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Dear Colleague,

On 19-20 December 2013 the  first  NuPhys  workshop will  be held  at  the Institute  of  Physics,  

London, UK.

In this conference we will discuss the current status and prospectives of the future experiments, 
their performance and physics reach. This conference will  be unique in addressing the synergy 
between the planned experiments  and their  phenomenological  aspects and is  timely as these 
experiments are currently  being  designed.  A dedicated poster  session has been organised for 
December 19. Speakers include leading scientists from the UK, Europe, US, China and Japan: F. 
Feruglio,  E.  Lisi,  Y.  Wang,  M.  Fallot,  P.  Huber,  S.  Soldner-Rembold,  T.  Nakaya,  D.  Wark,  C. 
Backhouse, R. Wilson, T. Katori, A. Bross, A. Blondel, J. Kopp, M. Pallavicini, G. Drexlin, M. Chen, 
F. Simkovic, F. Deppisch, L. Verde, J. Miller and C. Kee.

 

The conference website, including travel details, can be found at 

http://nuphys2013.iopconfs.org 

As co-Chair of the Organising Committee I would like to ask you to display the workshop poster 

and to convey the information about the event to all  interested parties.  Participation by young 

researchers is particularly encouraged.

Best wishes,

                                   Shaped by the past, creating the future

mass

Neutrino oscillation 
physics

T2K event
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2 M. C. Gonzalez-Garcia et al., 1811.05487

Neutrino properties 
after July 2019

http://www.nu-fit.org/

Neutrinos 
have 

masses and 
mix!
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Current knowledge 
of neutrino 
properties:
● 2 mass squared 
differences 
● 3 sizable mixing 
angles, 
●  hints of CPV
●  indications in 
favour of NO

http://www.nu-fit.org/
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Current knowledge 
of neutrino 
properties:
● 2 mass squared 
differences 
● 3 sizable mixing 
angles, 
●  some hints of CPV
●  preference for NO

http://www.nu-fit.org/
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Fig. 6: Fractional flavour content, |U↵i|2 (↵ = e, µ, ⌧ ) of the three mass eigenstates ⌫i, based on the current best-fit
values of the mixing angles. � is varied from 0 (bottom of each coloured band) to 180� (top of coloured band), for
normal and inverted mass ordering on the left and right, respectively. The different colours correspond to the ⌫e

fraction (green), ⌫µ (blue) and ⌫⌧ (red).

affected by the theoretical evaluation of the NME. At present there are still large uncertainties in their
computation and a strong theoretical effort is needed. Limits on |hmi| are given as a range which accounts
for the uncertainty on the NME in the literature for a given nucleus.

5 Neutrino properties and open questions
The information on the mass squared differences from neutrino oscillation experiments indicates that
there are three massive neutrinos and that we can order them in two ways13:

– normal ordering (NO): m1 < m2 < m3, i.e. �m2
31 > 0,

– inverted ordering (IO): m3 < m1 < m2, i.e. �m2
32 < 0.

In Fig. 6 we show the flavour content of each massive neutrino ⌫i corresponding to |U↵i|2.
For each ordering14 the three neutrino masses can be expressed in term of just one unknown

parameter, the lightest neutrino mass, mMIN , see Fig. 7. We have

m1 = mMIN , m2 =
q

m2
MIN

+ �m2
21, m3 =

q
m2

MIN
+ �m2

31, for NO; (63)

m3 = mMIN , m1 =
q

m2
MIN

+ |�m2
32| � �m2

21, m2 =
q

m2
MIN

+ |�m2
32|, for IO. (64)

Therefore, determining the value of neutrino masses requires to establish the neutrino mass ordering and
the absolute mass scale. Three different limiting cases can be identified:

– Normal Hierarchical Spectrum (NH). For mMIN ! 0, for NO we have m1 ⌧ m2 ⌧ m3, with
m1 ⌘ mMIN , m2

⇠=
p

�m2
21 and m3

⇠=
p

�m2
31.

– Inverted Hierarchical Spectrum (IH). In the limit mMIN ! 0, for IO we have m3 ⌧ m1 < m2,
with m1,2

⇠=
p

|�m2
32| and m3 ⌘ mMIN .

– Quasi-Degenerate Spectrum (QD). For large values of mMIN (mMIN �
p

|�m2
31|) the three mass

eigenstates are almost degenerate, m2
i ' mMIN ⌘ m0, i = 1, 2, 3.

13The convention of ordering the masses depends on the definition of the mixing angles, e.g. the correspondence between
the solar mixing angle and ✓12. We adopt here the most widely used convention for which the meaning of the mixing angles
does not change between the NO and IO.

14We prefer the use of “ordering” rather than hierarchy for neutrino masses, as it has not yet been established that they are
indeed hierarchical.

23

implies at least 3 massive neutrinos. 

Measuring the masses requires: 
● the mass scale:
● the MO: mild preference for NO (                     ).

mmin

4

Fractional flavour content of massive neutrinos

|Uei|2

|Uµi|2

|U⌧i|2
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m1 =mmin

m2 =
q
mmin +�m2

21

m3 =
q
mmin +�m2

31
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The Pontecorvo-Maki-Nakagawa-Sakata matrix

CPV?
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● Mixings very different from quark sector.
● Possibly, large leptonic CPV. 

CPV is a fundamental question, possibly related to 
the origin of the baryon asymmetry and to the origin 
of the flavour structure.

Leptonic Mixing and CP-violation
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1. What is the nature of neutrinos?  

2. What are the values of the masses? Absolute scale 
and the ordering.

3. Is there leptonic CP-violation? 

4. What are the precise values of mixing parameters? 

5. Is the standard picture correct? Are there NSI? 
Sterile neutrinos? Other effects?

6

Very exciting experimental programme now 
and for the future. 

Phenomenology questions for the future
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and for the future. 

Phenomenology questions for the future

Long baseline 
neutrino 

oscillation 
experiments
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Let’s assume that at t=0 a muon neutrino is produced
|�, t = 0� = |�µ� =

�

i

Uµi|�i�

The time-evolution is given by the solution of the 
Schroedinger equation with free Hamiltonian:
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At detection, projecting over the flavour state :
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Neutrino oscillations



●  When neutrinos travel through a medium, they 
interact with the background of e, p and n.

● The background is CP and CPT violating, e.g. the Earth 
contains only particle and not antiparticles, and the 
resulting oscillations are CP and CPT violating.

9

Long-baseline neutrino oscillations and the 
mass ordering

Credit: 
Symmetry 
magazine
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● Neutrinos undergo forward elastic scattering via CC 
and NC interactions. 

●  Matter effects are described by a potential V in the 
effective Hamiltonian which determines the time 
evolution.
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Effective Hamiltonian in the flavour basis
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simultaneous determination of the CP-violating phase � and the neutrino
mass ordering41 using long-baseline neutrino oscillation facilities. It can be
easily shown that, in vacuum, the set of transformations43

�m2
31 ! ��m2

31 +�m2
21 = ��m2

32 ,
sin ✓12 $ cos ✓12 , � ! ⇡ � �

(17)

brings the Hamiltonian Hvac ! �H⇤
vac, where Hvac is the Hamiltonian in

vacuum. This renders the evolution of the system invariant,44 and the two
sets of solutions in Eq. 17 will lead to the same values for all oscillation
probabilities.

In presence of matter e↵ects, however, the degeneracy is broken since the
Hamiltonian also contains the matter potential, see Eq. 12. For instance,
from solar neutrino data, for which matter e↵ects are very important, we
know that ✓12 < 45�, which does not allow for the full transformation in
Eq. 17, partially breaking the degeneracy. However, long-baseline experi-
ments are largely insensitive to the solar mixing parameters and, thus, the
degeneracy remains even in this case41 (unless the experiment is also af-
fected by sizable matter e↵ects). This is illustrated in Fig. 3, where we show
the neutrino oscillation probabilities in the ⌫µ ! ⌫e channel, for � = 90�

(solid lines) and � = �90� (dotted lines). The blue (red) lines correspond
to NO (IO), and the two panels have been obtained for di↵erent baselines,
as indicated by the labels. The right panel corresponds to a baseline short
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Fig. 3. Probabilities in the ⌫µ ! ⌫e channel as a function of the neutrino energy (in
GeV), for two di↵erent baselines as indicated in the panels. Red (blue) lines correspond
to NO (IO). Solid lines correspond to � = �90�, while dotted lines have been obtained
for � = 90�.

enough so that matter e↵ects are practically negligible and, consequently,
the degeneracy is almost perfect. As seen in the figure, the probability for
NO and �1 = 90� is very similar to the probability obtained for IO and

rA '
p
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with

P. Coloma and SP,  World Scientific

The 3 neutrino probability can be approximated as
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o f the mass order ing are 
entangled.
●  Matter effects increase with 
energy and distance.
●  CPV effects more pronounced 
at low energy.
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FIG. 1: Terms of the oscillation probability in vacuum as a function of L/E for θ13 = 1◦ (left)

and θ13 = 10◦ (right). Notice the different scales in the Y-axis between the two panels. The

terms driven by the “atmospheric” (green) and “solar” (red) oscillation frequencies as well as the

CP-violating interference (without the cos(±δ − ∆31 L
2 ) term) between the two (blue) are shown.
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where the upper/lower sign in the formula refers to neutrinos/antineutrinos, J̃ ≡

c13 sin 2θ12 sin 2θ23 sin 2θ13 and ∆ij ≡
∆m2

ij

2Eν
. We will refer to the three terms in Eq. (1)

as “atmospheric”, “solar” and “CP interference” terms, respectively.

In Fig. 1 the three terms in Eq. (1) are depicted as a function of L/E. The left panel shows

the case of θ13 = 1◦, while the right panel corresponds to θ13 = 10◦ (close to the best fit of

T2K). For the CP-violating interference term only the coefficient in front of cos
(

±δ − ∆31 L
2

)

has been shown. As can be seen, for θ13 = 1◦ the choice of the first oscillation peak is

indeed very favorable for the exploration of CP violation, since the coefficient multiplying

the CP-violating term is larger than either the solar or the atmospheric CP-conserving

terms. On the other hand, for θ13 = 10◦ the first oscillation peak is dominated by the

atmospheric term whereas the CP interference term is only a subleading component of the

3

15

Long-baseline neutrino oscillations and 
leptonic CP violation
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• For νe appearance in J-PARC νμ beam
• high 60% νe signal efficiency
• >99.9% νμCC rejection, 99% NC π0 
rejection

• opportunity to improve more

Detector performance for J-PARCν
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• For νe appearance in J-PARC νμ beam
• high 60% νe signal efficiency
• >99.9% νμCC rejection, 99% NC π0 
rejection

• opportunity to improve more
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M. Shiozawa, for 
T2HK coll., NuPhys 

2014

T2HK: 295 km 
off-axis

~1 Mton WC 
detector

15$17/12/2014# BCC#$#NuPhys2014,#Queen#Mary$University#of#London,#UK# 4#

"""""""""""""""""""LBNE"Design""

1.2$MW$Proton$Beam$(PIP2II)$
Upgradeable$to$≥$2.4$MW$

Magne;zed,$low2density$$
fine2grained$tracker$

34$kt$fiducial$mass$$
single2phase$LAr$TPC$$
Depth$=$4300$m.w.e$

DUNE: 
1300 km 
on-axis

40 kton LAr 
detector

NOvA: 810 km off-axis
~14 kton plastic scintillator 

detector
T2K: 295 km off-axis

~22.5 kton WC detector

Present/Future LBL exp

ESSnuSB: 300-500 km
~0.5 Mton WC detector
second osc. maximum

The neutron program must not be affected 
modifications. 
Linac: double the pulse rate (14 Hz→ 28 Hz), 
from 4% duty cycle to 8%. 
Accumulator (C~400 m) needed to compress 
to few μs the 2.86 ms proton pulses, affordable 
by the  magnetic horn (350 kA) 

H- source (instead of protons), 
space charge problems in the 
accumulator ring  to be solved. 

Target station (studied in EUROν). 
Underground detector (WC à la Hyper-K 
studied in LAGUNA). 
Short pulses (~μs) will also allow DAR 
experiments  (as those proposed for SNS) using 
the neutron target. 

How to add a neutrino beam line to ESS: ESSnuSB 
ESSnuSB Design Study funded by H2020: 23 sites, 15 European countries 

M. Dracos, Poster # 39 
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Mass ordering sensitivity

Mayly Sanchez - ISU
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• Currently running anti-neutrino beam. 
Run 50% neutrino, 50% anti-neutrino 
after 2018. 

• Extended running through 2024,  
proposed accelerator improvement 
projects and test beam program  
enhance NOvA’s ultimate reach.   

• 3 σ sensitivity to hierarchy (if NH and 
δCP=3π/2) for allowed range of θ23 by 
2020. 3 σ sensitivity for 30-50% 
(depending on octant) of δCP range by 
2024. 

• 2+ σ sensitivity for CP violation in both 
hierarchies at δCP=3π/2 or δCP=π/2 
(assuming unknown hierarchy) by 2024.
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ulation

Hierarchy resolution
/2π=3CPδNH 
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/2π= CPδNH 

M. Sanchez, Neutrino 2018 KM3Net, ORCA Coll., 2004.05004

Systematics are included in
our simulation using the “pull”
method [12, 13]. Table 1 lists
nuisance parameters and oscil-
lation parameters adopted from
NuFit 3.2 [11] and their cor-
responding Gaussian priors (if
any) over which marginalisation
has been done to minimise the
value of �2

NMO/NSI . The individ-
ual contributions from track-like
and shower-like events are added
in quadrature to compute the to-
tal significance.

Table 1: List of systematics.

parameters treatment true values prior
�m2

21/10
�5eV 2 fix 7.40 -

�m2
31/10

�3eV 2 fitted 2.494 free
✓12(�) fix 33.62 -
✓13(�) fitted 8.54 0.15
✓23(�) fitted 47.2 free
�
CP

(�) fitted 234 free
Flux norm. fitted 1 10%
NC scale fitted 1 5%
Energy slope fitted 1 3%
⌫
µ

/⌫
e

skew fitted 0 5%
⌫/⌫̄ skew fitted 0 3%

5 Results

5.1 Neutrino Oscillations

The Asimov NMO sensitivity [14] for three years of KM3NeT-ORCA runtime is shown
in Fig. 5 (left) for a range of possible true ✓23 values . The curves are drawn for both
assumed true orderings and the most favourable and least favourable �

CP

values.

Figure 5: Projected sensitivity to NMO (left) for truth NO (red) and IO (blue)
assumptions. Exclusion plot in ✓23 - �m2

32 plane on the right .

Allowed region of atmospheric oscillation parameters by KM3NeT-ORCA [14]
after three years of running is shown in Fig. 5 (right), overlapped with current
constraints from MINOS [15], NO⌫A [16], Super-K [17] and IceCube-DeepCore [18].
The 90% CL contour is drawn assuming NO (fixed) and �

CP

= 0 (fitted).

5.2 Non-standard Interactions

The 90% C.L. contours in correlated NSI parameter spaces allowed after three years
of data taking of KM3NeT-ORCA are shown for both orderings assumptions. The
NSI parameters not appearing on the plots are fixed at zero.

5

one hand, this illustrates how the combined analysis profits
simply from the tighter priors provided by the other experi-
ment. On the other hand, the statistical contribution reveals
the contribution of the synergetic effect to the sensitivity
gain, as described in Sec. III B. In addition to the combi-
nation of JUNO and PINGU, which is subject to the strong
synergy illustrated in the previous discussion, we here also
evaluate the corresponding sensitivities based on the
smaller-scope experimental setups: JUNO with a reduced
number of eight reactor cores and the IceCube Upgrade.
Considering the stand-alone 8-core JUNO configuration,

the sensitivity is projected to be around 2.5σ for either
NMO, while that of the Upgrade is strongly dependent on
which of the two input models is assumed to be true: for
true NO, we obtain a significance of 3.8σ, whereas for true
IO we find 1.8σ. The combined result exceeds the 5σ
threshold considered as decisive.
A similar picture emerges when one considers the

nominal JUNO setup and PINGU, albeit at a higher
significance level: while we expect JUNO’s stand-alone
sensitivity to be close to 3σ for either NMO, the PINGU
sensitivity in the case of true NO reaches more than 6σ, and

3.5σ for true IO. The combined sensitivity is such that the
NMO is established at exceedingly high levels of con-
fidence of 9.6σ for true NO and 7.3σ for true IO.
Comparing the combined significances to the statistical

contributions makes evident that the Upgrade and PINGU
benefit far more from the oscillation parameter constraints
provided by JUNO (in its reduced or nominal source
configuration) than vice versa. As pointed out before,
the main reason is found in the lower panels of Fig. 4,
where the JUNO Δm2

31 constraint is stronger than that
provided by PINGU. As a result, the combined minimal
Δχ2 lies close to the position of the minimum preferred by
JUNO, creating a stronger tension with the data obtained by
PINGU. The same holds true if one considers the 8-core
JUNO configuration and the Upgrade instead.
The above effect is also illustrated in Table V, which lists

the fit outcomes within the wrong ordering for the two
stand-alone analyses of JUNO and PINGU and their
combined analysis. As expected, JUNO dominates the
best-fit values of jΔm2

31j and θ12, whereas PINGU domi-
nates the outcome in θ23.

TABLE V. Best-fit values within the wrong NMO for the free oscillation parameters after 6 years of operation,
when fitting each experiment individually as well as for the combined fit (“combined”). For a given true NMO, the
column “injected” specifies the injected parameter values, which are also given in Table III. The dagger denotes fit
outcomes that correspond to a bound of a parameter’s fit range.

Wrong-ordering best-fit outcomes

True NO True IO

Parameter injected JUNO PINGU combined injected JUNO PINGU combined

Δm2
31ð×10−3eV2Þ 2.525 −2.496 −2.386 −2.490 −2.438 2.466 2.565 2.472

θ12ð°Þ 33.82 33.82 … 33.82 33.82 33.82 … 33.82
θ13ð°Þ 8.61 8.63 8.71 8.76 8.65 8.60 8.57 8.47
θ23ð°Þ 49.60 … 49.15 49.31 49.80 … 40.46 40.30†

FIG. 6. Livetime evolution of the NMO sensitivity of each considered pair of experiments: stand-alone, the simple (quadratic) sum,
and the combination. Results for the nominal JUNO configuration and PINGU are shown side-by-side with the 8-core JUNO
configuration (labeled as “JUNO (8 cores)”) and the IceCube Upgrade. The two panels on the left assume true NO, while the two panels
on the right assume true IO.

COMBINED SENSITIVITY TO THE NEUTRINO MASS … PHYS. REV. D 101, 032006 (2020)

032006-13

one hand, this illustrates how the combined analysis profits
simply from the tighter priors provided by the other experi-
ment. On the other hand, the statistical contribution reveals
the contribution of the synergetic effect to the sensitivity
gain, as described in Sec. III B. In addition to the combi-
nation of JUNO and PINGU, which is subject to the strong
synergy illustrated in the previous discussion, we here also
evaluate the corresponding sensitivities based on the
smaller-scope experimental setups: JUNO with a reduced
number of eight reactor cores and the IceCube Upgrade.
Considering the stand-alone 8-core JUNO configuration,

the sensitivity is projected to be around 2.5σ for either
NMO, while that of the Upgrade is strongly dependent on
which of the two input models is assumed to be true: for
true NO, we obtain a significance of 3.8σ, whereas for true
IO we find 1.8σ. The combined result exceeds the 5σ
threshold considered as decisive.
A similar picture emerges when one considers the

nominal JUNO setup and PINGU, albeit at a higher
significance level: while we expect JUNO’s stand-alone
sensitivity to be close to 3σ for either NMO, the PINGU
sensitivity in the case of true NO reaches more than 6σ, and

3.5σ for true IO. The combined sensitivity is such that the
NMO is established at exceedingly high levels of con-
fidence of 9.6σ for true NO and 7.3σ for true IO.
Comparing the combined significances to the statistical

contributions makes evident that the Upgrade and PINGU
benefit far more from the oscillation parameter constraints
provided by JUNO (in its reduced or nominal source
configuration) than vice versa. As pointed out before,
the main reason is found in the lower panels of Fig. 4,
where the JUNO Δm2

31 constraint is stronger than that
provided by PINGU. As a result, the combined minimal
Δχ2 lies close to the position of the minimum preferred by
JUNO, creating a stronger tension with the data obtained by
PINGU. The same holds true if one considers the 8-core
JUNO configuration and the Upgrade instead.
The above effect is also illustrated in Table V, which lists

the fit outcomes within the wrong ordering for the two
stand-alone analyses of JUNO and PINGU and their
combined analysis. As expected, JUNO dominates the
best-fit values of jΔm2

31j and θ12, whereas PINGU domi-
nates the outcome in θ23.

TABLE V. Best-fit values within the wrong NMO for the free oscillation parameters after 6 years of operation,
when fitting each experiment individually as well as for the combined fit (“combined”). For a given true NMO, the
column “injected” specifies the injected parameter values, which are also given in Table III. The dagger denotes fit
outcomes that correspond to a bound of a parameter’s fit range.

Wrong-ordering best-fit outcomes

True NO True IO

Parameter injected JUNO PINGU combined injected JUNO PINGU combined

Δm2
31ð×10−3eV2Þ 2.525 −2.496 −2.386 −2.490 −2.438 2.466 2.565 2.472

θ12ð°Þ 33.82 33.82 … 33.82 33.82 33.82 … 33.82
θ13ð°Þ 8.61 8.63 8.71 8.76 8.65 8.60 8.57 8.47
θ23ð°Þ 49.60 … 49.15 49.31 49.80 … 40.46 40.30†

FIG. 6. Livetime evolution of the NMO sensitivity of each considered pair of experiments: stand-alone, the simple (quadratic) sum,
and the combination. Results for the nominal JUNO configuration and PINGU are shown side-by-side with the 8-core JUNO
configuration (labeled as “JUNO (8 cores)”) and the IceCube Upgrade. The two panels on the left assume true NO, while the two panels
on the right assume true IO.

COMBINED SENSITIVITY TO THE NEUTRINO MASS … PHYS. REV. D 101, 032006 (2020)

032006-13

JUNO+PINGU, 
PRD101 (2020)

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–20

Figure 3.7 shows the significance with which the MH can be determined as a function of the value
of ”CP, for an exposure of 300 kt · MW · year, which corresponds to seven years of data (3.5 years in
neutrino mode plus 3.5 years in antineutrino mode) with a 40-kt detector and a 1.07-MW 80-GeV
beam. For this exposure, the MH is determined with a minimum significance of

Ò
�‰2 = 5 for

100% of the ”CP values for the optimized beam design and nearly 100% of ”CP values for the CDR
reference beam design. Figure 3.8 shows the significance with which the MH can be determined for
0% (most optimistic), 50% and 100% of ”CP values as a function of exposure. Minimum exposures
of approximately 400 kt · MW · year and 230 kt · MW · year are required to determine the MH with
a significance of

Ò
�‰2 = 5 for 100% of ”CP values for the CDR reference beam design and the

optimized beam design, respectively.
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Figure 3.7: The significance with which the mass hierarchy can be determined as a function of the
value of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right).
The shaded region represents the range in sensitivity due to potential variations in the beam design.

Figures 3.9, 3.10, and 3.11 show the variation in the MH sensitivity due to di�erent values of ◊23,
◊13, and �m2

31 within the allowed ranges. The value of ◊23 has the biggest impact on the sensitivity,
and the least favorable scenario corresponds to a true value of ”CP in which the MH asymmetry
is maximally o�set by the leptonic CP asymmetry, and where, independently, sin2 ◊23 takes on a
value at the low end of its experimentally allowed range.

Studies have indicated that special attention must be paid to the statistical interpretation of MH
sensitivities [21, 22]. In general, if an experiment is repeated many times, a distribution of �‰2

values will appear due to statistical fluctuations. It is usually assumed that the �‰2 metric follows
the expected chi-squared function for one degree of freedom, which has a mean of �‰2 and can be
interpreted using a Gaussian distribution with a standard deviation of

Ò
|�‰2|. In assessing the

MH sensitivity of future experiments, it is common practice to generate a simulated data set (for
an assumed true MH) that does not include statistical fluctuations. In this typical case, �‰2 is
reported as the expected sensitivity, where �‰2 is representative of the mean value of �‰2 that
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• Currently running anti-neutrino beam. 
Run 50% neutrino, 50% anti-neutrino 
after 2018. 

• Extended running through 2024,  
proposed accelerator improvement 
projects and test beam program  
enhance NOvA’s ultimate reach.   

• 3 σ sensitivity to hierarchy (if NH and 
δCP=3π/2) for allowed range of θ23 by 
2020. 3 σ sensitivity for 30-50% 
(depending on octant) of δCP range by 
2024. 

• 2+ σ sensitivity for CP violation in both 
hierarchies at δCP=3π/2 or δCP=π/2 
(assuming unknown hierarchy) by 2024.
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T2K run extension

• T2K’s long term goal is the pursuit of CP Violation in the neutrino sector.

• In 2016, T2K phase 2 run extension given Stage-1 status by KEK/J-PARC.

• Proposal to collect 20×1021 POT by ~2026 (arXiv:1609.04111 [hep-ex]).

• With 20×1021 POT, T2K has up to 3! (median) CPV sensitivity:

• Sensitivity improves beyond 3! with reduced systematic errors.

• T2K initiated Near Detector upgrade project in January 2016.
• “The T2K ND280 Upgrade Proposal”, submitted to CERN SPSC in Jan. 2018.
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error of 3.9 × 10−5 eV2/c4 on the m∆ 32
2  interval. More details of the sys-

tematic uncertainties on neutrino interaction modelling can be found 
in the Methods.

The observed number of events at SK can be seen in Fig. 1. The  
probability of observing an excess over prediction in one of our five 
samples at least as large as that seen in the electron-like charged  
pion sample is 6.9%, assuming the best-fit value of the oscillation  
parameters. We find that the data shows a preference for the  
normal mass ordering with a posterior probability of 89%, giving  
a Bayes factor of 8. We find θsin = 0.532

23 −0.04
+0.03  for both mass  

orderings. Assuming the normal (inverted) mass ordering we find 
m c∆ = (2.45 ± 0.07) × 10 eV /32

2 −3 2 4   m c(∆ = (2.43 ± 0.07) × 10 eV / )13
2 −3 2 4 . 

For δCP our best-fit value and 68% (1σ) uncertainties assuming the  
normal (inverted) mass ordering are −1.89 ( − 1.38 )−0.58

+0.70
−0.54
+0.48 , with  

statistical uncertainty dominating. Our data show a preference for 
values of δCP that are near maximal CP violation (see Fig. 4), while  

both CP conserving points, δCP = 0 and δCP = π, are ruled out at the 95% 
confidence level. Here we also produce 99.73% (3σ) confidence and 
credible intervals on δCP. In the favoured normal ordering the  
confidence interval contains [−3.41, −0.03] (excluding 46% of the 
parameter space). We have investigated the effect of the excess seen 
in the 1e1de sample on this interval and find that had the observed 
number of events in this sample been as expected for the best-fit 
parameter values the interval would have contained [−3.71, 0.17] 
(excluding 38% of parameter space). In the inverted ordering the  
confidence interval contains [−2.54, −0.32] (excluding 65% of the 
parameter space). The 99.73% credible interval marginalized across 
both mass orderings contains [−3.48, 0.13] (excluding 42% of the 
parameter space). The CP-conserving points are not both excluded 
at the 99.73% level. However, this experiment has reported closed 
99.73% (3σ) intervals on the CP-violating phase δCP (taking into account 
both mass orderings), and a large range of values around +π/2 are 
excluded.
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Fig. 4 | Constraints on PMNS oscillation parameters. a, Two-dimensional 
confidence intervals at the 68.27% confidence level for δCP versus sin2θ13 in the 
preferred normal ordering. The intervals labelled T2K only indicate the 
measurement obtained without using the external constraint on sin2θ13, 
whereas the T2K + reactor intervals do use the external constraint. The star 
shows the best-fit point of the T2K + reactors fit in the preferred normal mass 
ordering. b, Two-dimensional confidence intervals at the 68.27% and 99.73% 
confidence level for δCP versus sin2θ23 from the T2K + reactors fit in the normal 
ordering, with the colour scale representing the value of negative two times the 
logarithm of the likelihood for each parameter value. c, One-dimensional 
confidence intervals on δCP from the T2K + reactors fit in both the normal and 
inverted orderings. The vertical line in the shaded box shows the best-fit value 
of δCP, the shaded box itself shows the 68.27% confidence interval, and the error 
bar shows the 99.73% confidence interval. We note that there are no values in 
the inverted ordering inside the 68.27% interval.

Fig. 3 | Event prediction model tuning to near-detector data.  
a, b, Reconstructed muon momentum in two of the ND280 CCQE-like event 
samples for both neutrino (a) and antineutrino (b) beam mode. The prediction 
with all parameters set to their best-fit value from a fit to the ND280 data are 
shown by the coloured histograms, split into true neutrino CCQE, antineutrino 
CCQE, neutral current and all other interactions. The dashed line shows the 
prediction before a fit to the ND280 data. The vertical error bars on the data 
represent the standard deviation due to statistical uncertainty. c, The ratio of 
the observed data to the best-fit Monte Carlo prediction in both neutrino-mode 
and antineutrino-mode samples.
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error of 3.9 × 10−5 eV2/c4 on the m∆ 32
2  interval. More details of the sys-

tematic uncertainties on neutrino interaction modelling can be found 
in the Methods.

The observed number of events at SK can be seen in Fig. 1. The  
probability of observing an excess over prediction in one of our five 
samples at least as large as that seen in the electron-like charged  
pion sample is 6.9%, assuming the best-fit value of the oscillation  
parameters. We find that the data shows a preference for the  
normal mass ordering with a posterior probability of 89%, giving  
a Bayes factor of 8. We find θsin = 0.532

23 −0.04
+0.03  for both mass  

orderings. Assuming the normal (inverted) mass ordering we find 
m c∆ = (2.45 ± 0.07) × 10 eV /32

2 −3 2 4   m c(∆ = (2.43 ± 0.07) × 10 eV / )13
2 −3 2 4 . 

For δCP our best-fit value and 68% (1σ) uncertainties assuming the  
normal (inverted) mass ordering are −1.89 ( − 1.38 )−0.58

+0.70
−0.54
+0.48 , with  

statistical uncertainty dominating. Our data show a preference for 
values of δCP that are near maximal CP violation (see Fig. 4), while  

both CP conserving points, δCP = 0 and δCP = π, are ruled out at the 95% 
confidence level. Here we also produce 99.73% (3σ) confidence and 
credible intervals on δCP. In the favoured normal ordering the  
confidence interval contains [−3.41, −0.03] (excluding 46% of the 
parameter space). We have investigated the effect of the excess seen 
in the 1e1de sample on this interval and find that had the observed 
number of events in this sample been as expected for the best-fit 
parameter values the interval would have contained [−3.71, 0.17] 
(excluding 38% of parameter space). In the inverted ordering the  
confidence interval contains [−2.54, −0.32] (excluding 65% of the 
parameter space). The 99.73% credible interval marginalized across 
both mass orderings contains [−3.48, 0.13] (excluding 42% of the 
parameter space). The CP-conserving points are not both excluded 
at the 99.73% level. However, this experiment has reported closed 
99.73% (3σ) intervals on the CP-violating phase δCP (taking into account 
both mass orderings), and a large range of values around +π/2 are 
excluded.
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confidence intervals at the 68.27% confidence level for δCP versus sin2θ13 in the 
preferred normal ordering. The intervals labelled T2K only indicate the 
measurement obtained without using the external constraint on sin2θ13, 
whereas the T2K + reactor intervals do use the external constraint. The star 
shows the best-fit point of the T2K + reactors fit in the preferred normal mass 
ordering. b, Two-dimensional confidence intervals at the 68.27% and 99.73% 
confidence level for δCP versus sin2θ23 from the T2K + reactors fit in the normal 
ordering, with the colour scale representing the value of negative two times the 
logarithm of the likelihood for each parameter value. c, One-dimensional 
confidence intervals on δCP from the T2K + reactors fit in both the normal and 
inverted orderings. The vertical line in the shaded box shows the best-fit value 
of δCP, the shaded box itself shows the 68.27% confidence interval, and the error 
bar shows the 99.73% confidence interval. We note that there are no values in 
the inverted ordering inside the 68.27% interval.

Fig. 3 | Event prediction model tuning to near-detector data.  
a, b, Reconstructed muon momentum in two of the ND280 CCQE-like event 
samples for both neutrino (a) and antineutrino (b) beam mode. The prediction 
with all parameters set to their best-fit value from a fit to the ND280 data are 
shown by the coloured histograms, split into true neutrino CCQE, antineutrino 
CCQE, neutral current and all other interactions. The dashed line shows the 
prediction before a fit to the ND280 data. The vertical error bars on the data 
represent the standard deviation due to statistical uncertainty. c, The ratio of 
the observed data to the best-fit Monte Carlo prediction in both neutrino-mode 
and antineutrino-mode samples.
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CP Violation Sensitivity 

E. Worcester: Neutrino 2018 17 

Width of band indicates 
variation in possible central 

values of θ23 
 

Simultaneous measurement of 
neutrino mixing angles and δCP 

 

CP Violation 

DUNE CDR: 

E. Worcester, for DUNE, Neutrino 2018 Ballett et al., 1612.07275
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FIG. 1: CP violation sensitivity of ESSnuSB and T2HK for θ23 = 45
◦ as a function of δCP(true). The left panel is for T2HK and the right

panel is for ESSnuSB. The comparison between the sensitivities are shown when neutrino mass ordering is known versus when neutrino mass
ordering is unknown. Note that the results are shown for normal neutrino mass ordering.
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FIG. 2: Appearance probability (νµ → νe) for θ23 = 45
◦ as a function of neutrino energy E. The left, middle, and right panels are for T2HK,

ESSnuSB (540 km), and ESSnuSB (360 km), respectively. All three panels are showing the neutrino appearance probability only. The black
dash-dotted curves correspond to the product of the νµ flux and the charged-current cross-section for νe.
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The precision measurement of the oscillation parameters 
is a primary physics goal for LBL experiments.
 

●  The values of the mixing angles seem to indicate an 
underlying symmetry:                        not too far from 0.

●  Predictions for the CPV phase delta and relations 
among parameters in flavour models (e.g. sum rules), e.g.:

Crucial information in order to discriminate between 
different flavour models.20

✓23 ⇠ 45o, ✓13

Precision measurements of the oscillation 
parameters in LBL experiments

a = �r cos � � = 1,�1/2

2

lation amongst the mixing angles and phases. We refer
to this relation as a sum-rule and it provides a constraint
which reduces the number of degrees of freedom in the
leptonic mixing sector. It is convenient to parameterize
these relations by employing the notation of Ref. [1], and
introduce the parameters s, r and a defined by

sin θ12 =
1 + s√

3
, sin θ13 =

r√
2
, sin θ23 =

1 + a√
2

.

These parameters, originating from studies of tribimaxi-
mality, provide a close phenomenological fit to the known
mixing angles. A recent global fit [2] provides the follow-
ing 1σ intervals

−0.07 ≤ s ≤ −0.01,

0.21 ≤ r ≤ 0.23,

−0.15 ≤ a ≤ −0.07.

In this paper, we will focus on a specific set of correla-
tions which are primarily dependent on the atmospheric
mixing angle θ23, reactor mixing angle θ13 and the cosine
of the Dirac CP-phase, cos δ. It will be useful to work
with the first-order expansion of the complete sum-rule
in the small parameters s, r and a, which we call the lin-
earized sum-rule. For the models that we are interested
in, these will take the general form

a = σr cos δ, (1)

and we will treat σ as a new model-dependent constant.
Although we will consider questions based on a range
of values of this general parameter, there are two specific
values which we would like to highlight. These two values
have a degree of universality, having arisen in the liter-
ature from fully consistent models, whilst also remain-
ing the only simple rules that we’ve found in our more
phenomenological treatments: the first of these rules has
σ = 1, and the second is given by σ = −1/2. A dis-
cussion of higher-order effects, correcting the linearized
sum-rule, is presented in Section III.
We will quickly illustrate this discussion with an ex-

ample from the literature. A recent model presented in
Ref. [3] imposes an A4 symmetry, broken at low energies
by a set of flavons, which leads to the second column of
the PMNS fixed at its tribimaximal value,

|Uµ2| ≡
∣

∣cos θ12 cos θ23 − sin θ12 sin θ13 sin θ23e
iδ
∣

∣ ,

=
1√
3
.

This complete sum-rule can be linearized in terms of the
s, r and a parameters,

a = −
r

2
cos δ,

which is a specific realization of our general rule, Eq. 1,
with σ = 1.

A. Hernandez-Smirnov framework

A novel approach was recently introduced in Ref. [4] to
find flavour-symmetric correlations amongst the PMNS
mixing matrix elements, whilst making minimal assump-
tions about the details of the model. This approach
was built around the assumption that there exists a dis-
crete flavour group which is broken into two subgroups
at low-energy. These subgroups act independently on the
charged lepton and neutrino sectors of the theory, and
their misalignment leads to a non-trivial PMNS matrix.
If we assume, in this framework, that some of the known
symmetries of the leptonic mass terms are in fact residual
symmetries arising from this larger broken group, con-
straints can be placed on the PMNS matrix in a general
manner, regardless of the precise implementation of the
symmetry breaking. Some correlations were reported in
Ref. [4]; however, these correlations lead to linearized
sum-rules identical to those reported in previous studies.
In this section, we weaken some of the assumptions made
in the derivations of these relations and generate ad-
dtional sum-rules with distinct linearized relations. We
refer the reader to Ref. [4] for a detailed discussion of the
method for finding parameter correlations in the “sym-
metry building” approach, and we will only summarize
the steps here, highlighting where we alter the derivation.
The approach in Ref. [4] assumes that grand flavour

group is a von Dyck group, D(2,m, p). These are defined
by the presentation

S2
iU = Tm

αU = W p
U = SiUTαUWU = 1.

The choice of m and p dictates the unbroken group that
we are considering, and the assumption that the un-
broken group is finite restricts these to specific values.
Representing each choice by the ordered pair (m, p), the
choices which lead to finite groups are exhausted by 5
special pairs

(3, 3), (3, 4), (3, 5), (4, 3), (5, 3),

and 2 infinite sequences

(2, N) and (N, 2) ∀N ≥ 2.

For a given (m, p), two generators of symmetries
present in the leptonic mass terms must be chosen which
are assumed to be residual symmetries, remaining after
the breakdown of the full group Gf . In this work, we will
focus on the specific choice of Te which is given by

Te =

⎛

⎝

1 0 0
0 ei

2πk

m 0
0 0 e−i 2πk

m

⎞

⎠ ,

where m is specified by the choice of group, and k ∈ Zm.
The second generator, governing the neutrino sector, will
be taken to be either S1 or S2, given by

S1 =

⎛

⎝

1 0 0
0 −1 0
0 0 −1

⎞

⎠ , S2 =

⎛

⎝

−1 0 0
0 1 0
0 0 −1

⎞

⎠ .

with King, 0710.0530
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sinδCP=0 exclusion

δCP 1σ error

• Exclusion of sinδCP=0 

• 8σ for δ=-90° (T2K best fit) 

• 80% coverage of δ 
parameter space for CPV 
discovery w/ >3σ 

• Test of CPV origin 

• δCP precision measurement 

• 22° for δ=-90° 

• 7° for δ=0°
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Figure 11: The attainable 1� precision on sin2 ✓23 and � for DUNE, T2HK, and their

combination. In each case, the contours enclose the assumed true values for ✓23 and �,

marked with a point. This plot assumes the “fixed run time” configurations in Table 1 and

the true oscillation parameters, apart from ✓23, specified in Table 2.

number varies with �, and so the e↵ective run time has been modified for each value of

� to keep the observed events constant. In the left-hand panel of Fig. 13, we have fixed

the number of appearance events to be 5411 for each configuration, which is the average

number of events expected for the combination of DUNE and T2HK running for 20 years

cumulative run time. We see that events at DUNE are more valuable than events at

T2HK around maximally CP violating values; however, around CP conserving values, the

opposite is true and T2HK has more valuable events. We quantitatively assess this e↵ect in

the right-hand panel of Fig. 13. This plot compares the performance of DUNE and T2HK

with a fixed 5411 events, with the same experiments assuming double the number of events.

The figure shows that for DUNE to consistently outperform T2HK, it needs at least twice

as many events. The same is true to T2HK: it can only lead to better performance for all

values of � once its has more than twice the exposure.

Our second normalization scheme is designed to include the e↵ect of the probability

from the comparison with fixed event rates. The number of appearance channel events, S,

is to a good approximation proportional to the oscillation probability,

S / P (⌫
µ

! ⌫

e

; hEi),

where hEi denotes the average energy of the flux, and we introduce a quantity N denoting

– 28 –

Oscillation Parameter Sensitivity 

E. Worcester: Neutrino 2018 19 

Reactor uncertainty 

δCP Resolution sin22θ13 Resolution 

DUNE CDR: 

Oscillation Parameter Sensitivity 

E. Worcester: Neutrino 2018 19 

Reactor uncertainty 

δCP Resolution sin22θ13 Resolution 

DUNE CDR: 

Ballett et al., 1612.07275

E. Worcester, for DUNE, Neutrino 2018
M. Shiozawa, for HK, Neutrino 2018
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FIG. 6: Appearance probability for θ23 ̸= 45
◦ as a function of neutrino energy E for T2HK and the ESSnuSB baseline option of 540 km. The

left and middle panels correspond to the antineutrino probability. The purple curve is presented for the LO and the red band is presented for
the HO. The right panel corresponds to the neutrino probability. The purple curve is presented for the HO and the red band is presented for the
LO. In all panels, flux × cross-section is shown by black dash-dotted curves.

ity and the neutrino oscillation probability is free from such a
degeneracy. This implies that for the HO neutrinos are respon-
sible for the removal of degeneracies. Therefore, in the right
panel, we have plotted the neutrino oscillation probability to
understand the effect for the HO. The red band corresponds
to (180◦, LO). The LO band is due to the variation of θ23
from 40◦ to 45◦. We have also checked that the χ2 minimum
occurs at δCP = 180◦. In addition, we see that there is an
overlap between the purple curve and red band in some of the
region where the flux × cross-section peaks. However, it is
important to note that the values of the probability in the right
panel are larger than the values of the probability in the middle
panel. Also, since the neutrino cross-section is almost three
times larger than the antineutrino cross-section, the neutrino
run is sufficient to lift the degeneracy for the HO. Therefore,
for the LO, the degeneracy is lifted by antineutrinos, whereas
for the HO, the degeneracy is lifted by neutrinos. Henceforth
the lack of events in the antineutrino run is insufficient to lift
the degeneracy for the LO, and therefore, the CP sensitivity
for ESSnuSB is affected by information on the octant for the
LO. This does not happen for T2HK, since the number of
antineutrino events is high because of (i) a clear removal of
the octant degeneracy at the first oscillation maximum and (ii)
large statistics.

Finally, let us see how the information on the octant af-
fects the CP precision measurement capability of ESSnuSB.
In Fig. 7, we have only presented the case of the LO for the
baseline option of 540 km. The purple (blue) 2σ contour cor-
responds to the case if both ordering and octant are known
(unknown). From this figure, we clearly see that at 2σ confi-
dence level, the CP precision does not alter much, depending
on the information on ordering and octant. Since this figure is
similar to that of the middle panel in Fig. 4, we can definitely
say that at 2σ confidence level, the information on the octant
does not affect the CP precision of ESSnuSB even for the LO.
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FIG. 7: CP precision plot for the ESSnuSB baseline option of 540 km
in the plane of δCP(true) versus δCP(test). The true value of θ23 is
42

◦, which lies in the lower octant. The purple (blue) 2σ contour
corresponds to the case if both ordering and octant are known (un-
known).

C. Effect of different neutrino running times for the lower
octant

In the previous section, we have seen that for ESSnuSB,
the CP violation discovery sensitivity around δCP = −90◦

is compromised for the LO and we understood that this is
because of the insufficient antineutrino events. In this sec-
tion, we will study what happens if ESSnuSB runs in a dom-
inant neutrino or antineutrino mode. We will study this for
θ23 = 42◦ and the ESSnuSB baseline option of 540 km.

In Fig. 8, we have plotted the CP violation discovery χ2

function for three different running options for ESSnuSB,
which are 2+8 (dominant antineutrino mode), 5+5 (equal neu-

M. Ghosh and T. Ohlsson, 1906.05779
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Tests of standard neutrino paradigm: SBL oscillations (SBN, 
reactor exp), LBL/atm oscillations, neutrino less DBD, beta 
decays, cosmology (BBN, CMB, LSS), dedicated searches.

✓12

✓23

⌫
✓13

MO
CPV

nature

Reactor 
neutrinos:
JUNO

LBL exp:
DUNE, T2HK, 
(ESSnuSB, ???) 

Atmospheric neutrinos

        Neutrinoless
double beta decay

masses
Cosmology 

Direct search
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●  Neutrino oscillations imply that neutrinos have 
mass and mix: First particle physics evidence of 
physics beyond the SM. They provide a complementary 
window w.r.t. collider and flavour physics searches.

●  The ultimate goal is to understand the origin of 
neutrino masses and leptonic mixing.

● It is necessary to known the values of the masses and 
of the mixing angles and CPV phase (with precision!). An 
exciting experimental programme is under way.

MeV TeVkeVeVmeV

d s b

u c t

e µ
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GeV

⌫3
<latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit>

⌫2
<latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit>

⌫1
<latexit sha1_base64="vB73HaBDOxIckABPRC7BmX2Xh7A=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKphXaUDbbSbt0swm7GyGUHvwFXvUXeBOv/hR/gP/DbZuDbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCTqMaQaBZfoG24EPqYKaRwKbIej26nffkKleSIfTJ5iENOB5BFn1FjJ78qs5/WqNbfuzkBWiVeQGhRo9qo/3X7CshilYYJq3fHc1ARjqgxnAieVbqYxpWxEB9ixVNIYdTCeHTshZ1bpkyhRtqQhM/XvxJjGWudxaDtjaoZ62ZuK/3mdzETXwZjLNDMo2XxRlAliEjL9nPS5QmZEbgllittbCRtSRZmx+SxsiTCXcTqxuXjLKayS1kXdc+ve/WWtcVMkVIYTOIVz8OAKGnAHTfCBAYcXeIU359l5dz6cz3lrySlmjmEBztcvNreW6Q==</latexit><latexit sha1_base64="vB73HaBDOxIckABPRC7BmX2Xh7A=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKphXaUDbbSbt0swm7GyGUHvwFXvUXeBOv/hR/gP/DbZuDbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCTqMaQaBZfoG24EPqYKaRwKbIej26nffkKleSIfTJ5iENOB5BFn1FjJ78qs5/WqNbfuzkBWiVeQGhRo9qo/3X7CshilYYJq3fHc1ARjqgxnAieVbqYxpWxEB9ixVNIYdTCeHTshZ1bpkyhRtqQhM/XvxJjGWudxaDtjaoZ62ZuK/3mdzETXwZjLNDMo2XxRlAliEjL9nPS5QmZEbgllittbCRtSRZmx+SxsiTCXcTqxuXjLKayS1kXdc+ve/WWtcVMkVIYTOIVz8OAKGnAHTfCBAYcXeIU359l5dz6cz3lrySlmjmEBztcvNreW6Q==</latexit><latexit sha1_base64="vB73HaBDOxIckABPRC7BmX2Xh7A=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKphXaUDbbSbt0swm7GyGUHvwFXvUXeBOv/hR/gP/DbZuDbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCTqMaQaBZfoG24EPqYKaRwKbIej26nffkKleSIfTJ5iENOB5BFn1FjJ78qs5/WqNbfuzkBWiVeQGhRo9qo/3X7CshilYYJq3fHc1ARjqgxnAieVbqYxpWxEB9ixVNIYdTCeHTshZ1bpkyhRtqQhM/XvxJjGWudxaDtjaoZ62ZuK/3mdzETXwZjLNDMo2XxRlAliEjL9nPS5QmZEbgllittbCRtSRZmx+SxsiTCXcTqxuXjLKayS1kXdc+ve/WWtcVMkVIYTOIVz8OAKGnAHTfCBAYcXeIU359l5dz6cz3lrySlmjmEBztcvNreW6Q==</latexit><latexit sha1_base64="vB73HaBDOxIckABPRC7BmX2Xh7A=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKphXaUDbbSbt0swm7GyGUHvwFXvUXeBOv/hR/gP/DbZuDbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCTqMaQaBZfoG24EPqYKaRwKbIej26nffkKleSIfTJ5iENOB5BFn1FjJ78qs5/WqNbfuzkBWiVeQGhRo9qo/3X7CshilYYJq3fHc1ARjqgxnAieVbqYxpWxEB9ixVNIYdTCeHTshZ1bpkyhRtqQhM/XvxJjGWudxaDtjaoZ62ZuK/3mdzETXwZjLNDMo2XxRlAliEjL9nPS5QmZEbgllittbCRtSRZmx+SxsiTCXcTqxuXjLKayS1kXdc+ve/WWtcVMkVIYTOIVz8OAKGnAHTfCBAYcXeIU359l5dz6cz3lrySlmjmEBztcvNreW6Q==</latexit>

⌫1
<latexit sha1_base64="vB73HaBDOxIckABPRC7BmX2Xh7A=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKphXaUDbbSbt0swm7GyGUHvwFXvUXeBOv/hR/gP/DbZuDbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCTqMaQaBZfoG24EPqYKaRwKbIej26nffkKleSIfTJ5iENOB5BFn1FjJ78qs5/WqNbfuzkBWiVeQGhRo9qo/3X7CshilYYJq3fHc1ARjqgxnAieVbqYxpWxEB9ixVNIYdTCeHTshZ1bpkyhRtqQhM/XvxJjGWudxaDtjaoZ62ZuK/3mdzETXwZjLNDMo2XxRlAliEjL9nPS5QmZEbgllittbCRtSRZmx+SxsiTCXcTqxuXjLKayS1kXdc+ve/WWtcVMkVIYTOIVz8OAKGnAHTfCBAYcXeIU359l5dz6cz3lrySlmjmEBztcvNreW6Q==</latexit><latexit sha1_base64="vB73HaBDOxIckABPRC7BmX2Xh7A=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKphXaUDbbSbt0swm7GyGUHvwFXvUXeBOv/hR/gP/DbZuDbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCTqMaQaBZfoG24EPqYKaRwKbIej26nffkKleSIfTJ5iENOB5BFn1FjJ78qs5/WqNbfuzkBWiVeQGhRo9qo/3X7CshilYYJq3fHc1ARjqgxnAieVbqYxpWxEB9ixVNIYdTCeHTshZ1bpkyhRtqQhM/XvxJjGWudxaDtjaoZ62ZuK/3mdzETXwZjLNDMo2XxRlAliEjL9nPS5QmZEbgllittbCRtSRZmx+SxsiTCXcTqxuXjLKayS1kXdc+ve/WWtcVMkVIYTOIVz8OAKGnAHTfCBAYcXeIU359l5dz6cz3lrySlmjmEBztcvNreW6Q==</latexit><latexit sha1_base64="vB73HaBDOxIckABPRC7BmX2Xh7A=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKphXaUDbbSbt0swm7GyGUHvwFXvUXeBOv/hR/gP/DbZuDbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCTqMaQaBZfoG24EPqYKaRwKbIej26nffkKleSIfTJ5iENOB5BFn1FjJ78qs5/WqNbfuzkBWiVeQGhRo9qo/3X7CshilYYJq3fHc1ARjqgxnAieVbqYxpWxEB9ixVNIYdTCeHTshZ1bpkyhRtqQhM/XvxJjGWudxaDtjaoZ62ZuK/3mdzETXwZjLNDMo2XxRlAliEjL9nPS5QmZEbgllittbCRtSRZmx+SxsiTCXcTqxuXjLKayS1kXdc+ve/WWtcVMkVIYTOIVz8OAKGnAHTfCBAYcXeIU359l5dz6cz3lrySlmjmEBztcvNreW6Q==</latexit><latexit sha1_base64="vB73HaBDOxIckABPRC7BmX2Xh7A=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKphXaUDbbSbt0swm7GyGUHvwFXvUXeBOv/hR/gP/DbZuDbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCTqMaQaBZfoG24EPqYKaRwKbIej26nffkKleSIfTJ5iENOB5BFn1FjJ78qs5/WqNbfuzkBWiVeQGhRo9qo/3X7CshilYYJq3fHc1ARjqgxnAieVbqYxpWxEB9ixVNIYdTCeHTshZ1bpkyhRtqQhM/XvxJjGWudxaDtjaoZ62ZuK/3mdzETXwZjLNDMo2XxRlAliEjL9nPS5QmZEbgllittbCRtSRZmx+SxsiTCXcTqxuXjLKayS1kXdc+ve/WWtcVMkVIYTOIVz8OAKGnAHTfCBAYcXeIU359l5dz6cz3lrySlmjmEBztcvNreW6Q==</latexit>

Conclusions


