼ 1 − e−x.
The likelihood function for the energy deposited at the
vertex is then

Lð0=1; xvertexÞ ¼
Y

i

½1 − expð−xiÞ%
Y

j

expð−xjÞ; ð4Þ

where x is the sum of the light expectation from a muon
track, a hadronic shower and noise, and the subscripts i and

j run over the DOMs within a 300-m radius of the vertex
which have observed some or no light, respectively. The
energy is finally obtained from evaluating Eq. (2) with the
decay point of the muon fit in the first step and the vertex
position and hadronic shower energy obtained in the
second step.
The energy distribution of the final analyzed neutrino

sample, as given by the simulation, is shown in Fig. 4. The
sample1 is composed of 74% νμ CC, 13% νe CC, 8%
neutral current interactions and 5% ντ CC. Deep inelastic
scattering (DIS) events constitute 80% of the sample,
followed by resonant and quasielastic interactions. The
expected atmospheric muon contribution to the final
sample, from simulation, is less than 5%. The median
zenith angle resolution obtained for νμ events is 12° at Eν ¼
10 GeV and improves to 5° at Eν ¼ 40 GeV. The median
energy resolution is 30% at 8 GeV and improves to 20%
at 15 GeV.

IV. DATA ANALYSIS

To determine the oscillation parameters, a binned maxi-
mum likelihood is used that includes nuisance parameters
to account for systematic uncertainties [36]. The data are
binned in an 8 × 8 two-dimensional histogram as a function
of log10ðEreco=GeVÞ, between 6 and 56 GeV, and cosðθrecoÞ
between −1 and 0. The physics parameters of the fit are the
mixing angle θ23 and the mass splitting Δm2

32. Oscillation
probabilities are calculated using a full three-flavor scheme
[37,38], including the effects of the Earth’s matter distri-
bution [39]. The mixing angle θ13 is treated as a nuisance
parameter using the constraints from [36]. The remaining
oscillation parameters are fixed to the values given in [40],
as their uncertainties have a negligible impact on the result.
The atmospheric neutrino flux uncertainties, including

the normalization, varied by 20%, the spectral index, with
an uncertainty of 0.04, and the ratio of νe=νμ, varied by

FIG. 4 (color online). True energy distribution of simulated
neutrino events in the final sample, with hatched areas represent-
ing each component. Only events used for the final result are
considered [Ereco ¼ ½6; 56% GeV, and cosðθrecoÞ < 0]. The miss-
ing νμ component is also shown.

1A detailed description of the final event selection can be
found in Ref. [35].
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length, resulting in a delay that makes them fall outside the
expected hyperbola. Direct photons from multiple
Cherenkov emitters are also well approximated by a single
hyperbola.
The direct photon identification procedure looks for

signals that match a hyperbolic pattern while iterating over
one string at a time. In such a search there is no need to
assume a track or hadronic shower hypothesis. Each DOM
is characterized by the time of arrival of the earliest photon
in the event and the total observed charge. The DOM with
the highest charge is used as the starting point. A time
window is defined for accepting a photon in the DOM
directly above or below, given by jΔzDOMs=cicej! tdelay,
whereΔzDOMs is the distance between the DOMs, cice is the
speed of light in ice and tdelay is the permitted time delay, set
to 20 ns for this analysis. The selected DOMs of a given
string are considered directly hit only if three or more
are found.
Direct photons identified by this method have a mean

arrival time delay, due to minimal scattering, of 18 ns,
compared to a typical mean delay time of 230 ns. An event
is selected for subsequent processing if at least a total of
five DOMs with direct photons are found. This keeps about
30% of the muon neutrinos in the relevant energy and
zenith angle range. The agreement between data and
simulation after this cut is shown in Fig. 3.
Following [33], the direct photons of an event are used to

fit two topology hypotheses for Cherenkov emission, a
single point (hadronic shower) and along a track (muon),
using a χ2 optimization where no scattering is assumed.
The χ2 ratio of the track-like and point-like hypotheses is
used to select events with a muon track. Requiring a track
assures that the event has directional information but retains
only 30% of the νμ CC interactions with direct photons, as
not all interactions produce a sufficiently long (20 m) muon

track. The zenith angle obtained from the fitted track
hypothesis is used as one of the observables in the
measurement, and the reduced χ2 of the fit is used as a
cut variable.
The method used for estimating the total energy

of a neutrino event makes the assumption that all
interactions produce a hadronic shower at the interaction
vertex, the brightness of which scales with energy, and a
minimum-ionizing muon, assuming constant energy
loss, that are emitted in the same direction. The total
neutrino energy is then determined by the range of the
produced muon Rmuon and the energy of the hadronic
shower Eshower,

Eν ≃ Eshower þ aRmuon; ð2Þ

where a is the constant energy loss for muons (in
ice a ¼ 0.226 GeV=m).
The directions of the muon and the hadronic shower are

held fixed in the reconstruction. Expectations for light from
the tracks and electromagnetic showers at any given DOM

FIG. 2 (color online). Zenith angle distributions of neutrino simulation and atmospheric muons derived from data for three
subsequent steps in the event selection with increasing veto cuts. To go from the first to the second panel the veto cut which
uses a muon track hypothesis is applied. A cut on the charge observed above and prior to the trigger is used to go from the second
to the third panel. A comparison is also made to a 10% control sample of the data. The small excess in the data around cos θz ≃ 0.3
in the first panel are atmospheric muons that could not be tagged. Note that the region cos θz > 0 is not used in the final analysis
of the data.

FIG. 3 (color online). Difference in arrival time between direct
photons and the expected hyperbola from the track fit, comparing
simulation with 5% of the final data sample.
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IceCube/DeepCore	
  νµ	
  Disappearance
• Fit	
  for	
  θ23	
  and	
  ∆(m32)2	
  parameters	
  
• Systematics
• Φatm	
  normalization,	
  spectral	
  index,	
  νe/νµ	
  ratio	
  
• cross	
  section	
  uncertainties	
  (very	
  modest	
  effect)
• detector	
  uncertainties:	
  DOM	
  efpiciency	
  (impacts	
  mass	
  splitting)	
  and	
  ice	
  
properties	
  (impact	
  mixing	
  angle)
• These	
  are	
  the	
  biggest	
  systematic	
  uncertainties

• θ13	
  treated	
  as	
  nuisance	
  parameter,	
  other	
  oscillation	
  parameters	
  pixed	
  to	
  
world	
  averages

• Results
• Using	
  953	
  days	
  of	
  detector	
  livetime,	
  observed	
  5174	
  events
• no	
  oscillation	
  expectation:	
  6830
• overall	
  signal	
  efQiciency,	
  relative	
  to	
  initial	
  sample	
  of	
  contained	
  events,	
  is	
  ~3%

• σstat,	
  σsyst	
  comparable	
  in	
  magnitude;	
  ~80%	
  DIS;	
  ~5%	
  ↓µ;	
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FIG. 6 (color online). Distribution of events as a function of
reconstructed L=E. Data are compared to the best fit and
expectation with no oscillations (top), and the ratio of data
and best fit to the expectation without oscillations is also shown
(bottom). Bands indicate estimated systematic uncertainties.

FIG. 7 (color online). 90% confidence contours of the result in
the sin2 θ23 − Δm2

32 plane in comparison with the ones of the
most sensitive experiments [8–10]. The log-likelihood profiles
for individual oscillation parameters are also shown (right and
top). A normal mass ordering is assumed.
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FIG. 5 (color online). Comparison between data and expectations for the case of oscillations and no oscillations. In each figure the
zenith distribution for an energy band is shown (top), and the ratio of the data and the best fit to no oscillations is shown (bottom). The
binning corresponds to that used for obtaining the best-fit oscillation parameters. Bands indicate the impact of the assumed systematic
uncertainties.
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Final	
  Result

Precision	
  comparable	
  to	
  world’s	
  best	
  measurements!
Uses	
  highest	
  energy	
  νatm	
  sample	
  ever.
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  State

Underway:	
  Third	
  νµ	
  Disappearance	
  Analysis

• Employs	
  improved	
  reconstruction
• better	
  resolutions	
  on	
  angle,	
  energy	
  
• ~7x	
  better	
  signal	
  efQiciency	
  (~20%)
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disappearance 

Higher event rates, allowing better 

previous	
  analysis

improved	
  analysis

Pre
lim
ina
ry

constraints on systematics

New

Pre
lim
ina
ry

MC:
~40k	
  νµ	
  CC
~15k	
  νe	
  CC
~2.3k	
  ντ	
  CC
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Near	
  Future:	
  ντ	
  Appearance

28

IC86	
  ντ	
  Appearance

Pre
lim
ina
ry

Example:	
  for	
  a	
  ντ	
  
norm	
  =	
  	
  1.0,	
  that	
  
which	
  is	
  expected	
  
from	
  standard	
  
oscillations,	
  DeepCore	
  
can	
  exclude	
  the	
  no-­‐ντ	
  
hypothesis	
  (norm	
  =	
  
0.0)	
  at	
  the	
  level	
  of	
  
4-­‐6.5σ	
  in	
  90%	
  of	
  the	
  
cases.

In	
  the	
  standard	
  
oscillation	
  
scenario,	
  ντ	
  
normalization	
  =	
  1

ντ	
  Normalization
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The	
  Precision	
  IceCube	
  Next	
  Generation	
  Upgrade
can	
  do	
  everything	
  DeepCore	
  can	
  do,	
  only	
  better.

And	
  it	
  can	
  do	
  things	
  IceCube/DeepCore	
  cannot.

Terminology:	
  PINGU	
  is	
  part	
  of	
  IceCube-­‐Gen2,	
  a	
  proposed	
  
IceCube	
  upgrade	
  including	
  an	
  enlarged	
  high	
  energy	
  in-­‐ice	
  array	
  
and	
  more	
  expansive	
  surface	
  veto,	
  and	
  possibly	
  a	
  radio	
  array.
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PINGU	
  Physics	
  Goals
• Neutrino	
  oscillations
• Neutrino	
  mass	
  hierarchy
• Muon	
  neutrino	
  disappearance
• Tau	
  neutrino	
  appearance

• WIMP	
  dark	
  matter
• Earth	
  tomography
• Supernovae
• Low	
  Eν	
  point	
  sources,...
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PINGU	
  Physics	
  Goals
• Neutrino	
  oscillations
• Neutrino	
  mass	
  hierarchy
• Muon	
  neutrino	
  disappearance
• Tau	
  neutrino	
  appearance

• WIMP	
  dark	
  matter
• Earth	
  tomography
• Supernovae
• Low	
  Eν	
  point	
  sources,...
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Highly	
  competitive	
  
with	
  accelerator	
  &	
  
reactor	
  experiments.

Reaches	
  very	
  low	
  m(χ).

Unique	
  measurement.

New	
  sensitivity	
  to	
  E(ν).



D.	
  Cowen/Manchester	
  &	
  Penn	
  State

The	
  Neutrino	
  Mass	
  Hierarchy
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m
2

νe
νµ
ντ

“Normal”

}

Δm2(atm)

Δm2(sun)

ν3

ν2
ν1

“Inverted”
}

Δm2(atm)

Δm2(sun)

ν3

ν1
ν2

One	
  of	
  the	
  few	
  remaining	
  unmeasured	
  fundamental	
  
parameters	
  in	
  particle	
  physics

Semi-­‐Useful	
  Factoid:	
  The	
  total	
  mass	
  in	
  neutrinos	
  in	
  the	
  universe	
  differs	
  in	
  these	
  
two	
  cases	
  by	
  about	
  the	
  mass	
  of	
  our	
  galaxy:	
  	
  Mν,tot(IH)	
  –	
  Mν,tot(NH)	
  ~	
  M(MilkyWay)

...PINGU	
  can	
  exploit	
  matter	
  effects	
  at	
  Eν	
  ~	
  
5-­‐15	
  GeV	
  to	
  distinguish
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  Signature	
  in	
  PINGU
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νµ

Normal
Hierarchy

Inverted
Hierarchy

anti-­‐νµ

+

+

=	
  [pattern	
  A]

=	
  [pattern	
  B]

cos(θ)

En
er
gy

Without	
  ability	
  to	
  distinguish	
  
νµ	
  from	
  anti-­‐νµ,	
  	
  A	
  =	
  B.

Measurement	
  looks	
  for	
  
difference	
  between	
  
patterns	
  A	
  &	
  B

A.
 G

ro
ss
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Now	
  A≠B!

But:
σ(ν)~2σ(anti-­‐ν)
φ(νatm)>φ(anti-­‐νatm)
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The	
  NMH	
  Signature	
  in	
  PINGU
• Our	
  MC-­‐based	
  analysis	
  is	
  mature.	
  	
  Many	
  challenges	
  have	
  been	
  
overcome:
• Fully	
  simulated	
  event	
  selection	
  &	
  reconstruction
• Reconstruction	
  required	
  new	
  IceCube	
  approach	
  for	
  contained	
  events

• Reconstruction	
  also	
  required	
  new	
  optimizer	
  and	
  lots	
  of	
  CPU

• Particle	
  ID	
  (PID)
• Required	
  new	
  IceCube	
  approach	
  for	
  low	
  Eν	
  events

• Long	
  list	
  of	
  systematic	
  errors	
  (more	
  details	
  later)
• Required	
  new	
  interfaces	
  with	
  code	
  e.g.	
  GENIE,	
  exhaustive	
  exploration	
  of	
  plux	
  and	
  
cross	
  section	
  parameters,	
  non-­‐trivial	
  adaptation	
  of	
  systematics	
  space	
  optimizer,	
  
large	
  simulated	
  datasets,...

• Multiple	
  statistical	
  approaches	
  in	
  good	
  agreement
• Development	
  of	
  several	
  new	
  IceCube	
  techniques	
  and	
  codes,	
  adaptation	
  of	
  
external	
  (SK)	
  code	
  to	
  run	
  on	
  GPUs,...
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Visualizing	
  the	
  NMH	
  Signature
• Expect	
  ~50k	
  νµ+νµ,	
  ~40k	
  νe+νe/yr:	
  Largest	
  ever	
  sample	
  in	
  this	
  energy	
  range
• ~25%	
  energy	
  resolution,	
  ~15o	
  directional	
  resolution
• PID	
  with	
  90%	
  purity	
  for	
  tracks	
  above	
  ~10GeV
• Plots	
  of	
  (NH–IH)	
  show	
  distinctive	
  patterns	
  in	
  (E,	
  cosθ)	
  space:
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Predicted	
  NMH	
  Sensitivity
•Results	
  from	
  log-­‐likelihood	
  ratio	
  (LLR)	
  
and	
  faster	
  χ2–pull	
  approaches	
  agree	
  
well
• Large	
  list	
  of	
  systematics	
  incorporated	
  
from
• Oscillation	
  parameter	
  uncertainties
• Flux	
  and	
  interaction	
  uncertainties
• Detector	
  uncertainties
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PINGU	
  Systematic	
  Errors
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Timothy C. Arlen WIN 2015, 12 June 2015

Systematic Parameters
• Oscillation parameters (from nu-fit.org [1]):

✦ Δm231 (NH/IH) = 0.00246 / -0.00237 eV [2] (no prior)
✦ θ23 (NH/IH) = 42.3° / 49.5° (no prior)
✦ θ13 = 8.5° ± 0.2°

• Detector/flux/cross sections:
✦ event rate (effective area, flux normalization) = nominal (no prior)
✦ energy scale = nominal ± 0.10 (from current calibration data)
✦ νe/νμ ratio = nominal ± 0.03 (ref [2])
✦ ν/anti-ν ratio = nominal ± 0.10 (ref [2] and [3])
✦ atmospheric spectral index: nominal ± 0.05 (ref [2])
✦ Also studied separately:

- detailed cross section systematics based on GENIE [3] parameters
- detailed atmospheric flux uncertainties from [2]

15

[1] M.C. Gonzalez-Garcia, et al. JHEP 11 052, 2014

[2] G.D. Barr, T.K. Gaisser, et. al. Phys. Rev. D 74 094009, (2006)
[3] C.Andreopoulos et al., Nucl.Instrum.Meth. A 614:87-104 (2010)

Syst. NH IH

None 5.4σ 5.5σ
Osc.	
  
only 3.4σ 2.9σ

Flux	
  
only 4.3σ 4.6σ

Det.	
  
only 4.4σ 4.6σ

All 3.1σ 2.9σ

Systematics	
  Impacts
(4yr	
  signiQicances)



D.	
  Cowen/Manchester	
  &	
  Penn	
  State

Predicted	
  NMH	
  Sensitivity
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Predict	
  3σ	
  signi7icance	
  
in	
  3.5-­‐4yrs	
  of	
  live	
  time	
  
(@NuFit	
  2014	
  values).	
  

(Shorter	
  if	
  include	
  data	
  from	
  ~10	
  yrs	
  
DeepCore	
  +	
  partially	
  deployed	
  
PINGU.)

σ

Time	
  (yrs)

Signipicance	
  vs	
  Time

sin2θ23

4yr	
  signipicance	
  vs	
  sin2θ23

σ(
4y
r)
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  NMH	
  Sensitivity
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σ

Time	
  (yrs)

Signipicance	
  vs	
  Time

sin2θ23

4yr	
  signipicance	
  vs	
  sin2θ23

NuFit	
  2014	
  values:	
  ~most	
  conservative!

σ(
4y
r)

Predict	
  3σ	
  signi7icance	
  
in	
  3.5-­‐4yrs	
  of	
  live	
  time	
  
(@NuFit	
  2014	
  values).	
  

(Shorter	
  if	
  include	
  data	
  from	
  ~10	
  yrs	
  
DeepCore	
  +	
  partially	
  deployed	
  
PINGU.)
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Predicted	
  NMH	
  Sensitivity
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σ

Time	
  (yrs)

Signipicance	
  vs	
  Time

sin2θ23

4yr	
  signipicance	
  vs	
  sin2θ23

NuFit	
  2014	
  values:	
  ~most	
  conservative!

We	
  are	
  currently	
  doing	
  a	
  “dry	
  
run”	
  NMH	
  analysis	
  with	
  
DeepCore.	
  	
  Expect	
  ~1σ	
  
signipicance.

σ(
4y
r)

Predict	
  3σ	
  signi7icance	
  
in	
  3.5-­‐4yrs	
  of	
  live	
  time	
  
(@NuFit	
  2014	
  values).	
  

(Shorter	
  if	
  include	
  data	
  from	
  ~10	
  yrs	
  
DeepCore	
  +	
  partially	
  deployed	
  
PINGU.)
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  Context
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Running:
NOνA,,T2K

Atmospheric:,
MTon,Ice/Water
Cherenkov

LiveBme,to,3σ,(yrs)5

θ23,=,49o,,NH
IH

Reactor σ(E),=,3%
σ(E),=,3.5%

Atmospheric:
Calorimeter

δcp,=,90o,,θ23,=,40o,,NH

Future
Longbaseline

SensiBvity,to,the,Neutrino,Mass,Hierarchy

δcp,=,–90o,,θ23,=,40o,,NH

θ23,=,51o,,NH
θ23,=,39o,,IH

Best,Case
Worst,Case

δcp,=,90o,,34,kT
δcp,=,–90o,,10,kT

D. CowenSources:,arXiv:1311.1822,,arXiv:1401.2046v1,,arXiv:1406.3689v1,,Neutrino,2014,,LBNE]doc]8087]v10

PINGU	
  (and	
  ORCA)	
  are	
  low	
  cost.	
  	
  
PINGU	
  construction	
  is	
  low	
  risk	
  
and	
  fast.	
  	
  NMH	
  measurement	
  
very	
  competitive.

DeepCore	
  analyses:	
  underway
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  νatm	
  Oscillation	
  Physics
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World-­‐class	
  measurements	
  of	
  atmospheric	
  ν	
  mixing	
  
parameters	
  via	
  νµ	
  disappearance
	
  and	
  ντ	
  appearance
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DM,	
  Tomo.,	
  SNe
• Solar	
  WIMP	
  dark	
  matter	
  
searches	
  would	
  be	
  
competitive	
  with	
  Super-­‐K	
  
down	
  to	
  5GeV

• Earth	
  tomography
• Requires	
  many	
  MT·yrs	
  of	
  
data,	
  but	
  unique	
  capability

• Supernova	
  detection	
  
would	
  beneQit	
  from	
  
closer	
  DOM	
  spacing
• gain	
  measurement	
  of	
  
energy	
  spectrum
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Figure 3: (a) Expected confidence level for rejecting a specific outer core composition with respect

to iron plotted as a function of the corresponding Z/A ratio. A generic detector case with an energy

resolution of 20% and an angular resolution of 0.25⇥ (E/GeV)�0.5 is shown as an example. The

colour indicates the exposure time given in megaton-years. We indicate the Z/A ratios for some

selected outer core composition models (see Table 1 for details) as black dotted vertical lines. (b)

The same plot as (a) for a larger Z/A range. Sensitivity dependences on (c) energy resolution and

(d) angular resolution for a generic detector with an exposure time of 30 megaton-years for an

angular resolution of 0.25⇥ (E/GeV)�0.5 and an energy resolution of 20%, respectively.
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UK	
  Involvement	
  in	
  Gen2
• Oxford	
  University
• Subir	
  Sarkar
• Full	
  membership
• Theoretical	
  aspects	
  of	
  high	
  energy	
  neutrino	
  interactions

• University	
  of	
  Manchester
• Justin	
  Evans,	
  Stefan	
  Soldner-­‐Rembold,	
  Steven	
  Wren	
  (grad.	
  student)
• Associate	
  membership
• Analyze	
  DeepCore	
  data	
  for	
  NMH
• Contribute	
  to	
  aspects	
  of	
  Gen2	
  DAQ	
  Qirmware	
  development

• Co-­‐chair	
  PINGU	
  analysis	
  working	
  group

• Queen	
  Mary	
  University	
  London
• Teppei	
  Katori,	
  Shivesh	
  Mandalia	
  (grad.	
  student)
• Associate	
  membership
• Differential	
  cross	
  section	
  analysis
• PINGU	
  software,	
  Gen2	
  PMT	
  and	
  DOM	
  noise	
  studies	
  and	
  modeling

45



D.	
  Cowen/Manchester	
  and	
  Penn	
  State 46

12	
  Countries
45	
  Institutions
260	
  Scientists



D.	
  Cowen/Manchester	
  &	
  Penn	
  State

Conclusions
• DeepCore	
  has	
  produced	
  neutrino	
  oscillation	
  results	
  that	
  are	
  highly	
  
competitive	
  on	
  the	
  world	
  stage
• Even	
  better	
  results	
  are	
  in	
  the	
  pipeline

• The	
  PINGU	
  physics	
  case	
  is	
  compelling
• The	
  neutrino	
  mass	
  hierarchy	
  is	
  a	
  fundamental	
  parameter
• The	
  PINGU	
  NMH	
  signiQicance	
  has	
  been	
  very	
  robust

• Capable	
  of	
  numerous	
  other	
  high-­‐propile,	
  very	
  competitive	
  measurements

• Community	
  interest	
  in	
  PINGU	
  is	
  strong	
  and	
  growing
• Endorsed	
  by	
  high-­‐propile	
  “P5”	
  panel	
  in	
  the	
  US
• PINGU	
  LoI(v1)	
  has	
  65	
  total	
  citations	
  (19	
  in	
  refereed	
  journals)
• LoI(v2)	
  in	
  the	
  works

• So	
  far	
  this	
  year	
  there	
  have	
  been	
  PINGU	
  talks	
  at	
  ~10	
  conferences

• If	
  you’re	
  interested	
  in	
  joining	
  Gen2,	
  let	
  me	
  know!
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