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Most theoretical models of neutrino mass assume that neutrinos are massive Majorana fermions. The
best way to test such a hypothesis is to search for the neutrinoless double beta decay 0⌫��; its rate is
proportional to the square of the e↵ective neutrino mass mee := ||Ue1|2m1+ |Ue2|2m2e

2↵i+ |Ue3|2m3e
2�i|.

That quantity is restricted from below, mee � 14 meV (taking into account the 3� error bars of the
oscillation parameters) for IH while mee = 0 is possible for NH. Thus, if IH is realized in nature, the
next generation of the 0⌫�� experiments can decide whether neutrino are Majorana fermions or not.
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Figure 1: Pattern of neutrino masses for the normal and inverted hierarchies is shown as mass squared.
Flavor composition of the mass eigenstates as the function of the unknown CP phase �CP is indicated.
�m2

atm ⇠ |�m2
31| ⇠ |�m2

32| and �m2
sol ⇠ �m2

21 stands for the atmospheric and the solar mass-squared
splitting, respectively.

Similarly to most of the parameters describing neutrino mass and mixing, the neutrino MH can be
accessed through the neutrino flavor oscillation. As shown in Table 1, there are two small parameters in
the neutrino oscillation description; the mixing angle ✓13 (sin2 ✓13 ⇠ 0.022) and the ratio �m2

21/�m2
31

(⇠ 3%). Due to this feature, most oscillation results are reasonably well described in the framework of
mixing only two neutrinos, instead of three. In this case, the probability of flavor change in the vacuum
and the oscillation length are given by

P (⌫l ! ⌫l0) = sin2 2✓ · sin2

✓
1.27 · �m2(eV2) · L(m)

E(MeV)

◆
, Lvacuum(m) =

2.48 · E⌫(MeV)

�m2(eV2)
(3)

and, obviously, the sign of �m2 (the mass hierarchy) cannot be determined in such case.
Therefore, in order to determine MH, i.e. to find e↵ects that are sensitive to the sign of �m2

31

or �m2
32, one has to either go beyond the vacuum oscillation or go beyond the simple framework

of two-neutrino mixing. Correspondingly, there are two direct ways to determine MH. In the first
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How can we find out which of these two actually exists in nature? 



Why is the hierarchy determination difficult? 
 
In a reasonable approximation (0th order) the oscillation 
probabilities can be described in the two flavor picture 
with only one Δm2 and only one mixing angle θ 
 
P(νl -> νl’) = sin22θ sin2(1.27 Δm2 L/Eν) 
 
In this case, obviously, there is no effect when Δm2 -> -Δm2. 
Thus, to separate the hierarchies we must either consider  
three flavor oscillations and thus effects that are small due  
to the smallness of θ13 (sin2θ13 ~ 0.022) and of Δm2

21/Δm2
31 ~ 1/30, 

or go beyond the vacuum oscillation, i.e. use the matter effects 
that are sensitive to the sign of Δm2. 



Before considering them, there is yet another possibility. From 
oscillation results we know that the sum of the three neutrino 
masses, Σ = m1 + m2 + m3, must be larger than ~0.06 eV for NH and 
~0.10 eV for IH. 
 
Σ  can be constrained and, perhaps, eventually determined, by cosmology 
in combination with various astrophysics data.  Recent Σ limits, at 95% 
CL, reach small values of 0.13 eV (Cuesta et al. 1511.05983) and 0.12 eV 
(Palanque-Delabrouille et al. 1506.05976). Based on that, Simpson et al. 
(1703.03425), use Bayesian analysis and claim a strong preference for NH 
(odds 42:1). This claim is based on using the logarithmic prior based on 
the so-called ``Bedford law’’ and is disputed (see  Schwetz et al. 1703. 
04585). 
 
Nevertheless, if Σ could be reliably restricted to values Σ < 0.1 eV, but 
still Σ > 0.06 eV, the NH would be obviously the only possibility. 



One can also try to analyze all oscillation etc. data together to obtain   
Δχ2

IH-NH = χ2
min IH – χ2

min NH 
 
Capozzi et al. (1703.04471) obtain Δχ2

IH-NH = 3.6, i.e. about 2σ preference for NH.  3
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FIG. 1: Global 3⌫ oscillation analysis. Projections of the �2 function onto the parameters �m2, |�m2|, sin2 ✓ij , and �, for NO
(blue) and IO (red). In each panel, all the undisplayed parameters are marginalized, and the o↵set ��2

IO�NO = 3.6 is included.

p 2 [0, 1] linking any two competing hypotheses [35]). Explicit parametric connections have been worked out for
medium-baseline reactor neutrino oscillations, in terms of the mixing variable sin2 ✓12 (swapping octants between NO
and IO for �m2 > 0 in vacuum [36]) and of an empirical variable ↵ (ranging in [�1, +1] from IO to NO [37]). The
above considerations further support our adoption of Eq. (8) as a reasonable metric for the IO–NO discrimination
[25], akin to a one-parameter estimation test. For a discussion of further statistical issues and possible alternative
approaches, see also [3, 4, 38–40] and refs. therein.

With present data, the current statistical sensitivity associated to ��2
IO�NO tests appears to be limited to ⇠ 2�

(see Sec. III). Therefore, we shall conservatively report ��2 bounds on mass-mixing parameters both by separately

minimizing the �2 in NO and IO (discarding the relative ��2
IO�NO di↵erence), and by further minimizing the �2

over any ordering (including the ��2
IO�NO information), with a discussion of the relative di↵erences in the results.

Such a format has been adopted in presenting the oscillation parameter ranges in [11, 41], and is extended herein to
nonoscillation parameters.

A. Neutrino oscillations

An analysis of neutrino oscillation data has been previously presented in [9], to which we refer the reader for a
discussion of the adopted methodology and earlier literature. A partial update of [9], including novel accelerator
data shown in mid-2016, was reported in [10]. The more complete update presented herein (circa 2017) includes, with
respect to [9]: (i) the latest results from the long-baseline accelerator experiments T2K [42] and NOvA [43, 44]; (ii) the
latest far/near spectral ratio from the reactor neutrino experiment Daya Bay [45]; (iii) the most recent atmospheric
neutrino data from the Super-Kamiokande (SK) phase IV [46, 47]. The results of our oscillation data analysis are
reported graphically in Fig. 1 and numerically in Table I.

Figure 1 shows the �2 curves in terms of the six oscillation parameters (�m2, �m2, sin2 ✓12, sin
2 ✓13, sin

2 ✓23, �),
for both NO (blue) and IO (red). We find an overall preference for NO, quantified by the �2 di↵erence

��2
IO�NO = 3.6 (all oscill. data) , (9)

that is explicitly shown as an o↵set of the IO curves. The o↵set is of some relevance in the analysis of absolute mass
observables, as shown later.

They use the term ``ordering’’ 
instead of hierarchy. Thus 
NO means NH and IO means IH   

Similar	preference	for	NH	
Δχ2

IH-NH = 2.7 is found in 
the analogous global  
oscillation analysis by 
Salas et al. 1708.01186. 
See also the talk by 
M.C. Gonzales-Garcia on 
Sunday	
		



How can we approach the hierarchy determination 
using vacuum oscillations? 
 
 
The basic idea is to use the small difference, Δm2

21,  between 
Δm2

31 and Δm2
32 in the three-flavor framework. 

 
Of practical importance is the case of pure νe beam from reactors. 



Survival probability for 3-neutrino mixing for the νe and its 
antineutrinos in vacuum is 
 
Pee = 1 – { cos4(θ13) sin2(2θ12) sin2(Δ21) 
           +  cos2(θ12) sin2(2θ13) sin2(Δ31) 
           +  sin2(θ12) sin2(2θ13) sin2(Δ32) } 
 
Where Δij = 1.27 |δm2

ji (eV2)| L(m)/Eν(MeV) .
Since  Δ31 ~ Δ32 = Δatm the Pee exhibits low frequency oscillations  
governed by Δ21 (dominant) and high  frequency oscillations  
governed  by Δatm (subdominant) with amplitude proportional 
to sin2(2θ13) . With the relatively large sin2(θ13) = 0.0215 +- 0.007  
these subdominant oscillations are more easily visible. 

Moreover, since for normal mass hierarchy (NH) Δ31 = Δ32 + Δ21  
while for inverted mass hierarchy (IH) Δ31 = Δ32 - Δ21 , there is  
a phase shift between the two hierarchies proportional to L/Eν . 
 
 (For proposals to use reactor neutrinos at intermediate distances see e.g. 
Choubey, Petcov, Piai (2003) or Schoenert, Lasserre, Oberauer (2003).) 



There are two oscillation 
lengths in the problem. 
The `solar’  
(L/E)osc

sol
 ~ 32000 m/MeV 

And the `atmospheric’ 
(L/E)osc

atm ~ 1000 m/MeV. 
 
Depending on the hierar- 
chy the atmospheric 
oscillation lengths are 
slightly different. 
 
After several oscillations 
the phase difference 
between these two  
possibilities increases; 
this allows determination 
of the correct hierarchy. 
 
For realistic input, and 
the typical reactor  
neutrino energy ~4 MeV 
the optimum distance is 
L ~ 40-60 km. 
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Fig. 2. Electron neutrino and antineutrino appearance oscillation probabilities as a function of the neutrino energy E⌫ at L = 1300 km for the indicated
four values of the CP phase �CP . The matter density ⇢ and the electron fraction Ye are assumed to be 2.7 g/cm3 and 0.5, respectively. sin2 ✓13, sin2 ✓12,
sin2 ✓23, �m2

31, and �m2
21 are assumed to be 0.0219, 0.304, 0.5, 2.4 ⇥ 10�3 eV2, and 7.65 ⇥ 10�5 eV2, respectively. Top (bottom) two panels correspond

to the normal (inverted) mass hierarchy. Left (right) panels correspond to the neutrino (antineutrino) oscillation. In the normal (inverted) mass hierarchy,
the neutrino (antineutrino) appearance are enhanced, and the antineutrino (neutrino) appearance are suppressed.

that could resolve ⌫ from ⌫̄ needs only to demonstrate for which state the resonance occurs. Detectors that can only
determine neutrino flavor can take advantage of the difference in the atmospheric neutrino flux between ⌫ and ⌫̄ and the
differences in interaction cross sections at the detection to determine the hierarchy. Details of the needed strategy and the
corresponding challenges with these two approaches will be described in the next section.

Beside the matter effect, MH can be determined by exploring the small difference (�m2
21) between �m2

31 and �m2
32 in

the three-flavor neutrino framework with neutrino and antineutrino disappearance. The survival probability for a neutrino
of flavor l in vacuum is given by

Pll = 1 �
⇥
Al
21 sin

2 �21 + Al
31 sin

2 �31 + Al
32 sin

2 �32
⇤

, (11)

where Al
ij = 4|Uli|2|Ulj|2 and�ij = �m2

ijL/4E⌫ . This general formula, however, does not show explicitly the difference in the
survival probability for the two hierarchies. In the case of practical importance, namely for the electron antineutrinos, the
formula can be transformed into

Pee = 1 � 2s213c
2
13 � 4c413s212c

2
12 sin

2 �21 + 2s213c
2
13

q
1 � 4s212c

2
12 sin

2 �21 cos(2�32 ± �ee), (12)

where the angle � that characterizes the difference of the two hierarchies is

sin�ee = c212 sin 2�21q
1 � 4s212c

2
12 sin

2 �21

, cos�ee = c212 cos 2�21 + s212q
1 � 4s212c

2
12 sin

2 �21

. (13)

Here the ± sign in the last term in Eq. (12) contains the information regarding the mass hierarchy. The plus (minus)
sign corresponds to the normal (inverted) mass hierarchy. The analogous formula for the survival probability of the muon
neutrinos is

Pµµ = 1 � 2|Uµ3|2 · (|Uµ1|2 + |Uµ2|2) � 4|Uµ1|2|Uµ2|2 sin2 �21

� 4|Uµ3|2 ·
✓q

|Uµ1|4 + |Uµ2|4 + 2|Uµ1|2|Uµ2|2 cos 2�21

◆
· cos(2�32 ± �µµ), (14)

where Uµi are the elements of the second row of the PMNS matrix and now the angle � is

sin�µµ = |Uµ1|2 sin 2�21p
|Uµ1|4 + |Uµ2|4 + 2|Uµ1|2|Uµ2|2 cos 2�21

,

cos�µµ = |Uµ1|2 cos 2�21 + |Uµ2|2p
|Uµ1|4 + |Uµ2|4 + 2|Uµ1|2|Uµ2|2 cos 2�21

.

(15)
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Survival probability formula in the previous slide can be rewritten as 
 
 
Where the relevant angle Φee is defined as  
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Fig. 14. The detecting principle of IBD is shown.
Source: This figure is reproduced with the permission from Ref. [62].

Fig. 15. (Left) The effective mass-squared difference �m2
� , as a function of baseline (y-axis) and visible energy Evis ' E⌫ � 0.8MeV (x-axis). The color

represents the size of �m2
� in eV2. The solid, dashed, and dotted lines are three choices of detector energy resolution with 2.8%, 5.0%, and 7.0% at 1 MeV,

respectively. The left side of these lines (low values of Evis) will yield negligible contributions to the differentiation of the MH due to large values of L/E⌫

The purple solid line represents the approximate boundary of the degenerate mass-squared difference. The right side of the purple line alone will also
yield negligible contributions to the differentiation of the MH. (Right) �m2

� for both electron antineutrino (�m2
� ee) and muon disappearance (�m2

� µµ)
are shown as a function of the unknown CP phase �CP . (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
Source: Reproduced with permission from Ref. [69].

The basis for the MH determination using the ⌫̄e disappearance has been extensively discussed in Refs. [63–73], and is
illustrated in Eq. (12) in Section 1. In order to further elaborate on this point, we define the effective mass-squared splitting
as:

�m2
eff = 4E⌫

L
· (2�32 ± �ee) =

⇢
2�m2

32 + �m2
� (Normal Hierarchy)

2�m2
32 � �m2

� (Inverted Hierarchy)
(34)

which corresponds to the fourth term in Eq. (12). Here, we define �m2
� := 4 · �ee · E⌫/L.

In the left panel of Fig. 15, the�m2
� is plotted as a function of the visible energy Evis ⌘ Eprompt aswell as the baseline L. At a

baseline L ⇠ 60 km, �m2
� has a clear energy dependence. In particular, the �m2

� at low energy (2–4MeV) is larger than that
at high energy (4–8MeV), providing an opportunity to determineMH. For the normal (inverted) MH, the�m2

eff measured at

low energy (2–4MeV) would be higher (lower) than that measured at high energy (4–8MeV). However, in order to perform
such a measurement successfully, the energy resolution of the detector must be very good (better than 1.9% for �E/E at 2.5
MeV), since the oscillations corresponding to �m2

eff are very fast at low energy and a cruder energy resolution would make
the oscillation pattern to disappear. On the other hand, at short baseline (L < 20 km), �m2

� is essentially a constant, thus it
would be impossible to determine MH through comparing �m2

eff values at low and high energy regions. The purple line in

the left panel of Fig. 15 represents the approximate boundary of degenerate mass-squared difference. The right side of the
purple line alone will yield negligible contributions to MH.

Alternatively, if one could measure �m2
eff very precisely in both the electron antineutrino disappearance channel and in

the muon neutrino and antineutrino disappearance channels, one can be sensitive to MH [74,65]. This is because the �m2
�

values in these two channels are different. More specifically, as shown in the right panel of Fig. 15, �m2
� ee is larger than

Lets define the effective mass square difference. In order to determine 
the MH we need to be able to separate Δm2

32 from Δm2
Φ 

Since, at the present time, the uncertainty in Δm2
atm is comparable  

to Δm2
21 it means that for a fixed Eν one cannot separate the NH and IH. 

However, the degeneracy could be, in principle, overcome, by considering 
a range of L/Eν or, realistically, a range of Eν. When Δm2

φ remains small 
and essentially unchanged with Evis, it is impossible to determine the MH. 
 
In any case, the energy resolution of the detector must be very good, 
since the oscillations corresponding to Δm2

Φ  vary fast. And the distance 
L must be properly chosen. 
  



Plot of Δm2
φ for the range of L and Evis.  The MH is smeared 

out to the right of the purple line.  
Δm2

φ (eV2) 

(figure from Qian, Dwyer, McKeown, Vogel, Wang and Zhang, (2013).) 
	

Δm2
φ = (φ/1.27) (Eν/L) 

The phase difference 
of NH and IH is 2φ	



Additional challenge: Energy scale nonlinearity. 

A small nonlinearity of the energy scale can lead to a substantial reduction 
of the hierarchy discovery potential (in particular in association with the 
Δm2

32 uncertainty).   
As an illustration, lets assume that the ratio Ereconstructed/Ereal is like in the 

figure, for the case when the true 
hierarchy is IH (blue) or NH (red). 
In that case the spectrum analysis 
would lead to wrong MH. 
 
Thus, the nonlinearity of Erec/Ereal 
need to be controlled to a fraction 
of 1% over a wide range of Evis.. 
Current state-of-the-art is ~1.9%. 
Substantial improvement is required. 

Nevertheless, the method is clean in the sense that the outcome is 
independent of other things, like matter effects, CP phase, octant, etc. 
 



Using the matter effects: 
 
The effective masses of νe dominated ν1 and ν2 are increased by 
propagation in matter while they are decreased for antineutrinos. 
This modification of the P(νµ -> νe) oscillation probability, and its 
analog for the antineutrinos is the basis for the accelerator based 
hierarchy determination. 
 
The effects of the so far unknown CP phase δ complicate the 
hierarchy determination. That complication decreases with 
the increasing distance L. However, it is important to use 
the distance and energy near the oscillation maximum, i.e. 
to have Δm2

32 L/4E ~ π/2. 
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FIG. 2: P (⌫µ ! ⌫e) versus P (⌫µ ! ⌫e) for both hierarchies (red
and blue ellipses) and for the full range of � (cycling around
the ellipses) for a representative L/E value of 0.4 km/MeV.
At the T2K baseline, the neutrino and antineutrino oscillation
probabilities di↵er very little between the two hierarchies and
thus measurements of these probabilities o↵er minimal hierar-
chy discrimination. For NO⌫A, significant splitting of the two
cases occurs. For DUNE, the separation is complete, allowing
for unambiguous determination of the hierarchy regardless of
�, assuming small enough measurement errors on the probabil-
ities. This figure is illustrative only, as it keeps other oscillation
parameters fixed and as a full experiment involves a range of
neutrino energies.

shows the projected reach of NO⌫A both with and without the inclusion of T2K data. NO⌫A is the only operational
experiment with any significant hierarchy sensitivity, albeit with a possibility of confusion from �.

Both T2K and NO⌫A use multiple detectors to mitigate systematic uncertainties. NO⌫A uses identical detector
technologies at its two sites at L⇡ 1 km and 810 km. T2K uses a multipurpose, o↵-axis near detector at 280 meters
together with a beam monitoring detector situated on-axis. The multi-detector approach makes the T2K and NO⌫A
experiments statistics limited for some time, so our knowledge of the hierarchy in the next five to ten years will be
driven in part by the beam power achieved at Fermilab and, to a lesser extent, at J-PARC. The NuMI beam reached
400 kW in early 2015 and is projected to reach the design 700 kW within two years, after the completion of upgrades
to the Booster, which lies upstream in the accelerator chain. The J-PARC neutrino source is operating at ⇠325 kW,
and significant future upgrades are needed to realize the planned 750 kW.
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together with a beam monitoring detector situated on-axis. The multi-detector approach makes the T2K and NO⌫A
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driven in part by the beam power achieved at Fermilab and, to a lesser extent, at J-PARC. The NuMI beam reached
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shows the projected reach of NO⌫A both with and without the inclusion of T2K data. NO⌫A is the only operational
experiment with any significant hierarchy sensitivity, albeit with a possibility of confusion from �.

Both T2K and NO⌫A use multiple detectors to mitigate systematic uncertainties. NO⌫A uses identical detector
technologies at its two sites at L⇡ 1 km and 810 km. T2K uses a multipurpose, o↵-axis near detector at 280 meters
together with a beam monitoring detector situated on-axis. The multi-detector approach makes the T2K and NO⌫A
experiments statistics limited for some time, so our knowledge of the hierarchy in the next five to ten years will be
driven in part by the beam power achieved at Fermilab and, to a lesser extent, at J-PARC. The NuMI beam reached
400 kW in early 2015 and is projected to reach the design 700 kW within two years, after the completion of upgrades
to the Booster, which lies upstream in the accelerator chain. The J-PARC neutrino source is operating at ⇠325 kW,
and significant future upgrades are needed to realize the planned 750 kW.

Oscillation probabilities for νµ -> νe 
neutrinos and antineutrinos for 
different distances. 
 
This is an illustration for a fixed 
L/E = 0.4 km/MeV. Other parameters 
are fixed. Statistical fluctuation 
are omitted.   

Figure from R. B. Patterson, 1506.07917 



Figure 21 shows the overall configuration of DUNE. In order to optimize the physics sensitivity to the
CP phase �CP , the baseline of DUNE is chosen to be 1300 km [99], which is longer than any existing
accelerator neutrino experiments. The large underground LAr detector also represents an excellent
opportunity for the underground science including proton decay searches, detection of atmospheric
neutrinos and supernova neutrino burst. In particular, the detection of atmospheric neutrinos will
provide additional information regarding MH.

Figure 21: Illustration of the DUNE/LBNF (formerly known as the LBNE) experiment [100].
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Figure 22: The ⌫µ ! ⌫e oscillation probabilities are shown for the normal (left) and the inverted (right)
mass hierarchies. Di↵erent curves represent di↵erent values of currently unknown CP phase �CP . The
first and second oscillation maxima locate at about 2.5 and 0.8 GeV, respectively. The matter density
⇢ and the electron fraction Ye are assumed to be 2.7 g/cm3 and 0.5, respectively.

DUNE is designed to precisely measure parameters that govern ⌫µ ! ⌫e, ⌫̄µ ! ⌫̄e, ⌫µ ! ⌫µ, and
⌫̄µ ! ⌫̄µ oscillations, including the second mixing angle ✓23, the third mixing angle ✓13, the CP phase

30

Oscillation probalities in DUNE as functions of the neutrino energy. At the 
oscillation maximum,  Eν ~ 2.5 GeV the νe appearance is enhanced for NH 
(and suppressed for antineutrinos), while for IH the opposite is true. Additional 
information will be gained from the determination of the energy spectrum.  
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FIG. 4: Hierarchy sensitivity for DUNE at a fiducial exposure of (1.2 MW)⇥(34 kton)⇥(10 yr). The red band spans the range
of assumptions shown: (dotted) beam design in the LBNE conceptual design report and 5% (10%) uncertainties taken for the
signal (background), (dashed) a further optimized beam design using 80 GeV protons, and (solid) the same as the dashed line
but with more aggressive systematic uncertainties. Normal hierarchy is assumed. Figure adapted from Ref. [30].

Atmospheric neutrino experiments gain hierarchy sensitivity through the resonant-like enhancement of matter e↵ects
experienced by either neutrinos or antineutrinos (depending on the hierarchy) as they pass through the Earth [32–34].
The e↵ect on the oscillation probabilities is often presented in so-called oscillograms (e.g., Figure 5). Experiments
that can study neutrinos and antineutrinos separately need only determine which sample exhibits the matter e↵ect
enhancement. Experiments that cannot separate these must make a statistical inference based on knowledge about
the incident neutrino and antineutrino fluxes. Current experiments, notably Super-K [35] and MINOS [5], have
demonstrated the principle of this measurement, but these detectors are too small and thus have too few events to
obtain significant hierarchy sensitivity, despite their decade-long exposures. Proposed future large detectors fall into
three categories: water Cherenkov (PINGU, ORCA, Hyper-K), magnetized iron tracker (INO), and liquid argon TPC
(DUNE).

1. PINGU, ORCA, and Hyper-K

PINGU (Precision IceCube Next Generation Upgrade) [36] is a proposed extension to the IceCube detector [37] at
the South Pole. PINGU would add an array of 40 strings each with 60 optical modules to the DeepCore region of
IceCube, spanning 4 Mton of ice. As the technology is well established, the cost and schedule estimates are robust,
and operation could begin by 2020 if funding is established soon. The relatively high density of optical modules in
PINGU versus the rest of IceCube would lower the triggering threshold to ⇠1 GeV and would provide good energy
and angle resolutions for events in the 5–15 GeV region in which the hierarchy signature lives. These resolutions are
critical inputs to the sensitivity estimates, as the matter e↵ects of Figure 5 are heavily smeared.

PINGU projections have evolved significantly in the past couple of years. Detailed studies of detector performance
and the e↵ects of systematic uncertainties (notably energy scale; ⌫ and ⌫ cross sections; and the oscillation parameters
�m

2
32, ✓23, and ✓13) have been carried out [36]. Further, the prospects for improvements through detector geometry

optimization, incorporation of event inelasticity as a weak neutrino/antineutrino discriminant [38], and more advanced
reconstruction techniques suggest that the current sensitivity estimates may be conservative. Figure 6 shows the
sensitivity of the combined track (⌫µ charged current) and cascade (all other) channels in PINGU, which reaches 3�
hierarchy sensitivity in 4 years of running if ✓23 is in the lower octant.

ORCA (Oscillation Research with Cosmics in the Abyss) [39] is a proposed option for a multi-megaton water
Cherenkov array based on the KM3NeT [40] deep-sea technology. The measurement strategy is the same as for

Hierarchy sensitivity of DUNE (34 kton, 10 yr, 1.2 MW Fermilab beam) 
The difference of χ2 for the two hierarchies plotted against the CP 
phase δ.  

Dotted line: 5% uncertainty for 
signal, 10% for background 
Full line: Aggressive design, 
1% uncertainty for signal, 
5% for background 
 



Atmospheric neutrinos are produced by cosmic ray showers in 
the atmosphere. They contain a mix of νµ and νe and their  
antineutrinos. Detectors can observe them from distances 
ranging from 13 000 Km  to few km. Typically, only neutrino 
flavors can by separated from each other. 
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Figure 9: Atmospheric neutrino flux prediction is reproduced with the permission from Ref. [47].
The left panel shows the atmospheric neutrino fluxes calculated for the Kamioka site averaged over
all directions. The right panel shows the corresponding flux ratios. Four models, HKKM11 [47],
HKKMS06 [48], Bartol [49], and Fluka [50] are compared.

In addition, the ratios of neutrinos to antineutrinos are larger than unity. This is because the
positively charged pions, containing the u and d̄ quarks, are expected to have a higher production yield
than the the negatively charged pions containing the d and ū quarks. This, in turn, is caused by the
fact that the primary cosmic rays are typically the high-energy protons, containing two u and one d
valence quarks.

The zenith angle of the atmospheric neutrinos is directly correlated with the neutrino traveling
distance for a detector near the earth surface as shown in the left panel of Fig. 10. The neutrino
detection relies on the charged-current neutrino-nuclei interaction as discussed in the previous section.
In particular, as shown in Fig. 7, the neutrino interaction cross section is much larger (about factor of
2 at high energies) than the antineutrino interaction cross section.

Similarly to the accelerator neutrino case, MH can be determined through the matter e↵ect as
elaborated in Ref. [51, 52, 53, 54, 55] among others. It is necessary, however, to take into account that
the earth matter density is not constant, as shown in the right panel of Fig. 10.

Figs. 11 and 12 show the calculated oscillation probability for the atmospheric muon neutrinos and
electron neutrinos, respectively. In NH scenario, we have the following features

• Muon neutrino disappearance ⌫µ ! ⌫µ and muon antineutrino disappearance ⌫̄µ ! ⌫̄µ: there is
a resonance for the neutrinos at energy E⌫ ⇠ 5 GeV and zenith angle cos ✓ ⇠ �0.95 (neutrinos
traveling from the other side of the earth) compared to the antineutrinos.

• Muon neutrino to electron neutrino appearance ⌫µ ! ⌫e and muon antineutrino to electron
antineutrino appearance ⌫̄µ ! ⌫̄e: there is a much larger oscillation in the neutrinos than in the
antineutrinos.

• Electron neutrino disappearance ⌫e ! ⌫e and electron antineutrino disappearance ⌫̄e ! ⌫̄e: there
is a much larger oscillation in the neutrinos than in the antineutrinos.

16

Atmospheric neutrino flux ratios. 
The ratio νµ /νe is ~ 2 increasing 
above ~ 2 GeV. 
There is slight excess of neutrinos 
over antineutrinos.  
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FIG. 5: Oscillation probabilities P (⌫µ ! ⌫µ) (left) and P (⌫µ ! ⌫µ) (right) for neutrinos passing through the Earth for the
normal mass hierarchy. The probabilities are plotted as a function of the neutrino energy E (expressed as log10(E/GeV)) and
the direction of travel ⇥⌫ , with cos(⇥⌫)=1 corresponding to an upward neutrino trajectory into the detector. These neutrinos
will have passed through the full diameter of the Earth. Trajectories at cos(⇥⌫)=0 correspond to the horizon. The matter
e↵ect enhancement is seen in P (⌫µ ! ⌫µ) at 2 GeV < E < 15 GeV and is absent in P (⌫µ ! ⌫µ). The situation is reversed for
the inverted hierarchy. A corresponding e↵ect occurs for the ⌫e and ⌫e appearance channels. Figure adapted from Ref. [34].

PINGU: use a dense array of optical modules to obtain adequate energy resolution, angle resolution, and event
identification capabilities to observe the matter e↵ect enhancement for neutrinos below 15 GeV. The latest ORCA
sensitivity studies have included track and cascade channels, and the proposed detector has grown from 2 Mton with
50 strings to 4 Mton with 115 strings. The stated ORCA sensitivities are on par with, or somewhat better than, those
of PINGU, with 3� sensitivity anticipated in 3 years [41]. However, the ORCA estimates are less well developed and
documented than those of PINGU, so it is di�cult to assess how they will evolve as work on systematic uncertainties
and analysis techniques continues.

The proposed Hyper-K detector [42] consists of two cylindrical water-filled tanks with a total mass of 1 Mton
and with 20% photocathode coverage provided by 10,000 photomultiplier tubes. Hyper-K would be sited near the
Kamioka mine and would also serve as the far detector for the long-baseline T2HK experiment, a scaled-up version of
T2K. Like T2K, T2HK has limited hierarchy sensitivity on its own given its baseline, and thus Hyper-K’s hierarchy
sensitivity comes primarily from atmospheric neutrinos. The excellent event reconstruction capabilities of the Hyper-
K detector are well understood based on long Super-K experience. The most glaring uncertainty for Hyper-K is
whether the project proceeds. Whereas PINGU and ORCA are relatively low-cost options (US$50M–$80M), Hyper-K
would require US$500M–$700M over a seven-year construction timeline. Given the focus of the U.S. and European
long-baseline communities on liquid argon TPC approaches, substantial funding may need to come from Japan alone.
This higher cost over PINGU and ORCA, of course, brings with it a rich physics program including leptonic CP

violation, proton decay, and a range of solar and astrophysical measurements [42].
Hyper-K can reach 3� mass hierarchy sensitivity after ten years of operation assuming a lower-octant value for ✓23

of 0.4. This significance increases to 6� (or, equivalently, the time to 3� falls below three years) for an upper-octant
value of ✓23 =0.6. This strong dependence of hierarchy reach on ✓23 is characteristic of all atmospheric experiments.
The sensitivities for PINGU and ORCA quoted above take conservative values of ✓23 ⇡ 0.4. For ✓23 =0.6, PINGU can
reach 3� sensitivity within its first year of operation and 6� after four years.

2. ICAL

The ICAL detector at the India-based Neutrino Observatory (ICAL@INO) [43] is a planned 50-kton magnetized
tracker made of 150 alternating layers of iron and resistive plate chambers. The 1.5-T magnetic field provides excellent
µ

�
/µ

+ separation, and consequently ⌫µ/⌫µ separation, on an event-by-event basis. This advantage, together with
the detector’s excellent energy and angular resolution, mitigates to some degree the lower event rates due to ICAL’s
small fiducial mass. The ICAL hierarchy sensitivity after ten years of operation ranges from 2.5� to 3.5� depending

Oscillograms, lines of equal flavor conversion probability.  Left for νµ	→	νµ
right for antineutrinos. Matter effects are for νµ	→	νµ  and are absent for  
antineutrinos. This is for the NH, it is reversed for the IH.	
  

Vertical direction 
Throught the Earth 

Horizontal 
direction 

From Blennow and Smirnov, 1306.2903	



The Precision IceCube Next Generation Upgrade (PINGU) is a proposed new multi 
megaton array for IceCube upgrade at the South Pole Station. Its primary purpose 
is the determination of neutrino mass hierarchy using the detection of atmospheric 
neutrinos. The design  has a dense array of optical modules with the threshold for 
the energy reconstruction of 5 - 15 GeV, where the effect of MH is most evident. 
 
ORCA (Oscillation Research with Cosmics in the Abyss) is aiming to determine the 
MH using the deep-sea neutrino telescope technology developed for the KM3NeT 
project (A multi-km3 sized Neutrino Telescope) . The experimental principle of  
ORCA is similar to that of PINGU. Instead of deep ice in the south pole, ORCA will 
deploy large 3-dimensional arrays of photo-sensors to detect Cherenkov lights in  
the deep Mediterranean Sea. 

PINGU and ORCA 



The goal of the KM3NeT technology is to instrument, at minimal cost and maximal
reliability, the largest possible volume of seawater with a three-dimensional spatial grid of
ultra-sensitive photo-sensors, while remaining sensitive to neutrino interactions in the target
energy range. The KM3NeT design builds upon the ANTARES experience and improves the
cost effectiveness of its design by about a factor four. All components are designed for at least
ten years of operation with negligible loss of efficiency. The system should provide nano-
second precision on the arrival time of single photons, while the position and orientation of
the photo-sensors must be known to a few centimetres and few degrees, respectively. The
photo-sensors and the readout electronics are hosted within pressure-resistant glass spheres,
so called digital optical modules (DOMs). The DOMs are distributed in space along flexible
strings, one end of which is fixed to the sea floor and the other end is held close to vertical by

Figure 2. Median significance as a function of time for the determination of the
neutrino mass hierarchy. The different lines denote expectations for different
combinations of hierarchy and atmospheric mixing angle q23. Note that the CP-
violating phase dCP has been assumed to be zero.

Figure 3.Map of the various preparation, integration and installation sites at the time of
this writing.
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Median projected sensitivity of the MH determination depends sensitively on the 
octant (whether θ23 < 450 or θ23 > 450 ). The figure (see  J.Phys.G 43, 084001 (2016). 
assumes that δCP = 0. (T2K gives slight preference to the second octant, see the 
Talk by T. Nakaya on Tuesday.) 



Summary: 

1)  Currently, there is a slight, but consistent, ~2σ preference for  
     NH from global analyses. 
2)  Cosmology + astrophysics constrain Σ, the sum of neutrino masses.   
     If that constraint, or actual determination,  will reliably reach the 
     conclusion that 0.06 eV < Σ < 0.1 eV, then NH will be established. 
3)  Dedicated reactor experiments at L ~ 50 km are being developed 
     that should be able to separate the two hierarchies. 
4)  Long baseline accelerator experiments  will be able to do it as well, 
     together with the determination of CP phase δ. The T2K  and NovA 
     are running, DUNE might be the decisive experiment.. 
5)  Determination of the MH with atmospheric neutrinos requires detection 
     thresholds of 5-15 GeV. Dedicated modules like PINGU and ORCA are 
     proposed and developed for that purpose.   
6)  Improvements, i.e. reduction of uncertainties in the determination of 
     the CP phase δ, of the |Δm2

atm, and of the angle θ23 would make the  
      hierarchy determination easier. 



spares 



Conclusions for the case of the reactor MH determination 
 
1) Determination of the MH in a reactor experiment at intermediate 
    distance is obviously very challenging, but not unrealistic. 
2) Besides the necessity of sufficient count rate (hence very large 
     detector), it is necessary to have very good energy resolution, 
     better than existing large detectors. 
3) Improvement in the accuracy of the known oscillation parameters, 
      in particular Δm2

atm would help. 
4) The energy scale nonlinearity need to be improved as well. 
5) One needs to be careful in determining the degree of confidence 
       with which the MH was determined; the usual relation between 
       the number of σ and CL cannot be used. 
 
Nevertheless, the method is clean in the sense that the outcome is 
independent of other things, like matter effects, CP phase etc. 
It appears to be probably the best way to determine the MH. 


