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Motivation: Role of the National Lab
• Critically address issues facing the community at large
• Provide leadership, guidance, and technical expertise

 Long history of achievement in neutrino experiments in both Physics 
and Nuclear Science Divisions 

• While we have involvement in some projects described below, 
we have attempted to survey the field independently and 
pedagogically
 Rely (mostly) on existing literature and presentations 
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Neutrino Mass Hierarchy
• Open questions in Neutrino Physics:

 The very nature of the neutrino: Majorana vs Dirac
 Absolute mass scale
  Sensitivity to GUT mass scales

 Neutrinos as a probe
 Structure of neutrino mixing
 Neutrino mass hierarchy
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Measurements Sensitive to MH

(1) Solar neutrinos
(2) Supernova neutrinos
(3) Direct mass measurements
(4) Neutrinoless double beta 

decay

(5) Long-baseline experiments
(6) Reactor neutrinos
(7) Atmospheric neutrinos
(8) Cosmology

4
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Very limited scope for 

definitive measurement



08/02/2013 Yu.G. Kolomensky, Neutrino Hierarchy

Measurements Sensitive to MH

(1) Solar neutrinos
(2) Supernova neutrinos
(3) Direct mass measurements
(4) Neutrinoless double beta 

decay

(5) Long-baseline experiments
(6) Reactor neutrinos
(7) Atmospheric neutrinos
(8) Cosmology
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Some potential...

Very limited scope for 

definitive measurement
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• Mass hierarchy defines the 
scope for future 0νββ 
experiments

• Current and future 
cosmological measurements 
of Σm in combination with 
MH determine the absolute 
mass scale of each ν scale

0νββ and Cosmology

Current limits (EXO-200, KL-Zen, GERDA)



08/02/2013 Yu.G. Kolomensky, Neutrino Hierarchy

Supernova
• Robust MSW signal but very complicated 

dynamics
• Possible signal for a specific S/N model
• Model uncertainties too large to guarantee 

a definitive measurement
• Hierarchy measurement is a very useful 

input for S/N models!
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Water Cherenkov

Liquid 
argon



08/02/2013 Yu.G. Kolomensky, Neutrino Hierarchy

NOvA+T2K
7

Figure 4: Significance with which (Left) NOvA and (Right) T2K+NOvA can resolve the
mass hierachy for sin2 2θ13 = 0.095 and sin2 2θ23 = 1, as a function of δCP . This assumes a
nominal 3+3 year run plan. The blue/solid (red/dashed) curve shows the sensitivity given
a normal (inverted) hierarchy. Figures from NOvA document [8].

energy is at the first oscillation maximum for a given distance, see Fig. 6. This is a broad-
band beam, optimized to cover both the first and second oscillation maxima. Narrow band
beams pick out a single energy and typically do not sample the full distribution, but only
a single energy bin. A broad-band beam allows a measurement of the shape of the spectra
(including multiple maxima) favorable for the measurement of δCP while a narrow band
beam only allows a counting experiment at a single energy.

4.2.2 Phasing the Long Baseline Neutrino Experiment

Due to budgetary constraints, the experiment is to be phased. The stated goal of the first
stage of LBNE, as summarized in the recent HEPAP Major Facilities report, is to deter-
mine the hierarchy to greater than 3σ for all values of the CP phase δCP (when constraints
from other experiments are included), and to set the stage for a world-class US neutrino
program that will include Project X, and physics goals such as a comprehensive search for
CP violation.

The Phase I experiment consists of the beamline and a 10kT liquid argon (LAr) detector
located on the surface at the SURF facility. The beamline at FNAL includes a target, horn
and decay tunnels consistent with accepting a 2.3MW beam, and a set of instruments (an
array of high pressure gas muon Cherenkov counters, four layers of stopped muon detectors,
and two or three layers of hadron ionization detectors) at the absorber complex to measure
the flux, angle and centerline of the beam. There is no near neutrino detector in the first
phase. The final phase includes a 35 kT liquid argon detector, underground at the far site and
a substantial near detector most likely with both a liquid argon detector and a magnetized,
high pressure Ar [straw] tracker, and EM calorimeter to measure the absolute neutrino flux
via neutrino-electron scattering.

12

Complementary baselines: T2K measures CP asymmetries, NOvA can then subtract them 
off from matter effects
Good chance (~40%) to have an indication of the hierarchy before LBNE/HyperK turn on
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The mass hierarchy can be determined using LBNE I+ T2K/NOνA

LBNE I + T2K/NOνA ⇒≥ 3σ sensitivity to CPV for 35% of δcp

62 / 6508/02/2013 Yu.G. Kolomensky, Neutrino Hierarchy

LBNE
8

• >3σ stat significance for 
determination of MH in (in 
combination with NOvA
+T2K) independently of δCP
 Major part of US program

• However:
 Timescale & cost, may not be the 

first measurement of MH
 Limited scope (MH, δCP)
 Poorly understood nuclear effects 
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HyperK and LBNO
9
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Figure 9: Projected sensitivity in units of∆χ2
of HyperK to the neutrino mass hierarchy from

the long-baseline beam measurements (left plot, blue histogram) and from the atmospheric

measurements (left plot, dark-green histogram). The combined sensitivity is shown in the

right plot. The plot is from Ref. [15].

GLACIER and LENA) to an upgrade to 4 MW (for MEMPHYS), to high-power β-beams

at CERN (for MEMPHYS), and ultimately to a neutrino factory.

Each detector offers a different set of complementary physics measurements: GLACIER

and LENA, with a very long baseline and large underground detector, will be able to resolve

the neutrino mass hierarchy quickly, while also providing excellent CP reach and opportuni-

ties to search for proton decay and supernova neutrinos. The physics case for such detectors

is well described in Section 4. In addition, LENA, by virtue of its low energy threshold,

would be a large-scale solar neutrino experiment. MEMPHYS offers a different tradeoff: a

clean measurement of the CP phase δCP without significant matter effects, increased detector

mass (compared to SuperK) for proton decay searches, and sensitivity to the mass hierarchy

via measurements of atmospheric neutrinos. The physics reach of MEMPHYS is similar to

that of HyperK.

GLACIER, by the virtue of its excellent tracking capabilities, large mass, and a very

long baseline, can offer an extremely sensitive measurement of the mass hierarchy (Fig. 11).

It would be able to resolve the mass hierarchy with a significance of more than 5σ in a

few years of operation with a conventional SPS beam (≈ 2 × 10
20

protons on target). If

a decision on construction is reached by 2015, the proponents estimate a 5σ measurement

by 2023 [17, 18]. The high sensitivity would possibly enable a staged approach to the

project: a smaller (20 kTon) detector that starts operating quickly, followed by a larger

detector, near detector upgrades, beam intensity upgrades, etc, aiming at a 30-year program

for precision measurement of δCP , neutrino astrophysics, and proton decay searches. LENA

would require about 10 years of operations to reach > 5σ sensitivity to the mass hierarchy,

with the completion timescale similar to that of LBNE and HyperK.

20

Figure 10: Plots for a hypothetical site 2400 km from the source. Upper, with true hierarchy
being normal, with δCP = π/2. Lower, again with true hierarchy being normal, but now with
δCP = 3π/2. The dot dash circles show the constraints from νµ scattering, while the solid
circles are for νµ. The dashed curve shows the constraint from reactor neutrino experiments.
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where the index i runs over bins of reconstructed neutrino energy, and + and − are applied for

neutrino and anti-neutrino mode, respectively. N i is the number of expected events for the i-th Erec
ν

bin for oscillation parameters. ni
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i
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i
νeCC and ni

ντCC are the expected number of events for the

appearance signal, the background originating from νµ/ν̄µ NC and misidentified CC, the background

from intrinsic νe/ν̄e and the background from intrinsic ντ/ν̄τ , respectively, with a set of oscillation

parameters tested. The systematic parameters fsig, fNC , fνeCC , fντCC , f+/− represent uncertainties

of the signal, the background from νµ/ν̄µ, those from νe/ν̄e, and relative normalization of positive and

negative horn polarity samples, respectively. Those systematic parameters are assumed to be energy

independent and just the overall scale for each component is changed.

The ∆χ2 of the mass hierarchy discriminant is presented as a function of true δCP in Figure 72.

The upper ∆χ2 curve labelled “Eν”-spectrum and “pmiss
T ” corresponds to the fit of both distributions.

A. Rubbia European Strategy for Neutrino Oscillation Physics - May 2012
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FIG. 72: ∆χ2 of the mass hierarchy discriminant as a function of true δCP . See text for the definition of the
two curves.

The obtained significance is above 5σ’s over the entire range of δCP values. The dashed curve shows

the ∆χ2 if only the “Eν”-spectrum is used. In this case, the significance is reduced mainly because of

the assumed ±50% uncertainty on the tau production normalization. Indeed, the “pmiss
T ” distribution

is very effective at constraining the τ → eνν decays, making the tau rate under the signal constrained

by the experiment itself. It should be noted that this approach is conservative, in the sense that the
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FIG. 75: ∆χ2 of the CPV discriminant as a function of true δCP for an integrated intensity of 1.5× 1021 p.o.t.
The blue curve corresponds to the case with all systematic errors included. The dashed brown curve is the case
where all energy correlated errors are set to zero and the average Earth density error is reduced to 1%.

)20Integrated SPS 400 GeV p.o.t. (x 10
0 5 10 15 20 25 30

 c
ov

er
ag

e 
(%

)
C

P
!

Fr
ac

tio
n 

of
 

0

10

20

30

40

50

60

70

80

90

100

20 kt LAr

70 kt LAr

CPV discovery
 exclusion" = 0,CP!

all errors included
90% C.L.

 C.L.#3

m
yf

itt
er

FIG. 76: CPV coverage as a function of the integrated exposure.Figure 11: LAGUNA sensitivity to the mass hierarchy as a function of δCP (left) [18].
Sensitivity to δCP (right) for staged detector construction.
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HyperK

• HyperK: focus on CP and 
proton decay
 Large WC detector, short 

baseline: sensitivity to MH 
primarily from atmospheric νs

 Very complementary to LBNE
 Concerns: costs

• LBNO-LAGUNA
 Excellent sensitivity to MH due 

to long baseline CERN→Finland
 Concern: costs, likelihood

LBNO
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Reactor Neutrinos (JUNO)
• Statistical sensitivity to MH
• Major project in China (already 

funded)
• Very challenging measurement

 Requires major improvements in 
detector technology (multiple 
factors of 2)

 Energy resolution and scale are of 
paramount importance

 Improves with percent-level 
precision on Δm2

23 

10

SNO

JUNO

Figure 13: ∆χ2 distributions obtained for the normal (black) and inverted (red) hierarchy

models as a function of ∆m2
ee, taken from Ref. [22]. The degeneracy due to uncertainty in the

mass-squared difference is visible as the false minimum for the inverted hierarchy at a value

of ∆m2
ee 0.5% from the true value. Including a penalty based on a 1.5% global uncertainty in

∆m2
32 disfavors the inverted hierarchy at an additional ∼0.5σ (solid red versus dashed red).

in ∆m2
32 and finds that reduction of the uncertainty to 1.5% would result in a hierarchy

significance of 3.7σ, and 4.4σ if a 1% uncertainty could be achieved. The additional penalty

to ∆χ2 is illustrated in Fig. 13.

Current accelerator neutrino experiments (T2K, NOνA) will, it is hoped, reduce the

uncertainty on ∆m2
32 by a factor of two. Estimates give a global uncertainty of 1.5% in

∆m2
32 by 2025. Further reduction in this uncertainty will come from future long-baseline

experiments (Section 4).

The JUNO project has an aggressive schedule [20]. It has already received the Chinese

equivalent of CD-1 approval. Civil construction is targeted for 2014-2017. Detector assembly

is planned for 2018-2019. Data taking would commence in 2020, with a target of 5-6 years

of operation for the hierarchy measurement.

The main challenges for JUNO are technological. To obtain sufficient detector resolution

requires multiple factors of two improvements in detector technology: improved scintillator

light yield, attenuation length, and PMT efficiency. Constraints on detector uniformity and

linearity are demanding, and will likely require the development of new methods to calibrate

the detector response to positrons. These challenges must be met successfully if the subtle

effect of the neutrino mass hierarchy on the observed positron signal is to tell us whether

the neutrino mass hierarchy is normal or inverted.

25

arXiv:1303.6733
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Atmospheric Neutrinos (PINGU)
• Excellent statistical 

sensitivity to MH
 Modest cost, timescale

• Issues
 Energy resolution and scale
 Impact on sensitivity
 Practical calibration techniques

 Rapid recent progress; 
disagreement with an 
independent evaluation of 
sensitivity needs to be resolved

11

D. Jason Koskinen - LBNL - February, 2013 IceCube-DeepCore-PINGU
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•Additional strings within 
IceCube/DeepCore volume
• Number of strings, string-

string spacing, DOM-DOM 
spacing, etc... under 
investigation

• 10+ different simulated 
geometries already

•Shorter DOM-DOM spacing 
than DeepCore

•R & D for future water/ice 
cerenkov detectors

•1.5 year procurement/
shipping + 2-3 year 
deployment

All following plots use V6 Geometry
V6 = 20 strings w/ 60 DOMs/string @ 26m string-string 
spacing, 5m DOM-DOM
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Detailed studies of the performance of PINGU and the significance with which it would determine the NMH are
ongoing. These studies address detector energy and angular resolution, background rejection, systematic uncertain-
ties, and the impact of degeneracies with physics parameters other than the NMH. At present, three independent
estimates of the PINGU sensitivity to the NMH have been developed using different statistical techniques and
assumptions regarding detector performance and including different combinations of physics degeneracies and de-
tector systematics. Each study was designed to evaluate the impact of a particular factor or group of factors
which may impact PINGU’s sensitivity, as discussed below. While we continue to work to include the full details
in a single complete study, these targeted investigations give us confidence that there are no fundamental prob-
lems that could prevent a measurement of the NMH with PINGU within a few years. Since this work is still in
progress, we present a range of estimated sensitivity (see figure), presenting both the different geometries under
study as well as a range of predicted performance of background rejection and flavor identification algorithms.
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Estimated significance for determining the neutrino mass hierarchy with
PINGU. The top of the range is based on a 40 string detector with a high
assumed signal efficiency in the final analysis; the bottom uses a 20 string
detector and assumed a lower signal efficiency.

From the preliminary studies we an-
ticipate the sensitivity will be sta-
tistically limited for the first few
years, and the projected time de-
pendence is based on this assump-
tion. All estimates are based on a
full three-flavor treatment of neu-
trino oscillations including matter
effects, and although to date we
have not fully examined the influ-
ence of non-zero δCP or uncertain-
ties in the true values of θ12 and
∆m2

12, their impact is not expected
to be large [4]. We have found
that the ability to measure neutrino
oscillations across a wide range of
energies and baselines allows us to
constrain our systematic uncertain-
ties and resolve degeneracies be-
tween physics parameters quite ac-
curately from the data itself. The
matter effects we would exploit to
measure the NMH produce distinc-
tive signatures in the energy-angle
space, and systematic uncertainties
related to the detector do not repro-
duce these complicated patterns. We note that an additional study using a simplified detector model was conducted
to assess the relative importance of physics degeneracies, reaching conclusions similar to [4, 5], and suggesting that
a sensitivity of 5σ could be reached before systematic effects limit further increases in sensitivity.

Event quality and selection are key elements in these studies. The simulations of the angular and energy resolution
of the three detector geometries have been conducted using established, computationally fast, DeepCore algorithms
optimized for the PINGU geometry. These algorithms yield a median neutrino energy resolution of about (0.7 GeV +
0.2×Eν), and a median neutrino angular resolution improving from 15◦ to 8◦ as Eν increases from 5 to 20 GeV. More
computationally intensive algorithms yield better resolutions at higher efficiency, but we use the fast algorithms in
the studies presented here of PINGU’s NMH sensitivity, partly to be conservative and partly to reduce turnaround
time while studying the systematic uncertainties. We assume that we will be able to reduce the atmospheric muon
background rate to a low level without substantial loss of signal efficiency based on our experience with DeepCore [2,
6] and on the knowledge that PINGU will benefit from the enhanced active vetoing provided by the outermost
DeepCore strings. Studies of atmospheric muon rejection are underway to confirm this assumption. After reducing
the atmospheric muon background, we expect that neutrino events other than νµ CC will dominate as the remaining
background. The three estimates discussed below use different methods to estimate the effect of this background.

The first analysis models a 40 string detector, and makes aggressive assumptions regarding signal efficiency. Our

4

arXiv:1306.5846
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Cosmological Constraints
• Cosmological fits are sensitive to the sum of neutrino masses

 Direct determination of MH is possible iff MH is normal (sum of 
masses is small)
  Complementarity to terrestrial measurements
 10-15 meV precision on Σm on timescale of 2030
 Also will measure the number of (relativistic) neutrinos Neff 

12

1.2 Forecast sensitivity to Neff and
�

mν 7

Figure 1-2. Shown are the current constraints and forecast sensitivity of cosmology to the neutrino mass
in relation to the neutrino mass hierarchy. In the case of an “inverted hierarchy,” with an example case
marked as a diamond in the upper curve, future combined cosmological constraints would have a very high-
significance detection, with 1σ error shown as a grey band. In the case of a normal neutrino mass hierarchy
with an example case marked as diamond on the lower curve, future cosmology would detect the lowest�

mν at a level of > 4σ.

Moreover, for a lower measured mass, the posterior will have to take into account the physical limit
�

mν > 0,
which will thus relax constraints with respect to the Fisher forecasts.

It is found in this study that for each of the probes, the expected 1σ uncertainty on neutrino mass lies in the
range of 20−30 meV. When multiple probes are combined, for example for DESI+CMB-S4, the uncertainty
reduces to ∼ 15 meV. As shown in Figure 1-2, such a joint program will unambiguously detect neutrino mass
under both hierarchy scenarios, since

�
mν is already known to be at least 58 meV.

Figure 1-3 shows the interplay between CMB and galaxy-survey constraints on
�

mν . There is a degeneracy
between neutrino mass and the matter density in the CMB lensing constraint – both parameters primarily
affect the broadband amplitude of the lensing effect, with the neutrino mass also introducing a small scale
dependence (see Figure 1-1). A low-redshift constraint on the acoustic peak scale from, e.g., DESI (see
Section 1.2.2 for the survey description), significantly reduces this degeneracy. Because CMB lensing and
galaxy clustering constrain the neutrino mass in a similar way by using some of the same information
(see Figure 1-1), we take a conservative approach when combining CMB and galaxy surveys and only use
either galaxy clustering or CMB lensing information. When CMB lensing is included, we omit clustering

Community Planning Study: Snowmass 2013

CF5 report: 
K.N. Abazajian, J.E. Carlstrom, A.T. Lee,       
et. al: http://is.gd/AnSecR
Also K. Abazajian’s CF plenary talk on Thu
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Timescale and Sensitivity
13
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Backup
14
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JUNO
• Very challenging measurement; requires 

detector technology improvements beyond 
current state of the art

• Energy resolution critical
• No complete independent verification of 

sensitivity so far
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Figure 14: Estimated positron energy spectrum of the inverse beta-decay reaction for an
ideal reactor anti-neutrino experiment (20 kton detector, 40 GWth reactor power at 58 km,
5 years operation). A detector energy resolution of σE/E=3%/

�
Ee+[MeV] has been applied,

reducing the oscillation signal below 2 MeV. The mass difference for the inverted case has
been shifted by 1.2σ from the current MINOS best estimate (a shift of 5%), removing the
hierarchy discrimination above 3 MeV.

6 Atmospheric Neutrinos

Atmospheric neutrinos have the potential to resolve the neutrino mass hierarchy via matter-
enhanced oscillation within the Earth. Resonant oscillation occurs either for neutrinos in
the case of the normal hierarchy, or antineutrinos for the inverted hierarchy. Determination
of the hierarchy requires measurement of the energy and direction of Earth-crossing atmo-
spheric neutrinos with energies in the range of 2 to 10 GeV. Massive detectors (�Mton)
are required to obtain sufficient signal statistics within a few years of operation. Existing
proposals use either water Cherenkov (PINGU, ORCA, HyperK), liquid Argon TPC (LBNE,
LBNO), or magnetized iron calorimeter (INO) detectors. Discrimination of neutrinos from
antineutrinos enhances hierarchy sensitivity. Hierarchy determination has some dependence
on the oscillation parameters, in particular ∆m2

31, but is largely insensitive to the Earth den-
sity profile. Primary concerns are detector properties such as total mass, energy resolution,
and angular resolution.

6.1 Signature of the neutrino mass hierarchy

The two possible neutrino mass hierarchies predict distinctly different oscillation probabilities
for Earth-crossing neutrinos. Due to interactions with electrons within the Earth, resonant
flavor conversion occurs at a specific pattern of neutrino energies and Earth-crossing paths.
This resonant conversion only occurs for neutrinos in the case of the normal hierarchy, while
only for antineutrinos for the inverted hierarchy. A detector capable of discriminating ν
interactions relative to ν needs only to demonstrate for which state the resonance occurs.
Detectors which only distinguish neutrino flavor rely on the intrinsic difference in the atmo-

26



08/02/2013 Yu.G. Kolomensky, Neutrino Hierarchy

PINGU Sensitivity: Two Evaluations
16

Figure 17: Significance of determination of the mass hierarchy using PINGU as a function
of run time, for different detector performance characteristics (energy resolution, angular
resolution, and threshold), by the proponents of the experiment [27]. The normal hierarchy
is assumed. The vertical axis is a measure of so-called distinguishability, roughly equivalent
to a ∆χ2.
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Figure 18: Significance of determination of the mass hierarchy using PINGU as a function of
run time, for the best and worst case of the true oscillation parameters, from an independent
study [7].
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Detailed studies of the performance of PINGU and the significance with which it would determine the NMH are
ongoing. These studies address detector energy and angular resolution, background rejection, systematic uncertain-
ties, and the impact of degeneracies with physics parameters other than the NMH. At present, three independent
estimates of the PINGU sensitivity to the NMH have been developed using different statistical techniques and
assumptions regarding detector performance and including different combinations of physics degeneracies and de-
tector systematics. Each study was designed to evaluate the impact of a particular factor or group of factors
which may impact PINGU’s sensitivity, as discussed below. While we continue to work to include the full details
in a single complete study, these targeted investigations give us confidence that there are no fundamental prob-
lems that could prevent a measurement of the NMH with PINGU within a few years. Since this work is still in
progress, we present a range of estimated sensitivity (see figure), presenting both the different geometries under
study as well as a range of predicted performance of background rejection and flavor identification algorithms.
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From the preliminary studies we an-
ticipate the sensitivity will be sta-
tistically limited for the first few
years, and the projected time de-
pendence is based on this assump-
tion. All estimates are based on a
full three-flavor treatment of neu-
trino oscillations including matter
effects, and although to date we
have not fully examined the influ-
ence of non-zero δCP or uncertain-
ties in the true values of θ12 and
∆m2

12, their impact is not expected
to be large [4]. We have found
that the ability to measure neutrino
oscillations across a wide range of
energies and baselines allows us to
constrain our systematic uncertain-
ties and resolve degeneracies be-
tween physics parameters quite ac-
curately from the data itself. The
matter effects we would exploit to
measure the NMH produce distinc-
tive signatures in the energy-angle
space, and systematic uncertainties
related to the detector do not repro-
duce these complicated patterns. We note that an additional study using a simplified detector model was conducted
to assess the relative importance of physics degeneracies, reaching conclusions similar to [4, 5], and suggesting that
a sensitivity of 5σ could be reached before systematic effects limit further increases in sensitivity.

Event quality and selection are key elements in these studies. The simulations of the angular and energy resolution
of the three detector geometries have been conducted using established, computationally fast, DeepCore algorithms
optimized for the PINGU geometry. These algorithms yield a median neutrino energy resolution of about (0.7 GeV +
0.2×Eν), and a median neutrino angular resolution improving from 15◦ to 8◦ as Eν increases from 5 to 20 GeV. More
computationally intensive algorithms yield better resolutions at higher efficiency, but we use the fast algorithms in
the studies presented here of PINGU’s NMH sensitivity, partly to be conservative and partly to reduce turnaround
time while studying the systematic uncertainties. We assume that we will be able to reduce the atmospheric muon
background rate to a low level without substantial loss of signal efficiency based on our experience with DeepCore [2,
6] and on the knowledge that PINGU will benefit from the enhanced active vetoing provided by the outermost
DeepCore strings. Studies of atmospheric muon rejection are underway to confirm this assumption. After reducing
the atmospheric muon background, we expect that neutrino events other than νµ CC will dominate as the remaining
background. The three estimates discussed below use different methods to estimate the effect of this background.

The first analysis models a 40 string detector, and makes aggressive assumptions regarding signal efficiency. Our
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