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Low Eν & WIMPs with DeepCore

• Deep Core design
• Initial studies of first DeepCore string
• Predicted DeepCore performance
• Status of low energy analyses

• WIMPs
• Neutrino oscillations

• Enhancing DeepCore with two 
additional strings (“79&80”)
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IceCube DeepCore
• IceCube: Optimized for 1 TeV < Eν < 1 PeV 

• “map ν sky”: search for high energy astrophysical ν’s from GRBs, SNe, 
AGN; search for WIMP dark matter,...

• also use these ν’s to study fundamental ν properties: oscillations, 
decay,...

• DeepCore: Sensitivity as low as Eν ~ 10 GeV
• also “map low-Eν sky”; search for WIMP dark matter

• access more potential sources; lower mass WIMPs

• also study fundamental ν properties
• but with a guaranteed source: atmospheric ν’s
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IceCube DeepCore
• DeepCore extends low energy 

reach by ~1 order of mag.
• Design:

• 6 special strings + 7 nearby 
IceCube strings 

• 72m interstring spacing
• 7m vertical spacing

• 10x higher DOM density
• high QE Hamamatsu PMTs
• primarily in clearest deep ice

• λeff ~ 40-50m
• surrounding strings serve as 

highly effective active veto
• Funding for hardware (PMTs, 

strings, etc.) from Europe
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DeepCore Performance
• First string already 

deployed; balance 
to be deployed 
next season

• also, standard 
IceCube strings 
completing full veto 
will be deployed

• Performance of 
first string 
matches 
laboratory 
predictions for 
noise
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DeepCore Performance

5

“Track-based” 
occupancy shows 
enhancements where 
high quantum 
efficiency DOMs are 
located (strings 83 
and 36)

Note that x-axis scaling is 
with DOM number, not 
depth.  Compare string 83 
(topmost horizontal bar in 
plot) to DOMs 40-60 of 
other strings.
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DeepCore Performance
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DeepCore String Standard String

SPE peak:

Track 
Detection 
Probability:
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DeepCore Aeff and Veff

7

(Primary Neutrino Energy - GeV)
10

log
1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

)
2

E
ff

e
c
ti

v
e
 N

e
u

tr
in

o
 A

re
a
 (

m

-6
10

-5
10

-410

-3
10

-210

-110

1

Preliminary

10 GeV 100 GeV

A e
ff(m

2 )

V e
ff (

M
To

n 
H 2

O
)

10 GeV 100 GeV

Preliminary

Veff: For contained downgoing
muon neutrinos that interact
in the fiducial volume and
trigger the detector (“SMT4”, 
no reconstruction efficiencies
included yet!)

Aeff: For downgoing muon 
neutrinos following E-2 spectrum 
that trigger the detector 
(“SMT4”, no reconstruction 
efficiencies included yet!)

without D
eepCorewith DeepCore

35
0 

m

250 m

Physical
DeepCore

Volume
~15 MT



D. Cowen/Penn State & Humboldt U. SAC: IceCubeʼs Deep Core8

Top view

375 m thick active veto: 
3 full IceCube DOM 

layers surround DeepCore
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Veto Details
• Depth
• Veto events with hits 

outside fiducial volume 
consistent with a 
cosmic-ray muon

• Evaluate likelihood of 
event to have been 
produced by a neutrino 
vs. a muon

• Require event vertex to 
be in DeepCore fiducial 
volume
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DeepCore Physics
• Main topics:

• WIMPs
• Neutrino Oscillations
• Southern Sky Sources
• Exotica

• Studies performed with full detector 
simulation
• WIMPs: basic reconstructions used
• Oscillations: just at trigger level

10



D. Cowen/Penn State & Humboldt U. SAC: IceCubeʼs Deep Core

WIMPs and IC22
• A WIMP analysis was performed with IC22
• Achieved background rejection of 106, signal 

efficiency of ~20%
• 3o angular resolution
• only used data with sun below horizon

• Observed flux with 104 days live time 
consistent with background expectation
• background estimated from off-source data

• Set limit on σSD by assuming Rannih = Rcapture, 
local ρWIMP = 0.3GeV/cm3 and Maxwellian vWIMP
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WIMPs and DeepCore
• IC22 result 

improves existing 
limits on σSD (ArXiv:
0902.2460v1, 
accepted by PRL)

• Main systematic 
uncertainties 
(~20%):

• photon propagation 
in the ice

• absolute DOM 
efficiency

• DeepCore (& IC80) 
will extend 
sensitivity into 
region not yet 
excluded by direct 
searches based on 
σSI

12
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DeepCore and WIMPs
• Significant improvement in expected solar WIMP 

sensitivity relative to last SAC meeting:
• final geometry & high QE PMTs included
• 10x more 1µ and atm ν background
• coincident 2µ and 3µ background used
• updated ice model
• better trigger and updated reconstruction
• improved analysis method (multivariate) and additional 

cuts
• N.B.: Our studies focused thus far on solar 

WIMPs
• later will also study DeepCore response to Earth 

WIMPs and possibly WIMPs from galactic cente
13
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WIMPs and DeepCore

• Same expected 
sensitivity as 
before, only in 
1/10 the time

14
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DeepCore & ν Oscillations
• Preliminary studies 

performed using full 
detector simulation 

• assume high level of background 
suppression provided by veto

• done only at trigger level
• signal reconstruction algorithms to identify 

low energy neutrino flavor and energy are 
under development

• Three possible 
measurements

• νµ disappearance
• ντ appearance
• neutrino hierarchy

15
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DeepCore & ν Oscillations
• Preliminary studies 

performed using full 
detector simulation 

• assume high level of background 
suppression provided by veto

• done only at trigger level
• signal reconstruction algorithms to identify 

low energy neutrino flavor and energy are 
under development

• Three possible 
measurements

• νµ disappearance          [Feasible.]
• ντ appearance              [Maybe.]
• neutrino hierarchy        [Very hard.]
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DeepCore & ν Oscillations
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DeepCore & νµ Disappearance

18

• These initial studies yield a large effect with just 
one year of DeepCore data
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oscillations

• full 3-ν 
oscillations

• PREM (earth 
model)

• trigger level 
(SMT4)

• full simulation
• no systematics
• 1 yr DeepCore
• cos(θ) < -0.6

*Crude 
energy 
estimator
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• full 3-ν 
oscillations

• PREM (earth 
model)

• trigger level 
(SMT4)

• full simulation
• no systematics
• 1 yr DeepCore

With oscillations
Without oscillations

✛

ντ Appearance: 
Ultra-Preliminary Study

(Takes into account most of 
subtleties in previous table;
any νµ CC event with 
Eµ<10GeV treated as a 
shower)

Conclusion: 
Worth
pursuing.
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DeepCore & Hierarchy: Sensitivity
• Perform study with full IceCube simulation 

at trigger level (no reconstruction)

20

• full 3-ν 
oscillations

• PREM (earth 
model)

• trigger level 
(SMT4)

• full simulation, no 
reconstruction
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• cos(θ) < -0.7 
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Low Energy Reconstruction
• Existing reconstruction algorithms for muon 

neutrinos assume “infinite” length
• At energies of interest to DeepCore, this is 

not a very good approximation
• Must take into account both finite track length 

and hadronic shower at creation vertex
• Week-long mini-workshop planned for early 

June at Heidelberg to accelerate progress on 
this front

• Once have traction on reconstruction, will 
finish partially-completed DeepCore “detector 
paper”
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Strings 79 & 80
• We have performed a study of 

the advantages of adding two 
strings to the DeepCore array

• studied 3 possible geometries
• see marked improvement in: 

• basic reconstruction quantities
• sensitivities

• studies assumed strings would 
have the DeepCore DOM geometry

• decision on breakouts before 1 July 
2009

• Note: Any two strings could be 
used; 79&80 historically were 
first two available and started us 
thinking about them in DeepCore 
context

22
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Strings 79 & 80

23

79&80
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DeepCore + 79&80

24

Effective Area normalized to the nominal DeepCore geometry 
for νμ events. Trigger condition is SMT4 in the given geometry. 
Significant increases are seen for pairs 2 and 3 below 10 GeV. 
Nominal increases of 10-15% are seen for pair 1 between 10 
GeV and 300 GeV.
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DeepCore + 79&80

25

Reduced chi-square calculated for the binned nchannel distributions of the 
expected (null hypothesis - no oscillations) and observed (numu disappearance) 
event rates. Trigger condition is SMT4 in the given detector geometry, normalized 
for 1 year of livetime. Circles- extended DeepCore geometries (pair 3 - 10m 
nearest string; pair 2 - 37m nearest string; pair 1 - 72m nearest string). Square - 
nominal DeepCore. Larger values of chi-square represent improved separation 
between the oscillation/no oscillation scenarios.

loose
medium
tight

See improvement 
in statistical 
separation 
between null and 
oscillation 
hypotheses for νμ 
disappearance 
(at trigger level)tight

medium

loose

baseline(suppressed
zero!)
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Disposition of 79&80
• We think we have a compelling case to use 

79&80 to augment DeepCore
• improves Nstr, Nch, and Ndir, all markers for improved 

reconstruction capability
• reconstruction is probably going to be the key 

challenge faced by low energy analyses
• However, strings 79 & 80 are also of interest to 

the High Energy Extension
• Have some indications that HEE works nearly as 

well without 79&80 as with (i.e., with 7 strings 
vs. 9)
• concern: we may be near a “critical edge” and MC is 

not accurate enough to tell us
26
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Conclusions
• Need to settle on location of strings 79&80 soon

• SAC input requested
• Work on improving the S/N of the veto is ongoing  

• Cosmic-ray muon events tagged by IceTop can be 
used to estimate leakage systematics

• Efforts on new reconstruction algorithms tailored 
for low energy events are starting in earnest

• More exhaustive studies of the first DeepCore 
string 83 have begun:
• need to fully characterize new PMTs (overall 

efficiency, charge response, linearity, noise, stability...)
• need to understand photon propagation in deep ice 

better (not unique to DeepCore/Low Energy)
27
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The End

28
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Backup Slides
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DeepCore + 79&80

30

Profile distribution for NString vs. Primary Neutrino Energy of 
NuMu events. Trigger condition is SMT4 in the given geometry. 
Pair 1 - red circles; Pair 2 - blue squares; Pair 3 - Green triangles; 
Nominal DeepCore - black open circles.

Baseline DeepCore
Baseline+Pair1 (loose)
Baseline+Pair2 (medium)
Baseline+Pair3 (tight) See significant

gain in the
number of strings 
per event
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DeepCore + 79&80

31

Profile distribution for NDir vs. Primary Neutrino Energy of 
NuMu events. Trigger condition is SMT4 in the given geometry. 
Pair 1 - red circles; Pair 2 - blue squares; Pair 3 - Green triangles; 
Nominal DeepCore - black open circles.  Used MC truth for 
track position and direction.

Baseline
loose
medium
tight See significant

gain in the
number of direct
(unscattered) hits 
per event
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DeepCore + 79&80

32

Profile distribution for NChannel vs. Primary Neutrino Energy of 
NuMu events. Trigger condition is SMT4 in the given geometry. 
Pair 1 - red circles; Pair 2 - blue squares; Pair 3 - Green triangles; 
Nominal DeepCore - black open circles.

Baseline
loose
medium
tight See significant

gain in the
number of 
channels
hit per event
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νµ Disappearance: IceCube 
Preliminary Study Results

• 1.45 days of MC background yielded 
zero events
• good, but need more MC statistics!  ...Being generated

• Used a 12.85-day subsample of IC22 
data (requiring ≥ 8 hits, not ≥ 5...yet)
• expected 1.8 signal events without oscillations; 1.4 with 

oscillations
• saw 3: reasonable agreement so far...
• Eν > ~25 GeV

• For full 200+ day IC22 dataset
• predict 35.3 without oscillations; 27.7 with

33
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Next Steps: IC40, IC59
• Use data from 

larger IC40 
detector

• 3x more “central” strings
• minimum 5 instead of 8 

hits

• Expect about a 
10-fold 
improvement in 
statistics:

• 353 events without 
oscillations, 277 with: a 
4σ effect (optimistic: 0 
background assumed)

34
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Figure 3: Theoretical sensitivity ∆χ2 = χ2−χ2
min dis-

tribution for the IceCube 40-string detector based on

the selection criteria defined in the presented analysis,

assuming no remaining background. Contours corre-

spond to χ2
min + 2.3, 4.6, 6.0.

Figure 4: Comparison of effective area Aeff as function

of neutrino energy for the full IceCube detector and

in addition with Deep Core. The addition of Deep

Core increases the effective area of the detector at low

energies.

interest in the community with its capability to potentially resolve the neutrino mass hierarchy [9].
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Detecting a WIMP Signal
• Look for:

• few signal events per 
year from the 
direction of the sun or 
earth
• Soft:

• Eµ~0.01Mχ-0.06Mχ 

• Hard:
• Eµ ~0.03Mχ-0.3Mχ

• Bkgd: ~5⋅1010 cosmic-
ray µ and ~105 atm. ν 
bkgd events per year

35
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WIMPs
• Indirect detection from WIMP-
WIMP annihilation in the
• Earth’s core
• Solar core
• Galactic center

36

χ

µ

νμ

hard Eν spectrum
soft Eν spectrum

Indirect vs. direct searches:
- longer cosmological 
integration time
- sensitive to lower v̅WIMP
- sensitive to σSD (solar)
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νµ Disappearance: SuperK
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FIG. 3: Number of events as a function of L/E for the data
(points) and the atmospheric neutrino MC events without os-
cillations (histogram). The MC is normalized by the detector
live-time.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

1 10 10
2

10
3

10
4

L/E (km/GeV)
D

a
ta

/P
re

d
ic

ti
o

n
 (

n
u

ll 
o

s
c
.)

FIG. 4: Ratio of the data to the MC events without neutrino
oscillation (points) as a function of the reconstructed L/E
together with the best-fit expectation for 2-flavor νµ ↔ ντ

oscillations (solid line). The error bars are statistical only.
Also shown are the best-fit expectation for neutrino decay
(dashed line) and neutrino decoherence (dotted line).

Finally, the L/E plot was made using FC single-ring e-
like events. The e-like distribution was consistent with
flat over the whole L/E range. Thus we are confident
that the observed dip is not due to systematic effects in
the event selection.

The data/prediction at large L/E in Fig. 4 shows a
slight rise from the expected flat distribution. We have
studied possible causes of this deviation, and concluded
that an energy-dependent systematic effects, such as the
predicted neutrino interaction cross section, are the main
sources of the non-flatness. The best-fit L/E distribu-

tion for oscillations, allowing systematic terms to vary
within the estimated uncertainty (as described below),
also shows this rise with respect to no-oscillation predic-
tion, as seen in the curves overlaid in Fig. 4. The rise at
large L/E is consistent with the data.

The observed L/E distribution was fit assuming νµ ↔

ντ oscillations. The L/E distribution was divided into
43 bins from log(L/E) = 0.0 to 4.3 . The likelihood of
the fit and the χ2 were defined as:

L(Nprd, Nobs) =
43
∏

i=1

exp (−Nprd
i )(Nprd

i )Nobs

i

Nobs
i !

×

24
∏

j=1

exp

(

−
ε2j

2σ2
j

)

, (2)

Nprd
i = N0

i · P (νµ → νµ) · (1 +
25
∑

j=1

f i
j · εj), (3)

χ2
≡ −2 ln

(

L(Nprd, Nobs)

L(Nobs, Nobs)

)

, (4)

where Nobs
i is the number of the observed events in the

i-th bin and Nprd
i is the number of predicted events, in

which neutrino oscillation and systematic uncertainties
are considered. N0

i is the MC predicted number of events
without oscillation for the i-th bin. Various systematic
uncertainties are represented by 25 parameters εj, which
include 7 uncertainty parameters from the flux calcula-
tion (among these, absolute normalization is treated as
a free parameter), 3 from the detector calibration and
background, 2 from the data reduction, 5 from the event
reconstruction, and 8 from the neutrino interaction sim-
ulation. A more detailed description of the systematic
error terms can be found in Ref. [16]. The second term
in the likelihood definition represents the contributions
from the systematic errors, where σj is the estimated un-
certainty in the parameter εj . The fractional effect of
systematic error term εj on the i-th bin is given by f i

j .

A scan was carried out on a (sin2 2θ, log ∆m2) grid,
minimizing χ2 by optimizing the systematic error param-
eters at each point. The minimum χ2 was 37.9/40DOF
at (sin2 2θ, ∆m2) = (1.00, 2.4 × 10−3 eV2). Including
unphysical parameter region (sin2 2θ > 1), the best-fit
was obtained at (sin2 2θ, ∆m2) = (1.02, 2.4× 10−3 eV2),
in which the minimum χ2 was 0.12 lower than that in
the physical region. Figure 5 shows the contour plot of
the allowed oscillation parameter regions. Three con-
tours correspond to the 68%, 90% and 99% confidence
level (C.L.) allowed regions, which are defined to be
χ2 = χ2

min+ 2.48, 4.83, and 9.43, respectively, where
χ2

min is the minimum χ2 in the physical region. These in-
tervals are derived based on a two dimensional extension
of the method described in Ref. [17]. The 90% C.L. al-
lowed parameter region was obtained as 1.9×10−3 eV2 <
∆m2 < 3.0 × 10−3 eV2 and sin2 2θ > 0.90. The result
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D. Cowen/Penn State & Humboldt U. SAC: IceCubeʼs Deep Core

νµ Disappearance: MINOS

• Measured:
•  Δm2 = (2.32±0.16 × 10-3) eV2 and
• sin22θ = 1.0

4

Reconstructed neutrino energy (GeV)

0 5 10 15 20 30 500 5 10 15 20 30 50

R
a

ti
o

 t
o

 n
u

ll 
h

y
p

o
th

e
s
is

0

0.5

1

1.5

MINOS data

Best oscillation fit

Best decay fit

Best decoherence fit

FIG. 3: Ratio of the FD data and the expected spectrum in
the absence of oscillations. Also shown are the best fit curve
to Eq. 1 and the best fit to alternative models of neutrino dis-
appearance [4, 5]. For display purposes, the data have been
rebinned and the estimated oscillated NC background is sub-
tracted.

Uncertainty |∆m2| sin2(2θ)
(10−3 eV2)

(a) Abs hadronic E scale (± 10.3%) 0.052 0.004
(b)Rel hadronic E scale (± 3.3%) 0.027 0.006
(c)Normalization (± 4%) 0.081 0.001
(d)NC contamination (± 50%) 0.021 0.016
(e)µ momentum (range 2%, curv 3%) 0.032 0.003
(f)σν(Eν < 10 GeV) (±12%) 0.006 0.004
(g) Beam flux 0.010 0.000
Total Systematic Uncertainty 0.108 0.018
Expected Statistical Uncertainty 0.19 0.09

TABLE I: Sources of systematic uncertainties in the mea-
surement of |∆m2| and sin2(2θ). The values are the average
shifts for varying the parameters in both directions without
imposing the sin2(2θ)≤ 1 constraint on the fit. Correlations
between the systematic effects are not taken into account.
The dominant uncertainties are incorporated as nuisance pa-
rameters in the fit of our data to Eq. 1 so as to reduce their
effect on the oscillation parameter measurement (see text).

and 90% C.L. (∆χ2=4.61) intervals for the oscillation pa-
rameters |∆m2| and sin2(2θ) are shown in Fig. 4 [16]. The
MC predicts negligible backgrounds of 0.7 events from
cosmic ray muons, and, at the best-fit value for |∆m2|
and sin2(2θ), 2.3 events from neutrino interactions in the
upstream rock, 5.9 neutral current and 1.5 ντ events in
the final sample. If the fit is not constrained to the phys-
ical region, |∆m2|=2.33×10−3 eV2 and sin2(2θ)= 1.07,
with a 0.6 unit decrease in χ2. Correspondingly, the con-
tours in Fig. 4 are smaller than those expected for the

present data set. Our measurement is the most precise
determination of the mass splitting |∆m2|.

Fig. 4 also shows that the previous MINOS result [2]
is in good agreement with the current measurement.
Taken alone, the Run II data yield |∆m2|=(2.32+0.17

−0.16)×

10−3 eV2 and sin2(2θ)= 1.0, to be compared with
(2.57+0.23

−0.20)×10−3 eV2 and sin2(2θ)=1.0 from Run I. The
two results are consistent at 68% C.L. We note that the
value of 2.57×10−3 eV2 for Run I differs from that quoted
in [2] because of our improved reconstruction and selec-
tion of charged-current events and improved MC simula-
tion of neutrino interactions.

We have also fit the FD energy spectra to alternative
models that have been proposed to explain the disappear-
ance of neutrinos in flight, namely, the decay of neutrinos
to lighter particles (Eq. 13 of [4]), and the decoherence of
the neutrino’s quantum-mechanical wave packet (Eq. 5
of [5]). Fig. 3 shows the ratios of the energy spectra aris-
ing from our best fits to these alternative models to the
prediction of the FD spectrum in the absence of νµ dis-
appearance. The χ2 for the best fit to the decay model
is 104/97 d.o.f., while that for the decoherence model
is 123/97 d.o.f. Given the ∆χ2 = 14 and 33 of these
two models relative to the oscillation hypothesis, these
models are disfavored with respect to the oscillation hy-
pothesis at the 3.7 and 5.7 standard-deviation levels.

In summary, we have presented updated measure-
ments of neutrino oscillation parameters from the MI-
NOS experiment. Based upon an exposure of 3.36 ×
1020 POT from the NuMI beam, we obtain |∆m2| =
(2.43 ± 0.13) × 10−3 eV2 (68% C.L.) and mixing angle
sin2(2θ) > 0.90 (90% C.L.). As the dataset presented
here includes the subset analyzed in [2], these results su-
persede our previous publication. Our data disfavor two
alternative explanations for disappearance of neutrinos
in flight, namely neutrino decays [4] into lighter particles
and quantum decoherence of neutrinos [5] at the 3.7 and
5.7 standard-deviation level, respectively.
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D. Cowen/Penn State & Humboldt U. SAC: IceCubeʼs Deep Core

DeepCore & ν Oscillations
• To be sensitive to Δm2(atm) ~10-3, require 

L(km)/E(GeV)~103

• At its design sensitivity of Eν~1TeV, IceCube 
needs L~106 km
• There are no TeV neutrino sources at that distance

• Atmospheric neutrinos, with L~104 km, exist 
in abundance and can be used by IceCube...
• ...but only if IceCube has sensitivity to Eν ~10 GeV

• [Note: Astrophysical neutrinos from distant 
sources give us sensitivity to oscillations, 
decay, ... but we need to find one or more 
sources first!]
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D. Cowen/Penn State & Humboldt U. SAC: IceCubeʼs Deep Core

ντ Appearance
• Indications are that νµ→ντ, but ντ not yet 

seen directly
• Difficult to measure: 

• τ has short lifetime, difficult to identify unambiguously
• If try to compensate for short lifetime with larger E, then need 

very large L to get L/E in range

• CHORUS (’97) and NOMAD (’98) attempted 
to detect ντ from νµ→ντ oscillations

• placed limits

• SuperK “disfavors absence” of atmospheric 
νµ→ντ at 2.4σ

• OPERA (CNGS) has started running
• expects ~2 ντ per year
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D. Cowen/Penn State & Humboldt U. SAC: IceCubeʼs Deep Core

ντ Appearance: Technique

41

• Veto cosmic-ray background
• Reconstruct shower position and 

energy in DeepCore
• Use MC to correct for shower-like 

events from non-ντ-CC interactions
• Compare to null oscillation hypothesis, 

normalizing to higher energies
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DeepCore & ν Oscillations

42
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D. Cowen/Penn State & Humboldt U. SAC: IceCubeʼs Deep Core

DeepCore & ντ Appearance
• Try to detect ντ signal from νµ oscillations

• Look for enhancement in number of shower events 
around Eν ~25 GeV (<Evis>~10-15 GeV)

• Must distinguish shower-like from track-like events
• Showers are produced in many ways, and we 

must take into account all of them:

43
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DeepCore & ντ Appearance
• Try to detect ντ signal from νµ oscillations

• Look for enhancement in number of shower events 
around Eν ~25 GeV (<Evis>~10-15 GeV)
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CC NC Comment
νe EW+Ee EZ

Φ(νe)~0.1Φ(νµ); 
indep. of νµ→ντ

νµ
veto(visible µ) OR 

EW+Eµ EZ
CC & NC mimic signal; 

reduce significance

ντ EW+Ee/µ/h-E(2/2/1 νʼs) 
OR veto(τ→µνν) EZ

Will veto some τ signal that 
mimics CC νµ 



D. Cowen/Penn State & Humboldt U. SAC: IceCubeʼs Deep Core

Neutrino Hierarchy
• One way to encapsulate the solar, reactor 

and atmospheric neutrino oscillation 
results is with this figure:

44
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Neutrino Hierarchy
• One way to encapsulate the solar, reactor 
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Neutrino Hierarchy
• One way to encapsulate the solar, reactor 

and atmospheric neutrino oscillation 
results is with this figure:
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Rephrasing the question: 

Whatʼs the sign of Δm2(23)?



D. Cowen/Penn State & Humboldt U. SAC: IceCubeʼs Deep Core

Neutrino Hierarchy
• No experiment built so far can distinguish 

between “normal” and “inverted” 
hierarchies
• need to be able to measure difference between ν and 
ν ̅ interactions

• rely on matter effects

• The NOνA experiment (under 
construction) may have sensitivity, 
provided Nature cooperates
• Ditto for IceCube
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D. Cowen/Penn State & Humboldt U. SAC: IceCubeʼs Deep Core

DeepCore & Neutrino Hierarchy
• Measurements use the fact that the 

effective θ13 angle in matter is given by

• With “-” for ν, “+” for ν̅; Δ31≡(Δm31)2/2E

• At what Eν are we on resonance?
• For L ~ dE, with Ne for the earth: 

• Eν(resonance) = ~ 10 GeV!

• So:
• Look at low E, upgoing νµ-induced µ
• Should see difference in disappearance for νµ vs. ν̅µ

47

2

The best fit oscillation parameter values obtained from
present data are [2, 5]:

|∆m2
31| = 2.5 × 10−3eV2 (1)

∆m2
21 = 8 × 10−5eV2 (2)

sin2 2θ23 = 1 (3)

tan2 2θ12 = 0.45 (4)

with 99% CL allowed regions given by:

|∆m2
31| ∈ (2.1 − 3.1) × 10−3eV2 (5)

∆m2
21 ∈ (7.2 − 8.9) × 10−5eV2 (6)

θ23 ∈ (36◦ − 54◦) (7)

θ12 ∈ (30◦ − 38◦) (8)

and sin2 2θ13 ≤ 0.15 for ∆m2
31 = 2.5 × 10−3eV2. No-

tice that an extra unknown in the neutrino oscillation
scenario is the octant in which θ23 lies, if sin2 2θ23 %= 1.
This has been dubbed in the literature as the θ23 octant
ambiguity.

In the near future, long baseline experiments like MI-
NOS and OPERA will improve the current precision on
∆m2

31 and possibly discover a non-zero value of θ13, if this
is close to the present upper limit. In a few years, reactor
experiments like DoubleChooz and DayaBay will provide
improved sensitivity to θ13. This information can be used
as input in our analysis, reducing some of the parameter
uncertainties.

In the past, atmospheric neutrinos in the Super-
Kamiokande detector have provided evidence for neu-
trino oscillations and the first measurements of |∆m2

31|
and sin2 2θ23. It is also known that, covering a large
range of energies and pathlengths and using matter ef-
fects inside the Earth, they can be in principle sensitive
to sub-dominant neutrino oscillation effects like θ13 and
the mass hierarchy [6, 7, 8, 9, 10, 11, 12, 13].

Matter effects [19, 20] in long baseline and atmospheric
neutrino oscillation experiments depend on the size of the
mixing angle θ13 which governs the transitions νe ↔ νµ,τ

driven by the atmospheric mass squared difference ∆31 =
∆m2

31/2E. The effective θ13 mixing angle in matter in a
two-flavour framework is given by:

sin2 2θm
13 =

sin2 2θ13

sin2 2θ13 +
(

cos 2θ13 ∓
√

2GF Ne

∆31

)2 , (9)

where the minus (plus) sign refers to neutrinos (antineu-
trinos), Ne is the electron number density in the medium,√

2GF Ne (eV)= 7.6 × 10−14Yeρ (g/cm3) and Ye, ρ the
electron fraction and the density of the medium, the
Earth interior in our case. The electron fraction Ye is
0.466 (0.494) in the core (mantle) and we follow the
PREM [21] model for the Earth’s density profile. Equa-
tion (9) implies that, in the presence of matter effects,
the neutrino (antineutrino) oscillation probability gets
enhanced if the hierarchy is normal (inverted). Making
use of the different matter effects for neutrinos and an-
tineutrinos seems therefore the ideal way to distinguish

among the two possibilities: normal versus inverted mass
hierarchy. Matter effects are expected to be important
when the resonance condition:

∆m2
31 cos (2θ13) = 2

√
2GF NeE , (10)

is satisfied. The precise location of the resonance will de-
pend on both the neutrino path and the neutrino energy.
For ∆m2

31 ∼ 2.5×10−3 eV2 and distances of several thou-
sand kilometers the resonance effect is expected to take
place for neutrino energies O(10) GeV. The pathlength
traveled by atmospheric neutrinos is:

L(cν) = R⊗(
√

(1 + l/R⊗)2 − s2
ν − cν), (11)

where R⊗ = 6371 km is the radius of the Earth and
l ∼ 15 km is the typical height at which neutrinos get
produced in the atmosphere. The cosine and sine of the
nadir angle of the incident neutrino are denoted by cν

and sν , respectively. Since upward going (cν → −1) at-
mospheric neutrinos traverse the dense core of the Earth,
they provide an excellent tool to tackle the neutrino mass
ordering.

Indeed the idea of exploiting matter effects in atmo-
spheric neutrino oscillations to distinguish the type of
hierarchy has been extensively explored in the litera-
ture [6, 7, 8, 9, 10]. In general, the former studies exploit
muon calorimeter detectors, such as MONOLITH [16],
MINOS [17] or INO [18] in which the muon charge can
be determined. The measurement of the number of pos-
itive and negative muons in the 1 − 10 GeV energy re-
gion allows then for a direct extraction of the neutrino
mass hierarchy, simply by looking in which channel (neu-
trino or antineutrino) the signal, via matter effects, is en-
hanced. However, it has been pointed out, and carefully
explored, that the detection of atmospheric neutrinos
which have crossed the Earth by future planned mega-
ton water Cherenkov detectors could also determine the
neutrino mass hierarchy, provided the mixing parameter
sin2 2θ13 is not very small [11, 12, 13], even when these
detectors do not allow for a charge discrimination of the
leptons. The detection of low energy neutrinos in a higher
density photo-multiplier array within the IceCube instru-
mented detector volume opens up the possibility of not
only exploring the atmospheric oscillation pattern [15],
but also exploring how well the neutrino mass hierarchy
could be measured in the largest water/ice Cherenkov
detector available in the near future. In the next section
we present the details of the analysis proposed here. For
our numerical analysis, unless otherwise stated, we will
use the best fit values quoted earlier in this section for
the oscillation parameters.

III. ANALYSIS

The IceCube detector has the ability to measure sep-
arately the muon tracks and electron/tau generated cas-
cades, thus providing good flavour identification in some
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DeepCore & ν Oscillations
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D. Cowen/Penn State & Humboldt U. SAC: IceCubeʼs Deep Core

Hierarchy: Technique
• For ν’s:

• Normal 
Hierarchy: 
• Pµµ 

suppressed 
at ~12 GeV

• Inverted 
Hierarchy:
• Pµµ 

enhanced 
at ~12 GeV
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FIG. 2: left (right panel): Oscillation probabilities for νe → νµ, νµ → νµ transitions for cν = −1.

channel and therefore is in many ways complementary
to the appearance experiments. While the matter effects
are a small correction in the νµ survival probability, they
are sufficient to provide a difference between the differ-
ent mass orderings because of the very large number of
events.

Note that in Fig. 1 the difference between event rates
for the two hierarchies increases (although the overall
rates decreases) for cν bins (−0.9,−0.8) and (−0.8,−0.7)
compared to the (−1,−0.9) bin. This is because the res-
onant matter density for neutrino energies in the first
energy bin < Eν >= 15 GeV is ∼5 g/cm3 which is lower
than the densities that the neutrino crosses if cν is in
the (−1,−0.9) region, but gets closer to the ones in the
shallower cν region.

IV. BACKGROUNDS AND SYSTEMATIC
UNCERTAINTIES

The main backgrounds to the signal we are exploiting
in the current study are atmospheric downward going
muons from the interactions of cosmic rays in the atmo-
sphere and tau (anti)neutrinos from νµ,e(ν̄µ,e) → ντ (ν̄τ )
transitions. The cosmic muon background can be elimi-
nated by angular cuts and in the Ice Cube deep core is
significantly reduced compared to the IceCube detector.

The tau neutrino background can be included in the
analysis as an additional source of µ-like events. Tau
(anti)neutrinos resulting from atmospheric neutrino fla-
vor transitions will produce a τ lepton by CC interac-
tions in the detector effective volume. The tau leptons
produced have an ∼ 18% probability of decaying through
the τ− → µ−ν̄µντ channel.

The secondary muons can mimic muons from νµ CC
interactions and must be included in the oscillated signal.
The energy of a ντ needs to be about 2.5 times higher
than a νµ to produce, via tau decay, a muon of the same
energy. But the atmospheric neutrino flux has a steeply

falling spectrum, so one would expect this tau-induced
muon background not to be very large. It is however sig-
nificant (∼ 10%) due to the fact that, as seen in Figure 3,
the first maximum in the νµ → ντ oscillation probability
(minimum in the νµ → νµ survival probability) falls ex-
actly in the energy range of interest and for a large range
the ντ flux can be significantly larger than the νµ flux.
These events significantly change the energy spectrum of
the measured muon-like events and contain information
about the main oscillation parameters, ∆31 and θ23.
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FIG. 3: νµ survival probability and νµ → ντ oscillation prob-
ability for cν = −1, sin2 2θ13 = 0.1

The uncertainties in the atmospheric neutrino flux
have been discussed in the previous section and they af-
fect the analysis. It is however possible to use the data
itself to improve some of the errors introduced by these
effects, by considering energy and angular bins where os-
cillation effects are not important as a reference and thus
canceling out some of these uncertainties in the analysis
(see also [26]).

The uncertainties in other oscillation parameters also
affect the possibility of determining the neutrino mass hi-

P(
ν µ
→
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)

Eν (GeV)
• Look too easy?  Not 

the whole story
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channel and therefore is in many ways complementary
to the appearance experiments. While the matter effects
are a small correction in the νµ survival probability, they
are sufficient to provide a difference between the differ-
ent mass orderings because of the very large number of
events.

Note that in Fig. 1 the difference between event rates
for the two hierarchies increases (although the overall
rates decreases) for cν bins (−0.9,−0.8) and (−0.8,−0.7)
compared to the (−1,−0.9) bin. This is because the res-
onant matter density for neutrino energies in the first
energy bin < Eν >= 15 GeV is ∼5 g/cm3 which is lower
than the densities that the neutrino crosses if cν is in
the (−1,−0.9) region, but gets closer to the ones in the
shallower cν region.

IV. BACKGROUNDS AND SYSTEMATIC
UNCERTAINTIES

The main backgrounds to the signal we are exploiting
in the current study are atmospheric downward going
muons from the interactions of cosmic rays in the atmo-
sphere and tau (anti)neutrinos from νµ,e(ν̄µ,e) → ντ (ν̄τ )
transitions. The cosmic muon background can be elimi-
nated by angular cuts and in the Ice Cube deep core is
significantly reduced compared to the IceCube detector.

The tau neutrino background can be included in the
analysis as an additional source of µ-like events. Tau
(anti)neutrinos resulting from atmospheric neutrino fla-
vor transitions will produce a τ lepton by CC interac-
tions in the detector effective volume. The tau leptons
produced have an ∼ 18% probability of decaying through
the τ− → µ−ν̄µντ channel.

The secondary muons can mimic muons from νµ CC
interactions and must be included in the oscillated signal.
The energy of a ντ needs to be about 2.5 times higher
than a νµ to produce, via tau decay, a muon of the same
energy. But the atmospheric neutrino flux has a steeply

falling spectrum, so one would expect this tau-induced
muon background not to be very large. It is however sig-
nificant (∼ 10%) due to the fact that, as seen in Figure 3,
the first maximum in the νµ → ντ oscillation probability
(minimum in the νµ → νµ survival probability) falls ex-
actly in the energy range of interest and for a large range
the ντ flux can be significantly larger than the νµ flux.
These events significantly change the energy spectrum of
the measured muon-like events and contain information
about the main oscillation parameters, ∆31 and θ23.

5 10 15 20 25 30 35 40 45 50
E
!
 [GeV]

0

0.2

0.4

0.6

0.8

1

O
sc

il
la

ti
o
n
 p

ro
b
ab

il
it

ie
s

!
µ

 & !
µ

!
µ

 & !
'

FIG. 3: νµ survival probability and νµ → ντ oscillation prob-
ability for cν = −1, sin2 2θ13 = 0.1

The uncertainties in the atmospheric neutrino flux
have been discussed in the previous section and they af-
fect the analysis. It is however possible to use the data
itself to improve some of the errors introduced by these
effects, by considering energy and angular bins where os-
cillation effects are not important as a reference and thus
canceling out some of these uncertainties in the analysis
(see also [26]).

The uncertainties in other oscillation parameters also
affect the possibility of determining the neutrino mass hi-
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channel and therefore is in many ways complementary
to the appearance experiments. While the matter effects
are a small correction in the νµ survival probability, they
are sufficient to provide a difference between the differ-
ent mass orderings because of the very large number of
events.

Note that in Fig. 1 the difference between event rates
for the two hierarchies increases (although the overall
rates decreases) for cν bins (−0.9,−0.8) and (−0.8,−0.7)
compared to the (−1,−0.9) bin. This is because the res-
onant matter density for neutrino energies in the first
energy bin < Eν >= 15 GeV is ∼5 g/cm3 which is lower
than the densities that the neutrino crosses if cν is in
the (−1,−0.9) region, but gets closer to the ones in the
shallower cν region.

IV. BACKGROUNDS AND SYSTEMATIC
UNCERTAINTIES

The main backgrounds to the signal we are exploiting
in the current study are atmospheric downward going
muons from the interactions of cosmic rays in the atmo-
sphere and tau (anti)neutrinos from νµ,e(ν̄µ,e) → ντ (ν̄τ )
transitions. The cosmic muon background can be elimi-
nated by angular cuts and in the Ice Cube deep core is
significantly reduced compared to the IceCube detector.

The tau neutrino background can be included in the
analysis as an additional source of µ-like events. Tau
(anti)neutrinos resulting from atmospheric neutrino fla-
vor transitions will produce a τ lepton by CC interac-
tions in the detector effective volume. The tau leptons
produced have an ∼ 18% probability of decaying through
the τ− → µ−ν̄µντ channel.

The secondary muons can mimic muons from νµ CC
interactions and must be included in the oscillated signal.
The energy of a ντ needs to be about 2.5 times higher
than a νµ to produce, via tau decay, a muon of the same
energy. But the atmospheric neutrino flux has a steeply

falling spectrum, so one would expect this tau-induced
muon background not to be very large. It is however sig-
nificant (∼ 10%) due to the fact that, as seen in Figure 3,
the first maximum in the νµ → ντ oscillation probability
(minimum in the νµ → νµ survival probability) falls ex-
actly in the energy range of interest and for a large range
the ντ flux can be significantly larger than the νµ flux.
These events significantly change the energy spectrum of
the measured muon-like events and contain information
about the main oscillation parameters, ∆31 and θ23.

5 10 15 20 25 30 35 40 45 50
E
!
 [GeV]

0

0.2

0.4

0.6

0.8

1

O
sc

il
la

ti
o
n
 p

ro
b
ab

il
it

ie
s

!
µ

 & !
µ

!
µ

 & !
'

FIG. 3: νµ survival probability and νµ → ντ oscillation prob-
ability for cν = −1, sin2 2θ13 = 0.1

The uncertainties in the atmospheric neutrino flux
have been discussed in the previous section and they af-
fect the analysis. It is however possible to use the data
itself to improve some of the errors introduced by these
effects, by considering energy and angular bins where os-
cillation effects are not important as a reference and thus
canceling out some of these uncertainties in the analysis
(see also [26]).

The uncertainties in other oscillation parameters also
affect the possibility of determining the neutrino mass hi-
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• For anti-ν’s:
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channel and therefore is in many ways complementary
to the appearance experiments. While the matter effects
are a small correction in the νµ survival probability, they
are sufficient to provide a difference between the differ-
ent mass orderings because of the very large number of
events.

Note that in Fig. 1 the difference between event rates
for the two hierarchies increases (although the overall
rates decreases) for cν bins (−0.9,−0.8) and (−0.8,−0.7)
compared to the (−1,−0.9) bin. This is because the res-
onant matter density for neutrino energies in the first
energy bin < Eν >= 15 GeV is ∼5 g/cm3 which is lower
than the densities that the neutrino crosses if cν is in
the (−1,−0.9) region, but gets closer to the ones in the
shallower cν region.
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The main backgrounds to the signal we are exploiting
in the current study are atmospheric downward going
muons from the interactions of cosmic rays in the atmo-
sphere and tau (anti)neutrinos from νµ,e(ν̄µ,e) → ντ (ν̄τ )
transitions. The cosmic muon background can be elimi-
nated by angular cuts and in the Ice Cube deep core is
significantly reduced compared to the IceCube detector.

The tau neutrino background can be included in the
analysis as an additional source of µ-like events. Tau
(anti)neutrinos resulting from atmospheric neutrino fla-
vor transitions will produce a τ lepton by CC interac-
tions in the detector effective volume. The tau leptons
produced have an ∼ 18% probability of decaying through
the τ− → µ−ν̄µντ channel.

The secondary muons can mimic muons from νµ CC
interactions and must be included in the oscillated signal.
The energy of a ντ needs to be about 2.5 times higher
than a νµ to produce, via tau decay, a muon of the same
energy. But the atmospheric neutrino flux has a steeply

falling spectrum, so one would expect this tau-induced
muon background not to be very large. It is however sig-
nificant (∼ 10%) due to the fact that, as seen in Figure 3,
the first maximum in the νµ → ντ oscillation probability
(minimum in the νµ → νµ survival probability) falls ex-
actly in the energy range of interest and for a large range
the ντ flux can be significantly larger than the νµ flux.
These events significantly change the energy spectrum of
the measured muon-like events and contain information
about the main oscillation parameters, ∆31 and θ23.
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The uncertainties in the atmospheric neutrino flux
have been discussed in the previous section and they af-
fect the analysis. It is however possible to use the data
itself to improve some of the errors introduced by these
effects, by considering energy and angular bins where os-
cillation effects are not important as a reference and thus
canceling out some of these uncertainties in the analysis
(see also [26]).

The uncertainties in other oscillation parameters also
affect the possibility of determining the neutrino mass hi-
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DeepCore & Hierarchy: Technique

• Can DeepCore tell the difference 
between νµ and ν ̅̅µ?

• It can’t tell the difference between µ+ 
and µ-...

• But at E ~ 12 GeV: 
• σ(νx) ~ 2σ(ν̅x)

• (effect diminished a bit by higher Eµ of ν̅µ interactions)

• Thus we can get statistical 
discrimination between NH and IH
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Neutrino Hierarchy
• (First, some preliminaries)
• Need to show the other 

main neutrino oscillation 
result, from solar and 
reactor neutrino 
experiments
• These experiments 

measured νe or ν ̅e 
disappearance

• Δm2 = (7.6±0.2 × 10-5) eV2

• tan2θ = 0.47±0.06

!""# "

!$"#

%&'()*+

,-./01(1

,,./01(1

,,123./01(1

4567/897

:;<&=

,-./01(1

,,./01(1

,,123./01(1

4567/897

!θ>7&?

@
>

/A
5
B

!>
'∆

51



D. Cowen/Penn State & Humboldt U. SAC: IceCubeʼs Deep Core

DeepCore & Hierarchy: Technique
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Normal Hierarchy
Inverted Hierarchy

Normal Hierarchy
Inverted Hierarchy

Normal Hierarchy
Inverted Hierarchy

• 5 MTon detector, 10 yrs of running, Eth ~ 5 GeV, θ13 = 0.1 (sin22θ13 =0.04)*
•  5 GeV µ?  L = 25 m, within 1.2 scattering lengths of 10-12 DOMs (↑, centered)

• DeepCore physical volume is ~14 MTon
• fiducial volume will be somewhere between 5 and 13 MTon

*CHOOZ: sin22θ13 < 0.17 (90%CL)
  (Daya Bay/2011: sin22θ13 ~ 0.01)

Theoretical study done without detector simulation
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DeepCore & Hierarchy: Sensitivity

Assumes 100 Mton-yrs
- Shows rejection level of wrong model
- Effect is easier to see if have NH due to difference in cross 
sections for ν’s and ν ̅’s
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FIG. 4: Rejection regions of the “wrong” hierarchy model in the (sin2 θ13, δcp) plane when the “true” hierarchy is normal (left
panel) or inverted (right panel) as indicated in the heading of each plot. Different lines correspond to rejection regions of the
“wrong” hierarchy at 68%, 90%, 95% and 99% CL (2 d.o.f.) using the muon-like contained events in a detector of mass times
exposure of 100 Mt yr (e.g., 10, 000 kton detector after 10 years of data taking). We used the best fit parameter values in
Eqs. (1)-(4).

68!

90!

68!

90!

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

"150

"100

"50

0

50

100

150

sin22Θ13

∆
cp

Normal !100 Mt yr, Θ23%45
!, 10! systematics"

68!68!

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

"150

"100

"50

0

50

100

150

sin22Θ13

∆
cp

Inverted !100 Mt yr, Θ23%45
!, 10! systematics"

FIG. 5: Same as Fig. 4 but including a 10% systematic error in our χ2 analysis.

are reached when θ23 = 40◦. This can be understood in
terms of the muon (anti) neutrino disappearance prob-
ability Pµµ in the presence of matter effects and non
negligible solar effects. If one performs an expansion
up to second order in the small parameters ∆m2

21/∆m2
31

and sin θ13, there are two terms in the muon (anti) neu-
trino disappearance probability equation which depend
on cos δ. One term is proportional to sin 2θ23 cos δ, the
other one is proportional to cos 2θ23 cos δ, and therefore
it is only different from zero for θ23 != 45◦, changing

sin22θ13

δ C
P


