
Alberto Remoto 
remoto@in2p3.fr 
!
Laboratoire d’Annecy-le-vieux de Physique des Particules

High l ights and 
prospect i ves in  
neut r ino phys ics

mailto:remoto@in2p3.fr


Alberto Remoto 2

atmospheric, accelerator

3 Flavour states 3 Mass states 
m1≠m2≠m3

Pontecorvo–Maki–Nakagawa–Sakata matrix

cij = cos �ij

sij = sin �ij

3 mixing angles, 2 squared mass 
differences, 1 complex phase (δCP), 2 

Majorana phase 
!

15 years of experimental efforts

solar, reactor

P (⌫µ ! ⌫e) & P (⌫̄e ! ⌫̄e)P (⌫µ ! ⌫µ) & P (⌫µ ! ⌫⌧ ) P (⌫e ! ⌫µ,⌧ )

What do we know so far?

accelerator, reactor

3 flavour mixing in analogy to quark sector (CKM)
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Oscillation: a comprehensive summary
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FIG. 3: As in Fig. 2, but adding SK atmospheric data in a global 3ν analysis of all data.
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TABLE I: Results of the global 3ν oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3σ ranges for the 3ν
mass-mixing parameters. See also Fig. 3 for a graphical representation of the results. We remind that ∆m2 is defined herein as
m2

3− (m2
1 +m2

2)/2, with +∆m2 for NH and −∆m2 for IH. The CP violating phase is taken in the (cyclic) interval δ/π ∈ [0, 2].
The overall χ2 difference between IH and NH is insignificant (∆χ2

I−N = −0.3).

Parameter Best fit 1σ range 2σ range 3σ range

δm2/10−5 eV2 (NH or IH) 7.54 7.32 – 7.80 7.15 – 8.00 6.99 – 8.18

sin2 θ12/10
−1 (NH or IH) 3.08 2.91 – 3.25 2.75 – 3.42 2.59 – 3.59

∆m2/10−3 eV2 (NH) 2.43 2.37 – 2.49 2.30 – 2.55 2.23 – 2.61

∆m2/10−3 eV2 (IH) 2.38 2.32 – 2.44 2.25 – 2.50 2.19 – 2.56

sin2 θ13/10−2 (NH) 2.34 2.15 – 2.54 1.95 – 2.74 1.76 – 2.95

sin2 θ13/10
−2 (IH) 2.40 2.18 – 2.59 1.98 – 2.79 1.78 – 2.98

sin2 θ23/10
−1 (NH) 4.37 4.14 – 4.70 3.93 – 5.52 3.74 – 6.26

sin2 θ23/10−1 (IH) 4.55 4.24 – 5.94 4.00 – 6.20 3.80 – 6.41

δ/π (NH) 1.39 1.12 – 1.77 0.00 – 0.16 ⊕ 0.86 – 2.00 —

δ/π (IH) 1.31 0.98 – 1.60 0.00 – 0.02 ⊕ 0.70 – 2.00 —

IV. COVARIANCES OF OSCILLATION PARAMETERS

In this Section we show the allowed regions for selected couples of oscillation parameters, and discuss some interesting
correlations.
Figure 4 shows the global fit results in the plane charted by (sin2 θ23, ∆m2), in terms of regions allowed at 1, 2

and 3σ (∆χ2 = 1, 4 and 9). Best fits are marked by dots, and it is understood that all the other parameters are
marginalized away. From left to right, the panels refer to increasingly rich datasets, as previously discussed: LBL
accelerator + solar + KamLAND data (left), plus SBL reactor data (middle), plus SK atmospheric data (right). The
upper (lower) panels refer to normal (inverted) hierarchy. This figure shows the instability of the θ23 octant discussed
above, in a graphical format which is perhaps more familiar to most readers. It is worth noticing the increasing
(sin2 θ23, ∆m2) covariance for increasingly nonmaximal θ23 (both in first and in the second octant), which contributes
to the overall ∆m2 uncertainty. In this context, the measurement of ∆m2 at SBL reactor experiments (although
not yet competitive with accelerator and atmospheric experiments [15]) may become relevant in the future: being
θ23-independent, it will help to break the current correlation with θ23 and to improve the overall ∆m2 accuracy in
the global fit.
Figure 5 shows the allowed regions in the plane charted by (sin2 θ23, sin

2 θ13). Let us consider first the left panels,
where a slight negative correlation between these two parameters emerges from LBL appearance data, as discussed in
[4]. The contours extend towards relatively large values of θ13, especially in IH, in order to accommodate the relatively
strong T2K appearance signal [17]. However, solar + KL data provide independent (although weaker) constraints on
θ13 and, in particular, prefer sin2 θ13 ∼ 0.02 in our analysis. This value, being on the “low side” of the allowed regions
of θ13, leads (via anticorrelation) to a best-fit value of θ23 on the “high side” (i.e., in the second-octant) for both NH
and IH. However, when current SBL reactor data are included in the middle panels, a slightly higher value of θ13 is
preferred (sin2 θ13 ≃ 0.023) with very small uncertainties: this value is high enough to flip the θ23 best fit from the
second to the first octant in NH, but not in IH.
It is useful to compare the left and middle panels of Fig. 5 with the analogous ones of Fig. 1 from our previous

analysis [4]: the local minima in the two θ23 octants are now closer and more degenerate. This fact is mainly due to
the persisting preference of T2K disappearance data for nearly maximal mixing [19], which is gradually diluting the
MINOS preference for nonmaximal mixing [23]. Moreover, accelerator data are becoming increasingly competitive
with atmospheric data in constraining θ23 [19]. Therefore, although we still find (as in previous works [2, 4]) that
atmospheric data alone prefer θ23 < π/4, the overall combination with current non-atmospheric data (right panels
of Fig. 5) makes this indication less significant than in previous fits (compare, e.g., with Fig. 1 in [4]), especially in
IH where non-atmospheric data now prefer the opposite case θ23 > π/4. The fragility of the θ23 octant fit (with
and without atmospheric neutrinos) was also noted in the recent analysis [6]. In conclusion, the overall indication
for θ23 < π/4 in both NH and IH (right panels of Fig. 5) is currently weaker than in our previous analysis [4]; in
particular, its significance reaches only ∼ 1.6σ ( 90% C.L.) in NH, while it is < 1σ in IH. Further accelerator neutrino
data will become increasingly important in assessing the status of θ23 in the near future.

[PRD 89, 093018 (2014)]

θ12 , θ23, θ13  

Δm213,  Δm223 

Sign of Δm223 

θ23 octant 

δCP

http://arxiv.org/abs/1312.2878
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• Oscillations provides the amplitude of the 
mass splittings but not the sign 

• The sign of Δm221 has been fixed studying 
solar oscillation 

• Two possibility for Δm231: Normal or Inverted
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Figure 2-1: Illustration for the patterns of normal and inverted neutrino mass hierarchies.

• First, as illustrated in Fig. 2-2 [89], MH helps to define the goal of neutrinoless double
beta decay (0νββ) search experiments, which aim to reveal whether neutrinos are Dirac or
Majorana particles. In particular, the chance to observe 0νββ in the next-generation double
beta decay experiments is greatly enhanced for an inverted MH and the Majorana nature
of massive neutrinos. New techniques beyond the next generation are needed to explore the
region covered by a normal MH.

• Second, MH is a crucial factor for measuring the lepton CP-violating phase. In the long-
baseline accelerator (anti-)neutrino oscillation experiments, degenerate solutions for the MH
and CP phase emerge, and the wrong MH would give a fake local minimum for the CP phase,
thus reduce the significance of the CP measurement. This effect is even more important
for accelerator neutrino experiments with a shorter baseline such as Hyper-K [87, 88] and
MOMENT [90]. Therefore, a determination of the MH independent of the CP phase is
important for the future prospect of neutrino physics.

• Third, MH is a key parameter of the neutrino astronomy and neutrino cosmology. On one
hand, the spectral splits [91] in supernova neutrino fluxes would provide a smoking gun for
collective neutrino oscillations induced by the neutrino self-interaction in the dense environ-
ment. The split patterns are significantly different for the normal and inverted MHs. MH is
also important for the supernova nucleosynthesis, where the prediction of the 7Li/11B ratio is
also distinct for different MHs [92]. On the other hand, MH may have important implications
on the cosmological probe of the neutrino mass scale (i.e.,

∑
mν). As shown in Fig. 2-3,

in the case of an inverted MH, future combined cosmological constraints would have a very
high-precision detection, with 1σ error shown as a blue band. In the case of a normal MH,
future cosmology would detect the lowest

∑
mν at a level of ∼ 4σ.

• Fourth, MH is one of the most important discriminators for model building of the neutrino
masses and flavor mixing. To understand the origin of neutrino mass generation, the MH
information is crucial. Due to the similar and complementary aspects of quarks and leptons,
the normal MH could be related to the quark mass spectrum and attributed to the rela-
tions of Grand Unified Theories (GUTs). On the other hand, the inverted MH predicts a
nearly-degenerate spectrum between the first and second mass eigenstates, which could be

34

It impacts many important processes in particle physics, astrophysics and cosmology: 

1. Crucial factor to determine δCP : degenerate solution depending from MH 

2. Define target sensitivity for neutrino-less double beta decay 

3. Neutrino astronomy, Cosmology 

4. Critical parameter to understand origin of neutrino masses and flavour mixing
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> 0
(NH) and sin2 2✓

13

= 0.09. The spectral information provides an unambiguous determination of the oscillations
parameters and allows in principle to distinguish the two CP-conserving scenarios.

and distinguishable.

1.3 Nucleon decays

Grand Unification (GU) of the strong, weak and electromagnetic interactions into a single unified

gauge [32, 33] is an extremely appealing possibility which has been vigorously pursued, theoretically

and experimentally, for many years. The question is of fundamental importance and it has received a

great deal of attention in the past decades with large water Cerenkov detectors at the forefront, but

even relatively smaller fine grained calorimeters, as for instance Soudan-2 [34, 35], made significant

contributions.

Experimental hints in favor of Grand Unified Theories (GUT) are the apparent merging of the

three coupling constants at a large energy scale (⇠ 1016 GeV) when low energy measurements are

extrapolated [36], or the observation that the quantized electric charges cancel such that protons

and electrons compensate each other in atoms with such an enormous accuracy [37] that a specific

internal symmetry of nature must exist. On the other hand, the most direct signature of GU would

be the experimental detection of proton or bound-neutron decays, representing the direct observation

of baryon number violation [38]. The experimental search for decays of protons or bound-neutrons is

20 1 PHYSICS CASE
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FIG. 5: Same as Figure 4 for inverted hierarchy �m2
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< 0 (IH).

therefore another most important and research frontier problem of Particle Physics. In the simplest

GUTs, nucleon decay proceeds via an exchange of a massive boson X between two quarks in a proton

or in a bound neutron. In this reaction, one quark transforms into a lepton and another into an anti-

quark which binds with a spectator quark creating a meson. According to the experimental results

from Super-Kamiokande [39, 40] constraining the partial decay to ⌧/B(p ! e+⇡0) > 5.4 ⇥ 1033 years

(90%C.L.), the minimal SU(5) [33], predicting a proton lifetime proportional to ↵�2M4
X where ↵ is

the unified coupling constant and MX the mass of the gauge boson X, seems definitely ruled out.

In addition, in this model it does not seem possible to achieve the unification of gauge couplings in

agreement with the experimental values of the gauge couplings at the Z0 pole [36].

Supersymmetry, motivated by the so-called “hierarchy problem”, postulates that for every SM

particle, there is a corresponding “superpartner” with spin di↵ering by 1/2 unit from the SM particle

[41]. In this case, the unification scale turns out higher, and pushes up the proton lifetime in the

p ! e+⇡0 channel up to 1036±1 years, compatible with experimental results. At the same time,

alternative decay channels open up via dimension-five operator interactions with the exchange of heavy

supersymmetric particles. In these models, transitions from one quark family in the initial state to

the same family in the final state are suppressed. Since the only second or third generation quark

which is kinematically allowed is the strange quark, an anti-strange quark typically appears in the

Normal Hierarchy Inverted Hierarchy
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• Electron ν/anti-ν propagation through dense medium gets significantly modified 
by coherent forward scattering 

• Oscillation probability gets modified and becomes sensitive to the MH (MSW)

A = ±2
p
2GFNeE

�m2

Enhancing of the oscillation happen 
under resonant condition for A > 0

+ for ν 

- for anti-ν

NH !
Δm
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L~2300 km
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Mass hierarchy via matter effects — the present

T2K [PRL 112, 061802] — 295 km 

• IH disfavoured @ 2σ for δCP ~[0.9; 1] 

• NH disfavoured @ 2σ for δCP ~[0.1; 0.8] 

NOvA (preliminary) — 830 km 

• IH disfavoured @ 2σ for every value of δCP 
and sin2θ13 in [0.4; 0.6] range

7

T2K + NOvA potential: 

• 3σ sensitivity combining 6 year NOvA 
running + T2K pot projection 

• ~50 % phase—space unreachable

dimensions of interest. The Gaussian width of the smearing
was set to be variable, and inversely proportional to the
local density of MCMC points; this technique counters
potential undersmoothing in low-density regions and
potential over-smoothing in high density regions. The
maximum of the PDF produced by the KDE was then
maximized using MINUIT to find the most probable value.
In the case of using only T2K data, there is little sensitivity
to the δCP parameter, and so a line of most probable values
was created by finding the three-dimensional density of the
MCMC at a series of values of δCP.

2. Samples

Unlike the frequentist analyses described above, the joint
near-far analysis does not use the covariance matrix
produced by the ND280 analysis described in Sec. V.
Instead, this analysis is performed simultaneously with the
three ND280 νμ CC samples, and the SK νμ CC, and SK νe
CC samples. By fitting all samples simultaneously, this
analysis avoids any error coming from neglecting nonlinear
dependencies of the systematic parameters constrained by
ND280 analysis on the oscillation parameters.
The systematic uncertainties used for the ND280 sam-

ples are nearly identical to those in Sec. V with the
following exceptions: the uncertainties on the cross-section
ratios σνe=σνμ and σν̄=σν are applied and the NC normali-
zation uncertainties are divided into NC1π0, NC1π!, NC
coherent, and NCOther for all samples. Additionally, the
number of bins in the ND280 detector systematic covari-
ance matrix is reduced to 105, in order to reduce the total
number of parameters. There are no differences in the
systematic uncertainties for the SK samples. Ignoring
constant terms, the negative log of the posterior probability
is given by,
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FIG. 36 (color online). The 68% (dashed) and 90% (solid) C.L.
regions for normal (top) and inverted (bottom) mass hierarchy
combined with the results from reactor experiments in the
(sin2 θ23, Δm2

32) space compared to the results from the Super-
Kamiokande [131] and MINOS [132] experiments.
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FIG. 37 (color online). Profiled Δχ2 as a function of δCP with
the results of the critical Δχ2 values for the normal and inverted
hierarchies for the joint fit with reactor constraint, with the
excluded regions found overlaid.
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T2K and NOvA: the future until ≈2020

3

Mass hierarchy determination: 
• combined fit NOvA (6 years of 
nominal running) + T2K pot projection 
•exploiting bigger matter effect (≈30%) 
at 830km(NOvA) comparing to 
295km(T2K) 
•strongly depends on true value of δCP 
and on true hierarchy (NH/IH) 
•>50% phase-space unreachable

CP-violation discovery: 
• combined fit NOvA (6 years of 
nominal running) + T2K pot projection 
•in the best case a 2.5σ(NH) hint 
•>50% phase-space unreachable

arxiv:1409.7469v1

⇒New experiments 
needed beyond 2020 !

 0

 1

 2

 3

 4

 5

 6

 7

-150 -100 -50  0  50  100  150

∆χ
2

True δCP(°)

1σ

90%

T2K

NOvA

T2K+NOvA

(a) 1:0 T2K, 1:1 NO⌫A ⌫:⌫̄, NH

 0

 1

 2

 3

 4

 5

 6

 7

-150 -100 -50  0  50  100  150

∆χ
2

True δCP(°)

1σ

90%

T2K

NOvA

T2K+NOvA

(b) 1:1 T2K, 1:1 NO⌫A ⌫:⌫̄, NH

 0

 2

 4

 6

 8

 10

 12

-150 -100 -50  0  50  100  150
∆χ

2

True δCP(°)

1σ

90%

T2K

NOvA

T2K+NOvA

(c) 1:0 T2K, 1:1 NO⌫A ⌫:⌫̄, IH

 0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

-150 -100 -50  0  50  100  150

∆χ
2

True δCP(°)

1σ

90%

T2K

NOvA

T2K+NOvA

(d) 1:1 T2K, 1:1 NO⌫A ⌫:⌫̄, IH

Fig. 20: The predicted ��2 for rejecting sin �CP = 0 hypothesis, as a function of �CP for

T2K (red), NO⌫A (blue), and T2K+NO⌫A (black). Dashed (solid) curves indicate studies

where normalization systematics are (not) considered. The ‘true’ value of sin2(✓23) is assumed

to be 0.5, and the ‘true’ MH is assumed to be the NH (top) or the IH (bottom). The ‘test’

MH is unconstrained.

All of the metrics demonstrate a relatively flat response between approximately 7:3 and

3:7 for T2K and for T2K+NO⌫A (5:5) with systematics, with a worse response outside that

range. These results are consistent with several other studies not shown in this paper (e.g.

the measures of the precision on sin2 ✓13 in ⌫-mode and in ⌫̄-mode). The results are also

robust with respect to reasonable variations in sin2 ✓23, �CP and the MH. Thus, the results

suggest that T2K run with a ⌫-mode to ⌫̄-mode at ratio of 1:1 with an allowed variation
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CP-violation search
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Fig. 21: The predicted ��2 for rejecting the incorrect MH hypothesis, as a function of

�CP for T2K (red), NO⌫A (blue), and T2K+NO⌫A (black). Dashed (solid) curves indicate

studies where normalization systematics are (not) considered. The ‘true’ value of sin2(✓23)

is assumed to be 0.5, and the ‘true’ MH is assumed to be the NH (top) or the IH (bottom).

The ‘test’ MH is unconstrained.

of ±20% of the total exposure. The variation can be used to optimize the experiment to

any one analysis without significant degradation of the sensitivity to any other analysis. A

more detailed optimization of the ⌫:⌫̄ run ratio will require tighter constraints on oscillation

parameters from future analyses, a more detailed treatment of systematic uncertainties from

both T2K and NO⌫A, and a clear prioritization of analysis goals from the T2K and NO⌫A

collaborations.
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T2K and NOvA: the future until ≈2020
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Mass hierarchy determination: 
• combined fit NOvA (6 years of 
nominal running) + T2K pot projection 
•exploiting bigger matter effect (≈30%) 
at 830km(NOvA) comparing to 
295km(T2K) 
•strongly depends on true value of δCP 
and on true hierarchy (NH/IH) 
•>50% phase-space unreachable

CP-violation discovery: 
• combined fit NOvA (6 years of 
nominal running) + T2K pot projection 
•in the best case a 2.5σ(NH) hint 
•>50% phase-space unreachable

arxiv:1409.7469v1

⇒New experiments 
needed beyond 2020 !

 0

 1

 2

 3

 4

 5

 6

 7

-150 -100 -50  0  50  100  150

∆χ
2

True δCP(°)

1σ

90%

T2K

NOvA

T2K+NOvA

(a) 1:0 T2K, 1:1 NO⌫A ⌫:⌫̄, NH

 0

 1

 2

 3

 4

 5

 6

 7

-150 -100 -50  0  50  100  150

∆χ
2

True δCP(°)

1σ

90%

T2K

NOvA

T2K+NOvA

(b) 1:1 T2K, 1:1 NO⌫A ⌫:⌫̄, NH

 0

 2

 4

 6

 8

 10

 12

-150 -100 -50  0  50  100  150

∆χ
2

True δCP(°)

1σ

90%

T2K

NOvA

T2K+NOvA

(c) 1:0 T2K, 1:1 NO⌫A ⌫:⌫̄, IH

 0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

-150 -100 -50  0  50  100  150

∆χ
2

True δCP(°)

1σ

90%

T2K

NOvA

T2K+NOvA

(d) 1:1 T2K, 1:1 NO⌫A ⌫:⌫̄, IH

Fig. 20: The predicted ��2 for rejecting sin �CP = 0 hypothesis, as a function of �CP for

T2K (red), NO⌫A (blue), and T2K+NO⌫A (black). Dashed (solid) curves indicate studies

where normalization systematics are (not) considered. The ‘true’ value of sin2(✓23) is assumed

to be 0.5, and the ‘true’ MH is assumed to be the NH (top) or the IH (bottom). The ‘test’

MH is unconstrained.

All of the metrics demonstrate a relatively flat response between approximately 7:3 and

3:7 for T2K and for T2K+NO⌫A (5:5) with systematics, with a worse response outside that

range. These results are consistent with several other studies not shown in this paper (e.g.

the measures of the precision on sin2 ✓13 in ⌫-mode and in ⌫̄-mode). The results are also

robust with respect to reasonable variations in sin2 ✓23, �CP and the MH. Thus, the results

suggest that T2K run with a ⌫-mode to ⌫̄-mode at ratio of 1:1 with an allowed variation
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CP-violation search
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Fig. 21: The predicted ��2 for rejecting the incorrect MH hypothesis, as a function of

�CP for T2K (red), NO⌫A (blue), and T2K+NO⌫A (black). Dashed (solid) curves indicate

studies where normalization systematics are (not) considered. The ‘true’ value of sin2(✓23)

is assumed to be 0.5, and the ‘true’ MH is assumed to be the NH (top) or the IH (bottom).

The ‘test’ MH is unconstrained.

of ±20% of the total exposure. The variation can be used to optimize the experiment to

any one analysis without significant degradation of the sensitivity to any other analysis. A

more detailed optimization of the ⌫:⌫̄ run ratio will require tighter constraints on oscillation

parameters from future analyses, a more detailed treatment of systematic uncertainties from

both T2K and NO⌫A, and a clear prioritization of analysis goals from the T2K and NO⌫A

collaborations.
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RESULTS - LEM 
4 November 2015 Joao Coelho 

67 

• Some tension with reactor 
measurements at sin22T23 = 0.5  

• IH disfavoured at 2V level for all 
values of GCP and sin22T23 in      
[0.4, 0.6] range 

• Preference for NH and GCP ~ 3S/2 

NO𝜈A Preliminary 

NO𝜈A 
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B Atmospheric neutrinos 59
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FIG. 36. Expected significance for mass hierarchy determination as a function of Hyper-K livetime in years.

All of ✓23, ✓13, and � are assumed to be unknown and allowed to vary without any constraints.

 Hyper-K years 
1 2 3 4 5 6 7 8 9 10

)
N

H
2 �-

IH2 � (2 � 
� 

0

5

10

15

20

25

30

35

40

45

50
 = 0.0413�22 = 0.4   sin23�2sin
 = 0.0813�22 = 0.4   sin23�2sin
 = 0.1613�22 = 0.4   sin23�2sin
 = 0.0413�22 = 0.5   sin23�2sin
 = 0.0813�22 = 0.5   sin23�2sin
 = 0.1613�22 = 0.5   sin23�2sin
 = 0.0413�22 = 0.6   sin23�2sin
 = 0.0813�22 = 0.6   sin23�2sin
 = 0.1613�22 = 0.6   sin23�2sin

Normal mass hierarchy
HK fiducial mass: 560 kTon

�3 

Hyper-K years
1 2 3 4 5 6 7 8 9 10

)
N

H
2 �-

IH2 � (2 � 
� 

0

5

10

15

20

25

30

35

40

45

50
 = 0.0413�22 = 0.4   sin23�2sin
 = 0.0813�22 = 0.4   sin23�2sin
 = 0.1613�22 = 0.4   sin23�2sin
 = 0.0413�22 = 0.5   sin23�2sin
 = 0.0813�22 = 0.5   sin23�2sin
 = 0.1613�22 = 0.5   sin23�2sin
 = 0.0413�22 = 0.6   sin23�2sin
 = 0.0813�22 = 0.6   sin23�2sin
 = 0.1613�22 = 0.6   sin23�2sin

Inverted mass hierarchy
HK fiducial mass: 560 kTon

�3 

FIG. 37. Expected significance for mass hierarchy determination as a function of Hyper-K livetime in years.

Both ✓23 and ✓13 are assumed to be well known and are fixed.

mass hierarchy assumption, – interpreted as significance of the mass hierarchy determination – is

shown as a function of livetime in years. In the calculation of the significance, fitting parameters

✓
13

, ✓
23

, and � are assumed to be unknown and allowed to freely vary when obtaining the �2

minimum. The expected significance is larger for larger sin2 ✓
23

and sin2 ✓
13

as is expected. With

10 years exposure, the significance is more than 3� for most of the parameter sets suggested by the

global fit results [28]. Figure 37 also shows the significance but in this case both ✓
13

and ✓
23

are
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DUNE: 40 kT LAr TPC @ Sanford, 1.2 MW beam from Fermilab (~1300 km) + Atm. 

• 5σ MH for all values of δCP  for ~ 400 kt x MW x y (~ 4.5 y νμ + 4.5 y anti-νμ) 

Hyper K: 1 MT W. Cherenkov @ Kamioka, Atm. + 1.66 MW beam from JPARC (~300 km) 

• 3σ MH for sin2θ13 > 0.42 (0.43) for NH (IH) in 10 years.  

PINGU, ORCA: ν—observatory in Antarctica & Mediterranean sea, high energy atm.
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Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–21
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Mass hierarchy via oscillation interference
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the gate to Mass Hierarchy is open…
how to resolve neutrino mass hierarchy using reactor neutrinos?

•KamLAND (long-baseline) measures δm2 very precisely

•DB/DC/RENO observe θ13 oscillation (T2K appearance too)

•reactor @ ~50km→ atmospheric & solar oscillations interference

•reactor oscillations follow Δm231: difference (NH vs IV) is δm2

•vacuum oscillation energy distorsion→ negligible MSW

•sub-dominant oscillation (θ13 amplitude)→ ~3% resolution

6

2 3 4 5 6 7 8
EΝ !MeV"

10
20
30
40
50
60
70

N
Ν
!a
rb
.u
ni
ts"

Figure 2: The reactor ν̄e energy spectrum at distance L = 20 km from the source, in the absence of
ν̄e oscillations (double-thick solid line) and in the case of ν̄e oscillations characterized by ∆m2

31 =
2.5 × 10−3 eV2, sin2 2θ⊙ = 0.8 and sin2 θ = 0.05. The thick lines are obtained for ∆m2

⊙ = 2 × 10−4

eV2 and correspond to NH (light grey) and IH (dark grey) neutrino mass spectrum. Shown is also the
spectrum for ∆m2

⊙ = 6 × 10−4 eV2 in the NH (dotted) and IH (dashed) cases.

Applying eq. (17) with ∆m2 = ∆m2
31, one sees that for the ranges of L which allow to probe

∆m2
⊙ from the LMAMSW solution region, the total event rate is not sensitive to the oscillations driven

by ∆m2
31 ∼> 1.5 × 10−3 eV2. Thus, the total event rate analysis would determine ∆m2

⊙ which would
be the same for both the normal and inverted hierarchy neutrino mass spectrum.
4.2 Energy Spectrum Distortions

An unambiguous evidence of neutrino oscillations would be the characteristic distortion of the
ν̄e energy spectrum. This is caused by the fact that, at fixed L, neutrinos with different energies reach
the detector in a different oscillation phase, so that some parts of the spectrum would be suppressed
more strongly by the oscillations than other parts. The search for distortions of the ν̄e energy spectrum
is essentially a direct test of the ν̄e oscillations. It is more effective than the total rate analysis since it
is not affected, e.g., by the overall normalization of the reactor ν̄e flux. However, such a test requires a
sufficiently high statistics and sufficiently good energy resolution of the detector used.

Energy spectrum distortions can be studied, in principle, in an experiment with L ∼= (20 − 25)
km. In Fig. 2 we show the comparison between the ν̄e spectrum expected for ∆m2

⊙ = 2 × 10−4 eV2

and ∆m2
⊙ = 6 × 10−4 eV2 and the spectrum in the absence of ν̄e oscillations. No averaging has been

performed and the possible detector resolution is not taken into account. The curves show the product
of the probabilities given by eqs. (9) and (13) and the predicted reactor ν̄e spectrum [36]. As Fig.
2 illustrates, the ν̄e spectrum in the case of oscillation is well distinguishable from that in the absence
of oscillations. Moreover, for ∆m2

⊙ lying in the interval 10−4 eV2 < ∆m2
⊙ ∼< 8.0 × 10−4 eV2, the

shape of the spectrum exhibits a very strong dependence on the value of ∆m2
⊙. A likelihood analysis

of the data would be able to determine the value of ∆m2
⊙ from the indicated interval with a rather good

precision. This would require a precision in the measurement of the e+−spectrum, which should be
just not worse than the precision achieved in the CHOOZ experiment and that planned to be reached in

8

Petcov&Piai, Phys. Lett. B533 (2002) 94-106
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✓Mass hierarchy is reflected in the spectrum 

✓Signal independent of the unknown δCP or θ23-octant

• Realization&Plausibility: L. Zhan et al, PRD.78.111103; J. Learned et al PRD.78.071302; and DYB/RENO

Δm312(IH)≠Δm312(NH)
⇒ δ~3% (i.e. δm2/Δm2)

Δm231 Δm231

There is a 3% difference in Δm231 depending from the MH 

Spectral distortion on medium (~50 km) baseline reactor neutrino experiment 
contain information on the MH: distinctive features in the frequency (Δm2) domain

Figure 2-16: the reactor-only (dashed) and combined (solid) distributions of the ∆χ2 function in
Eq. (2.9) and Eq. (2.23), where a 1% (left panel) or 1.5% (right panel) relative error of ∆m2

µµ is
assumed and the CP-violating phase (δ) is assigned to be 90◦/270◦ (cos δ = 0) for illustration. The
black and red lines are for the true (normal) and false (inverted) neutrino MH, respectively.

of supernoca neutrino bursts, cosmological probe of neutrino properties, and model building of the
neutrino masses and flavor mixing.

Thanks to the relatively large θ13 discovered in recent reactor and accelerator neutrino exper-
iments, precise measurements of the reactor antineutrino spectrum at a medium baseline of about
50 km can probe the interference effect of two fast oscillation modes (i.e., oscillations induced by
∆m2

31 and∆m2
32) and sensitive to the neutrino MH. The corresponding sensitivity depends strongly

on the energy resolution, the baseline differences and energy response functions. Moreover, the MH
sensitivity can be improved by including a measurement of the effective mass-squared difference in
the long-baseline muon-neutrino disappearance experiment due to flavor dependence of the effective
mass-squared differences.

We have calculated the MH sensitivity at JUNO taking into account the real spatial distribution
of reactor complexes, reactor related uncertainties, detector related uncertainties and background
related uncertainties. We demonstrated that a median sensitivity of ∼ 3σ can be achieved with
the reasonable assumption of the systematics and six years of running. We emphasized that the
reactor shape uncertainty and detector non-linearity response, are the important factors to be dealt
with. In addition, we have studied the additional sensitivity by including precision measurements
of |∆m2

µµ| from long baseline muon (anti)neutrino disappearance. A confidence level of ∆χ2
MH ∼ 14

(3.7σ) or ∆χ2
MH ∼ 19 (4.4σ) can be obtained, for the |∆m2

µµ| uncertainty of 1.5% or 1%.
Besides the spectral measurement of reactor antineutrino oscillations, there are other methods

to resolve the MH using the matter-induced oscillation of accelerator or atmospheric neutrinos.
Worldwide, there are many ongoing and planed experiments designed in this respect. These in-
clude the long baseline accelerator neutrino experiments (i.e. NOνA and DUNE) and atmospheric
neutrino experiments (i.e., INO, PINGU, Hyper-K). Using different oscillation patterns, different
neutrino sources and different detector techniques, they are complementary in systematics and con-
tain a great amount of synergies. Therefore, the mass hierarchy, being one of the most important
undetermined fundamental parameters in neutrino physics, clearly deserves multiple experiments
with preferably different experimental techniques. A consistent resolution of the MH from all these
experiments will greatly increase our confidence in the MH determination.
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Figure 2-4: (left panel) The effective mass-squared difference shift ∆m2
φ [79] as a function of

baseline (y-axis) and visible prompt energy Evis ≃ Eν − 0.8MeV (x-axis). The legend of color
code is shown in the right bar, which represents the size of ∆m2

φ in eV2. The solid, dashed, and
dotted lines represent three choices of detector energy resolution with 2.8%, 5.0%, and 7.0% at 1
MeV, respectively. The purple solid line represents the approximate boundary of degenerate mass-
squared difference. (right panel) The relative shape difference [65, 66] of the reactor antineutrino
flux for different neutrino MHs.

explained in the models with the discrete or U(1) flavor symmetries. Therefore, MH is a
critical parameter to understand the origin of neutrino masses and mixing.

JUNO is designed to resolve the neutrino MH using precision spectral measurements of reactor
antineutrino oscillations. Before giving the quantitative calculation of the MH sensitivity, we shall
briefly review the principle of this method. The electron antineutrino survival probability in vacuum
can be written as [69,79,94]:

Pν̄e→ν̄e = 1− sin2 2θ13(cos
2 θ12 sin

2∆31 + sin2 θ12 sin
2 ∆32)− cos4 θ13 sin

2 2θ12 sin
2 ∆21 (2.1)

= 1− 1

2
sin2 2θ13

[
1−

√
1− sin2 2θ12 sin2 ∆21 cos(2|∆ee| ± φ)

]
− cos4 θ13 sin

2 2θ12 sin
2 ∆21,

where ∆ij ≡ ∆m2
ijL/4E, in which L is the baseline, E is the antineutrino energy,

sinφ =
c212 sin(2s

2
12∆21)− s212 sin(2c

2
12∆21)√

1− sin2 2θ12 sin2 ∆21

, cosφ =
c212 cos(2s

2
12∆21) + s212 cos(2c

2
12∆21)√

1− sin2 2θ12 sin2∆21

,

and [95,96]

∆m2
ee = cos2 θ12∆m2

31 + sin2 θ12∆m2
32 . (2.2)

The ± sign in the last term of Eq. (2.1) is decided by the MH with plus sign for the normal MH
and minus sign for the inverted MH.

In a medium-baseline reactor antineutrino experiment (e.g., JUNO), oscillation of the atmo-
spheric mass-squared difference manifests itself in the energy spectrum as the multiple cycles.
The spectral distortion contains the MH information, and can be understood with the left panel
of Fig. 2-4 which shows the energy and baseline dependence of the extra effective mass-squared
difference,

∆m2
φ = 4Eφ/L , (2.3)
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JUNO — 20 kt Liquid Scintillator with 50 km baseline, require 3% energy resolution
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Dirac vs Majorana

10

• The Higgs coupling is unnatural 

• See-saw as possible explanation but requires 
Majorana neutrinos

mD =
vp
2
Y⌫

Y⌫ ' 10�12

(Ye ⇠ 0.3⇥ 10�5)

m =
m2

D

mR Arbitrary big

Higgs-coupled

• 2νββ decay: 

• 0νββ decay: (A,Z) ! (A,Z + 2) + 2e�
(A,Z) ! (A,Z + 2) + 2e� + 2⌫̄e

(T 0⌫
1/2)

�1 = G0⌫(Q�� , Z)|M0⌫ |2⌘2

The only practical way to test Majorana/Dirac nature:

Mass limits inferred by direct measurement (3H β-decay — mν ≤ 1 eV) 
and Indirect observation (Plank 2015 — Σm ≤ 0.2 eV)
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Neutrino-less double beta decay

Today

5 years

10 years

5 years time scale: 

• M ~ 10 - 50 kg of ββ isotope 

• Background level 10-3 cts. /(keV kg y) 

• Explore quasi-degenerate region 

10 years time scale: 

• M ~ 100 kg - 1t of ββ isotope 

• Background level 10-4 cts. /(keV kg y) 

• Approach Inverse Hierarchy region

CUORE, Gerda, Majorana, Lucifer, AMORE, NEXT, COBRA, 
EXO, SNO+, KamLAND-Zen, CANDLES, SuperNEMO, ... 

hm��i =

�����
X

i

U2
eimi

�����
Related to oscillation parameters and mass hierarchy
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CP violation in the lepton sector

• Big-bang: symmetry between matter and 
antimatter 

• Matter is dominant in the universe right 
now → asymmetry 

• CP violation in baryon sector is not enough  

• CP violation in the lepton sector + 
leptogenesis → might explain current 
asymmetry 

• DUNE/HyperK experiments aim to 
measure δCP with long baseline 

• Cover > 50% δCP values @ 5σ in ~10 y 

• Cover > 75% δCP values @ 3σ in ~10 y

12
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Hyper-K Sensitivity to d
CP

76% of δ for 3σ

58% of δ for 5σ

CPV discovery sensitivity 

to d
CP

=0,p w/ MH known

Fractional region of d(%) for CPV (sin d π0) > 3,5 s

d coverage for nominal beam power): 

CPV > 3s (5s) for 76%(58%) of d

Nominal beam power

1s uncertainty of d as a function of the beam 

power:  < 19°(6°) for d = 90°(0°)

H-K ~10 y running at 750 kW
Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–29
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Figure 3.14: The minimum significance with which CP violation can be determined for 25%, 50% and
75% of ”CP values as a function of exposure. The two di�erent shaded bands represents the di�erent
sensitivities due to potential variations in the beam design. This plot assumes normal mass hierarchy.

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report

~10y running 
@ 1.2 MW
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Sterile neutrino

13

• Reactor anti-νe disappearance at very-short 
baseline  

• LSND & MiniBooNE: νe appearance at high Δm2 
(not covered in this talk) — SBN program @ FNAL 

• Additional  neutrinos may explain the anomalies  

• LEP data constrain number of active neutrino: the 
additional neutrinos  must be sterile
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Sterile neutrino — what’s going on? (νe disappearance)

14

PoS(EPS-HEP2015)071
First results of the deployment of a SoLid detector module at the SCK•CEN BR2 reactor Nick Ryder

cosmogenic and other background contributions to the IBD candidate collection. The γ and neutron

source campaigns are also being used to confirm the energy scale calibration performed with the

cosmic muon sample and to estimate the neutron detection efficiency.

5. Future plans for the SoLid experiment

The full scale SoLid experiment is planned to start taking data in the second half of 2016,

following the refurbishment of the BR2 reactor. The experiment will be performed in two stages.

First an initial search will be performed using a two tonne detector based upon the 288 kg mod-

ule deployed this year. One year of data (roughly half reactor on, half off) will be used for the

initial search. Then an additional tonne of detector mass with an improved energy resolution will

be deployed. The full 3 tonne detector will take data for three years, providing a world-leading

sensitivity for anti-neutrino oscillations.

!!
""

Phase I, 1yr - 2t@14%

Phase II, 3yr - 2t@14% + 1t@6%
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95% CL

SoLi& PRELIMINARY

arXiv:1303.3011 RAA Gallium

1 calendar year corresponds 150 days of reactor-on

Figure 7: The estimated sensitivity that the SoLid ex-

periment will have to 3+1 sterile neutrino models, as

a function of the oscillation parameters sin2(2θ) and

∆m2. The 95% confidence level after the initial search

and the 3σ sensitivity after the precision search are

shown. These can be compared to the 95% confidence

level parameter space from the reactor and gallium

anomalies shown in blue and red, respectively.

The initial detector modules will be a

larger version of the 288 kg module deployed

this year, with an upgraded read-out system

capable of triggering a time window read-out

based on an FPGA-level neutron identifica-

tion. The number of WLS fibres will be dou-

bled so that the positron energy will be re-

constructed from the sum of the signals from

four fibres. The expected total light yield

should be 50 photon / MeV. The statisti-

cal contribution to the energy resolution will

therefore be 14% at 1 MeV. The positron has

a high probability to be contained within a

single PVT cube and a negligible fraction of

the energy carried by the 511 keV annihila-

tion γ-rays is also deposited within the cube.

The photon statistics are therefore expected

to be the dominant factor in the positron (and

therefore neutrino) energy resolution. With

one year of data taking (150 days with the

reactor running at 70 MW) and initial oscil-

lation search will be performed.

During the initial search’s data taking

phase an additional tonne of detector, designed to have a 6% energy resolution at 1 MeV, will

be constructed. The high resolution detector will be deployed at the distance of closest approach

(roughly 5.5 m) from the reactor core, with the 2 tonne original detector relocated to be 6.5 - 10 m

from the reactor. A precision oscillation search will be performed with three years (450 days with

the reactor running at 70 MW) worth of data.

The expected sensitivity to oscillations has been calculated and is shown in figure 7. The

calculation assumes a 40% IBD detection efficiency and a signal to noise ratio of 3. The background
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control sample contains a small fraction of electron
neutrinos and is therefore independent of oscillations.
The ratio between the best-fit and the expected nonoscil-
lated MC distributions is shown as a function of Ereco for
both the νe and the control samples in Fig. 4. The best fit,
where the nuisance parameters are allowed to float while
the oscillation parameters are fixed to null, is also shown.
The corresponding χ2=ndf is 45.86=51.
The two-dimensional confidence intervals in the

sin22θee-Δm2
eff parameter space are computed using the

Feldman-Cousins method [28]. The systematic uncertain-
ties are incorporated using the method described in [29].
The 68%, 90% and 95% confidence regions are shown in
Fig. 5. The exclusion region at 95% C.L. is approximately
given by sin2 2θee > 0.3 and Δm2

eff > 7 eV2=c4.

The p-value of the null oscillation hypothesis, computed
using a profile likelihood ratio as a test statistic, is 0.085.
The impact of νμ disappearance and νe appearance on

the present result is estimated by considering a non-null
sin2 2θμμ in the 3þ 1 model. For sin2 2θμμ between 0 and
0.05, approximately the region not excluded by other
experiments [11,30], the 95% C.L. exclusion on
sin2 2θee moves by less than 0.1.
In Fig. 6 the T2K confidence region at 90% and 95%

C.L. is compared with νe disappearance allowed regions
from the gallium anomaly and reactor anomaly. The
excluded regions from νe þ 12C → 12N þ e− scattering
data of KARMEN [31,32] and LSND [33] experiments
and solar neutrino and KamLAND data [34–46] are also
shown. The T2K result excludes part of the gallium
anomaly and a small part of the reactor anomaly allowed
regions. The current T2K limit at 95% C.L. is contained
within the region excluded by the combined fit of the solar
and KamLAND data. Another analysis which combines the
solar neutrino data with the reactor neutrino data shows
weaker limits on sin2 2θee [47].

VIII. CONCLUSIONS

T2K has performed a search for νe disappearance with
the near detector. The excluded region at 95% C.L. is
approximately sin2 2θee > 0.3 and Δm2

eff > 7 eV2=c4.
The p-value of the null oscillation hypothesis is 0.085.
Further data from T2K will reduce the statistical uncer-
tainty, which is still an important limitation for the
analysis.
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FIG. 6 (color online). The T2K confidence interval in the
sin22θee-Δm2

eff parameter space at 90% C.L. (top) and 95% C.L.
(bottom) is compared with the other experimental results avail-
able in literature: allowed regions of gallium and reactor
anomalies and excluded regions by νe-carbon interaction data
and solar neutrino data [14]. The T2K best fit is marked by a
green star; the best fit of other experimental results corresponds to
circles of the same coloring as the limits. In the region Δm2

eff <
0.2 eV2=c4 limits on the mixing angle sin2 2θee have also been set
by the Daya Bay experiment [48].

SEARCH FOR SHORT BASELINE νe DISAPPEARANCE … PHYSICAL REVIEW D 91, 051102(R) (2015)
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RAPID COMMUNICATIONS

Search for νe disappearance at very-
short baseline with ND280 @ T2K 

Analysis still statistical dominated.

STEREO,  

Segmented Gd-doped LS 

Good energy resolution, low S/B 
ratio 

Data expected from summer 2016

@ very short baseline rector neutrino experiment@ accelerator
SoLid,  

Highly segmented plastic scintillator 
+ 6LiF:ZnS(Ag) 

Low energy resolution, good S/B 
ratio, high n/γ discrimination 

Deployment of a 2t detector from 
summer 2016

Projection of sensitivity dominated by background assumption

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.051102
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Conclusions
Mass Hierarchy is at hand: 

• If we're lucky (i.e. NH and δCP = π/2) NOvA + T2K will provide an answer at 3σ 
in the next ~5 years 

• If we're unlucky we have to wait ~10 years for a 3-4σ from JUNO, DUNE, 
HyperK. 15-20 year for a definitive 5σ. 

MH will help boost (or discourage) future generation 0νββ experiments: 

• IH region in the next 10 years 

• NH no sensitivity (for the moment) 

δCP  will follow after MH measurement: 

• Long term effort with DUNE & HyperK, 20-30 year time scale 

Search for sterile neutrinos will clarify current (anti-)neutrino anomalies  

• Next 2-3 years with STEREO, SoLid, T2K and SBN program @ FNAL

15
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Backup

16
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Solar/Atmospheric anomalies
• The Sun is a fusion reactor which emits νe 

in great quantity 

• 1968 - R. Davies first detection of solar 
neutrinos (νe + 38Cl → 37Ar + e-) 

• 2/3 of expected νe are missing

17

• The ratio is observed to be ~1 

• 1/2 of expected νμ are missing

⇡+ !µ+ + ⌫µ

#
e+ + ⌫e + ⌫̄µ

• The ratio of muon and electron neutrino 
produced in atmosphere ~ 2
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Additional handle — future cosmology

• Cosmological observations related to 
mass hierarchy and the mass scale 

• Future cosmological probes could 
unambiguously measure neutrino mass

18

8

Figure 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 1� error shown as a blue 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 lowestP

m⌫ at a level of ⇠ 4�. Also shown is the sensitivity from future long baseline neutrino experiments as
the pink shaded band, which should be sensitive to the neutrino hierarchy at least at 3� [50].

neutrino mass is an unknown quantity that needs to be marginalized over. The majority of information in
this case comes from precise measurements of the photon di↵usion scale relative to the sound horizon scale
as described in the previous section. Here, the addition of high accuracy E-mode polarization measured to
fine angular scales allows these two quantities to be measured with su�cient precision to decrease the error
bars several-fold with respect to Planck data. The addition of broadband galaxy power spectra does not
help in this case.

This accuracy will not allow us to distinguish between N
e↵

= 3 and N
e↵

= 3.046 at more than 2�. However,
we note that even if the true value of N

e↵

is not 3.046, it is highly unlikely to be the unphysical value of
a simplified model N

e↵

= 3. We argue that the error on N
e↵

is of the same order of magnitude as typical
corrections stemming from detailed modeling of the thermodynamical processes in the early universe and
therefore we are sensitive to the non-standard physics that would produce a signal in N

e↵

order or larger
than those processes.

Community Planning Study: Snowmass 2013
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