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de Salas et al. 

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

● 2 mass squared differences 
● 3 sizable mixing angles (one not too well known)
●  mild hints of CPV (not robust)
●  mild indications in favour of NO (?)

NuFIT 5.1 (2021)
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Normal Ordering (best fit) Inverted Ordering (��2 = 2.6)

bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓12 0.304+0.013
�0.012 0.269 ! 0.343 0.304+0.012

�0.012 0.269 ! 0.343

✓12/
� 33.44+0.77

�0.74 31.27 ! 35.86 33.45+0.77
�0.74 31.27 ! 35.87

sin2 ✓23 0.573+0.018
�0.023 0.405 ! 0.620 0.578+0.017

�0.021 0.410 ! 0.623

✓23/
� 49.2+1.0

�1.3 39.5 ! 52.0 49.5+1.0
�1.2 39.8 ! 52.1

sin2 ✓13 0.02220+0.00068
�0.00062 0.02034 ! 0.02430 0.02238+0.00064

�0.00062 0.02053 ! 0.02434

✓13/
� 8.57+0.13

�0.12 8.20 ! 8.97 8.60+0.12
�0.12 8.24 ! 8.98

�CP/
� 194+52

�25 105 ! 405 287+27
�32 192 ! 361

�m2
21

10�5 eV2 7.42+0.21
�0.20 6.82 ! 8.04 7.42+0.21

�0.20 6.82 ! 8.04

�m2
3`

10�3 eV2 +2.515+0.028
�0.028 +2.431 ! +2.599 �2.498+0.028

�0.029 �2.584 ! �2.413
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Normal Ordering (best fit) Inverted Ordering (��2 = 7.0)

bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓12 0.304+0.012
�0.012 0.269 ! 0.343 0.304+0.013

�0.012 0.269 ! 0.343

✓12/
� 33.45+0.77

�0.75 31.27 ! 35.87 33.45+0.78
�0.75 31.27 ! 35.87

sin2 ✓23 0.450+0.019
�0.016 0.408 ! 0.603 0.570+0.016

�0.022 0.410 ! 0.613

✓23/
� 42.1+1.1

�0.9 39.7 ! 50.9 49.0+0.9
�1.3 39.8 ! 51.6

sin2 ✓13 0.02246+0.00062
�0.00062 0.02060 ! 0.02435 0.02241+0.00074

�0.00062 0.02055 ! 0.02457

✓13/
� 8.62+0.12

�0.12 8.25 ! 8.98 8.61+0.14
�0.12 8.24 ! 9.02

�CP/
� 230+36

�25 144 ! 350 278+22
�30 194 ! 345

�m2
21

10�5 eV2 7.42+0.21
�0.20 6.82 ! 8.04 7.42+0.21

�0.20 6.82 ! 8.04

�m2
3`

10�3 eV2 +2.510+0.027
�0.027 +2.430 ! +2.593 �2.490+0.026

�0.028 �2.574 ! �2.410

Current status of neutrino parameters:  
the era of very precise neutrino physics

The past 20 years have seen a remarkable progress in 
determining neutrino properties! How about the next 20?

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.
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implies at least 3 massive neutrinos. 

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

mmin

3

Fractional flavour content of massive neutrinos

|Uei|2

|Uµi|2

|U⌧i|2
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Neutrino masses
�m2

21 ⌧ �m2
31
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m1 =mmin

m2 =
q
mmin +�m2

21

m3 =
q
mmin +�m2
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m3 =mmin

m1 =
q

mmin + |�m2
32|��m2

21

m2 =
q

mmin + |�m2
32|
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The Pontecorvo-Maki-Nakagawa-Sakata matrix

CPV?

4

U =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13ei�

0 1 0
�s13e�i� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
1 0 0
0 ei↵21/2 0
0 0 ei↵31/2

1

A

● 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

) gp
2
(ēL, µ̄L, ⌧̄L)�

µU
osc

0

@
⌫
1L

⌫
2L

⌫
3L

1

AWµ⌫i = U †⌫↵
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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 CP-violation? 

4. What are the precise values of mixing angles? 

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

5

Very exciting experimental programme.

What do we still need to know in 2022?



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. 

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:

|�, t� =
�

i

Uµie
�iEit|�i�

At detection, projecting over the flavour state :
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Neutrino oscillations



●  LBL experiments search for neutrino oscillations, for 
neutrinos that are produced at an accelerator complex 
and travel 100s Km before scattering in large detectors.

●  When neutrinos travel through a medium, they 
interact with the background of e, p and n.
The background is CP and CPT violating, and the 
resulting oscillations are as well.8

Long-baseline neutrino oscillations

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.

9

( )Effective 
Hamiltonian

tan 2✓ ⇠ 2



tan 2✓M ⇠

+
p
2GFNe

�m2 > 0

⌫��m2

2E
cos(2✓)

10

+
( )

+
( )

suppression

tan 2✓M ⇠

enhancement

In long baseline experiments

�
p
2GFNe

�m2 > 0

For neutrinos

For antineutrinos

⌫̄

- +

- -

2

2



11

Pµe '4c223s
2
13

1

(1� rA)2
sin

2 (1� rA)�31L

4E

+sin 2✓12 sin 2✓23s13
�21L

2E
sin

(1� rA)�31L

4E
cos

✓
� � �31L

4E

◆

+s223 sin
2
2✓12

�

2
21L

2

16E2
� 4c223s

4
13 sin

2 (1� rA)�31L

4E

A. Cervera et al., hep-ph/0002108; 
K. Asano, H. Minakata, 1103.4387; 
S. K. Agarwalla et al., 1302.6773;  
P. Denton, S. Parke and X. Zhang,  

1907.02534…

April 28, 2017 10:59 ws-rv9x6 Book Title MOCPVfinal page 17

Using World Scientific’s Review Volume Document Style 17

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

L = 1300 km
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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
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p
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The 3-neutrino probability can be approximated as
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entangled.
●  Matter effects increase with 
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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.

P±
eµ ≡ P (( )νe →

( )νµ) = s223 sin2 2θ13 sin2

(

∆31 L

2

)

+ c223 sin2 2θ12 sin2

(

∆21 L

2

)

+ J̃ cos

(

±δ −
∆31 L

2

)

sin

(

∆21 L

2

)

sin

(

∆31 L

2

)

, (1)

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

12

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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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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Question:  
Neutrino mass 

ordering



 Mass ordering sensitivity 

The current situation is still rather uncertain. 
We know we will know the ordering by 2035ish.

15

S K , H K , 
IceCube

Future Prospects
• Increasing sensitivity to 

mass ordering to come
– Will more than double data 

set in both beams

– >3$ mass ordering sensitivity 
for 30-40% of %-values 

– By run end, statistical errors 
still significantly larger than 
current systematics on ##
appearance
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• Watch this space for:
– NOvA-T2K joint fit

– Further tests of alternative models (e.g. NSI)

– Antineutrino beam cross section measurements
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Fan Gao

Poster 407: NSI
Jeffrey Kleykamp 
Luiz Prais et al.
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Neutrino Mass Ordering

25Jie Zhao Neutrino2022

JUNO sensitivity on NMO: 3σ (reactors only) @ ~6 yrs * 26.6 GWth exposure

Estimation of NMO sensitivity with combined reactor + atmospheric neutrino analysis under preparation

Design
(J. Phys. G 43:030401 (2016) )

Now (2022)

Thermal Power 36 GWth 26.6 GWth (26%↓)

Overburden ~700 m ~650 m

Muon flux in LS 3 Hz 4 Hz (33%↑)

Muon veto efficiency 83% 93% (12%↑)

Signal rate 60 /day 47.1 /day (22%↓)

Backgrounds 3.75 /day 4.11 /day (10%↑)

Energy resolution 3% @ 1 MeV 2.9% @ 1 MeV (3%↑)

Shape uncertainty 1% JUNO+TAO

3𝜎 NMO sensitivity 
exposure

< 6 yrs × 35.8 GWth ~ 6 yrs × 26.6 GWth

JUNO+TAO

J. Zhao’s talk 
at Neutrino 

2022

J. Hartnell’s talk at Neutrino 2022

NOvA A. Heijboer’s talk 
at Neutrino 2022

Aart Heijboer – KM3NeT – Neutrino 2022

NMO sensitivity of full ORCA
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Neutrino mass ordering
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DUNE Physics: Mass ordering 

14

• Statistics from  6 years of full DUNE with 2.4 MW (800 kt-MW-
yrs total exposure) exploits enormous NO vs IO differences.

• DUNE maintains ability to definitively resolve the mass ordering 
regardless of the values of other parameters

Neutrino 2022 – Virtual Seoul – M. Muether6/2/2022
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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
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• Statistics from  6 years of full DUNE with 2.4 MW (800 kt-MW-
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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
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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
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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.
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Question:  
Leptonic CP violation



Hints of leptonic CPV? 
Situation remains unclear. 
Expect soon T2K-NOvA joint analysis.

18
Jeff Hartnell, Neutrino 2022 NOvA 23

Best Fit
Normal hierarchy
Δm232 = (2.41±0.07)×10-3 eV2

sin2θ23 = 0.57+0.04-0.03

δ = 0.82π

• Significant progress 
on joint fit with T2K
– coming this year

2020 data set: https://arxiv.org/abs/2108.08219

2020 3-Flavour 
Frequentist Result

Poster 318 
Liudmila Kolupaeva
Andrew Sutton

J. Hartnell’s talk at Neutrino 2022

NOvA

U =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13ei�

0 1 0
�s13e�i� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
1 0 0
0 ei↵21/2 0
0 0 ei↵31/2

1

A

CPV sensitivity

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.

Imperial College  
London

Morgan O. 
WasckoNeutrino 20182018 / 06 / 04 26
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goal = 1.3 MW

T2K phase 2 extension aims at 
reaching 1.3 MW by 2026 
(20x10^21pot).

T2K, 1609.04111



DUNE and T2HK will get to 5 sigma for a large range of 
values of delta by 2040 (possibly 2035??). Whether we 
discover it or not depends on the true delta.

19

DUNE Physics: CP violation

15

● 5σ discovery potential for CP violation over >50% of δCP values
● 7-16° resolution to δCP, with external input for only solar 

parameters.  

Neutrino 2022 – Virtual Seoul – M. Muether6/2/2022
DUNE Coll., 2006.16043

DUNE

J. Wilson’s talk at Neutrino 2022

T2HK

T2HKK/KNO

Long Baseline Physics - !!"
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Scenario 1: no leptonic CPV discovery

If the delta phase is too close to 0, pi, DUNE and T2HK 
will not be able to discover leptonic CPV.

It is essential to pursue 
this measurement with 
a m o r e s e n s i t i v e 
experiment: neutrino 
factory.

13

FIG. 10: 95% CL (1 d.o.f) CP Violation extraction assuming that the far detector is located at a distance of 1480. The solid
(dotted) red curves depict the results assuming 1 × 1023 Kton-decays (3 × 1023 Kton-decays) without backgrounds. The long-
dashed (short-dashed) black curves depict the results assuming 1× 1023 Kton-decays (3× 1023 Kton-decays) with a background
level of 10−3.
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●  CP violation is a key aspect of the SM and it is 
important to establish if it concerns also the leptonic 
sector.
●  CPV is related to the origin of the leptonic mixing 
structure.
●  The delta phase can explain the baryon asymmetry of 
the Universe but only if it is sufficiently CP-violating.

SP, Petcov, Riotto, hep-ph/0609125
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Figure 3: The baryon asymmetry with M1 = 5.13⇥ 10

10 GeV and CP violation provided
solely by �. The Majorana phases are fixed at ↵21 = 180

� and ↵31 = 0

�. The red band
indicates the 1� observed values for ⌘BCMB

with the best-fit value indicated by the horizontal
black dotted line. Left: The final baryon asymmetry as a function of � with exact CP -
invariance when � = 0

� and 180

� (vertical black dotted line). Right: A parametric plot of
⌘B against JCP as � is varied. See the text for further details.

At the benchmark point for normal ordering defined in Table 2, which we will use in
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for CP violation from �, ↵21 and ↵31 respectively. For the case in which � provides the
CP violation in Eq. (3.5), this phase gives a subdominant contribution to |Y⌧1|. As can be
shown, P 0(1)

⌧⌧ is similarly weakly dependent on the phases. Thus, the phase dependence of
the solutions of Eq. (3.3) does not come predominantly from the flavour factor �F but from
the CP -asymmetry ✏

(1)
⌧⌧ . However, in the case of ↵21 providing the CP violation, the two

terms of Eq. (3.5) are similar in magnitude and we may get a strong enhancement in �F .
The final case where ↵31 provides the CP violation is intermediate and should experience
a slight phase-dependent enhancement from �F .

3.2.1 Dirac Phase CP Violation

In this subsection, we consider deviations from the benchmark point of Table 2 where we
allow � to vary but fix ↵21 = 180

� and ↵31 = 0

�. Given the pattern of R-matrix angles,
this ensures that any CP violation comes solely from �. In this case, the ⌧⌧ -component of
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Figure 7: The baryon asymmetry from leptogenesis with M1 = 10

11 GeV and N3 decou-
pled, where CP violation is provided only by the Dirac phase �. The red bands indicate
the values in 1� agreement with the observed value ⌘BCMB

. Left: A plot of ⌘B against
�, showing successful leptogenesis near the maximal CP -violating value � = 270

�. Right:
The corresponding parametric plot of ⌘B with JCP as � is varied. See the text for further
details.

Finally, in [25] the following necessary condition for successful leptogenesis in the case
of NO spectrum with the requisite CP violation provided exclusively by the Dirac phase �

was obtained:
| sin ✓13 sin �| & 0.09 . (3.11)

We recall that this condition was derived by using values of the the CP -conserving R-
matrix elements maximising the lepton asymmetry and assuming that the transition from
two-flavour to one-flavour regime starts at T ⇠

=

5 ⇥ 10

11 GeV, i.e., that at M1 . 5 ⇥ 10

11

GeV the two-flavour regime is fully effective.

4 Leptogenesis in the regime M1 < 109 GeV

Successful thermal leptogenesis at intermediate scales may be accomplished through the
combination of flavour effects and fine-tuned Yukawa matrices with F & O(10) [78, 113].
In Section 2.3, we first review these fine-tuned scenarios and then proceed to determine
the subset among them in which the R-matrix is CP -conserving while the PMNS matrix
contains CP -violating phases. In Section 4.1 we present and analyse the results of a com-
prehensive search of the model parameter space for regions with successful leptogenesis
compatible with these subsets where we have numerically solved the density matrix equa-
tions, for two-decaying heavy Majorana neutrinos, exactly. Following this, we consider in
detail the scenarios in which CP violation is due solely to the Dirac phase in Section 4.2.1,

– 23 –

Generically, if 
and similarly around 180^o, 
delta cannot be responsible 
for the baryon asymmetry 
in high E see-saw type I.
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Question:  
Precision measurement 

of oscillation 
parameters



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

23

✓23 ⇠ 45o, ✓13

Scenario 2: leptonic CPV discovered

If discovered, the key physics goal will be the precise 
measurement of the oscillation parameters.Concha Gonzalez-Garcia

Summary: Global 3 ν Flavour Parameters

Gonzalez-
Garcia et al., 
2111.03086

JUNO Coll., 2204.13249

Concha Gonzalez-Garcia

JUNO: Sensitivity to Oscillation Parameters

2204.13249

Concha Gonzalez-Garcia

JUNO: Sensitivity to Oscillation Parameters

2204.13249



●  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.
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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
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large the fractional contribution of each mechanism can
be in order to be detected [88].

At present, however, our ability to perform such a pre-
cise flavor reconstruction and recover the flavor compo-
sition at the source is hampered by two important yet
surmountable limitations. First, the prediction of how a
given flavor composition at the source maps to a flavor
composition at Earth relies on our knowledge of the val-
ues of the neutrino mixing parameters that drive the os-
cillations [39]. Because these are not precisely known [89–
91], such predictions are uncertain. Second, measuring
the flavor composition in neutrino telescopes is challeng-
ing, and su↵ers from large statistical and systematic un-
certainties [79, 80, 82, 87]. This prevents us from distin-
guishing between predictions that are similar but based
on di↵erent assumptions of neutrino production.

In this work, we show that these limitations will
be overcome in the next two decades, thanks to new
terrestrial and astrophysical neutrino experiments that
are planned or in construction [92]. Oscillation ex-
periments that use terrestrial neutrinos—JUNO [93],
DUNE [94], Hyper-Kamiokande (HK) [95], and the
IceCube-Upgrade [96]—will reduce the uncertainties in
the mixing parameters and put the standard oscillation
framework to test. Large-scale neutrino telescopes—
Baikal-GVD [97], IceCube-Gen2 [98], KM3NeT [99], P-
ONE [100], and TAMBO [101]—will detect more high-
energy astrophysical neutrinos and improve the measure-
ment of their flavor composition.

To show this, we make detailed, realistic projections
of how the uncertainty in the predicted flavor composi-
tion at Earth of the isotropic flux of high-energy neutri-
nos and its measurement will evolve over the next two
decades. Our main finding is that, by 2040, we will
be able to precisely infer the flavor composition at the
sources, including possibly identifying the contribution
of multiple neutrino-production mechanisms, even if os-
cillations are non-unitary [49, 60, 63, 102–106]. Fur-
ther, we illustrate the upcoming power of flavor mea-
surements to probe BSM neutrino physics using neutrino
decay [35, 45, 47, 52, 55, 107–112].

This article is organized as follows. In Section II we
revisit the basics of neutrino mixing, especially as it per-
tains to high-energy astrophysical neutrinos, and intro-
duce the formalism of neutrino decay and non-unitary
neutrino evolution. In Section III we introduce the future
neutrino experiments that we consider in our analysis and
their measurement goals. In Section IV we present the
statistical method that we use to produce the allowed
regions of flavor composition at Earth. In Section V we
present our results. In Section VI, we summarize and
conclude. In the appendices, we show additional analysis
cases that we do not explore in the main text.
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FIG. 1. The future of neutrino telescopes, oscillation

experiments, and flavor mixing measurements. Top:
E↵ective volume of future neutrino telescopes able to probe
the flavor composition of astrophysical neutrinos. Center:
Time evolution of the oscillation parameters. For each pa-
rameter, the dotted white line shows the best-fit value and
the shaded region around it, the 1� uncertainty. Values up
to and including the year 2020 are obtained from the NuFit
global fit to oscillation data [91, 113–115]; NuFit 5.0 [91] is the
latest fit. Projections from 2020 to 2040 have best-fit values
fixed at the current values from NuFit 5.0, but uncertainties
reduced due to JUNO, DUNE, and Hyper-Kamiokande (HK)
measurements, following our simulations. The boxes at the
top show the start and projected estimated running times for
these experiments. Bottom: Time evolution of the expected
error on the unitarity of the neutrino flavor mixing matrix;
values taken from Refs. [103, 106].

II. FLAVOR COMPOSITION OF
HIGH-ENERGY ASTROPHYSICAL NEUTRINOS

A. Flavor composition at the sources

In astrophysical sites of hadronic acceleration, protons
and heavier nuclei are accelerated to energies well be-
yond the PeV scale. Likely candidate acceleration sites
feature high particle densities, high baryon content, and
matter that moves at relativistic bulk speeds, such as
the jets of gamma-ray bursts and active galactic nu-
clei [6, 8, 116]. There, high-energy protons interact with
ambient matter and radiation [68, 69, 71–73], generating
secondary pions and kaons that decay into high-energy
neutrinos. The physical conditions at the sources de-
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HIGH-ENERGY ASTROPHYSICAL NEUTRINOS

A. Flavor composition at the sources

In astrophysical sites of hadronic acceleration, protons
and heavier nuclei are accelerated to energies well be-
yond the PeV scale. Likely candidate acceleration sites
feature high particle densities, high baryon content, and
matter that moves at relativistic bulk speeds, such as
the jets of gamma-ray bursts and active galactic nu-
clei [6, 8, 116]. There, high-energy protons interact with
ambient matter and radiation [68, 69, 71–73], generating
secondary pions and kaons that decay into high-energy
neutrinos. The physical conditions at the sources de-

N. Song et al., 2012.12893

DUNET2HK

DUNE+T2HK

Uncertainty in matter density has some effect on the 
precision  ∆δ both for T2HK & DUNE.

∆δ/δ has mild dependence on δ but not much.

∆ρ/ρ=10%
∆ρ/ρ=5%
∆ρ/ρ=0%2.4 Sensitivity to CP(2)

δ[o] δ[o] δ[o]

Ghosh-OY (to appear soon)

20% precision

15/20See O. Yasuda’s talk at Neutrino 2022

 

 

Figure 4: NuMAX stages Physics performance [1] in terms of CP phase G compared with 
the one of Long Baseline Neutrino facilities like LBNF and T2HK and their possible 
improvement by precise measurements of neutrino cross sections at nuSTORM [20] 

3 Phased approach 

3.1 Rationale 
The feasibility of the technologies required for Neutrino Factories and/or Muon Colliders must 
be validated before a facility based upon these can be proposed.  Such validation is usually made 
in dedicated test facilities, which are specially designed to address the major issues.  Although 
very convenient, these test facilities are rather expensive to build and to operate over several 
years.  They are therefore difficult to justify and fund, given especially that they are usually useful 
only for technology development rather than for physics. 

An alternative approach is considered here.  It consists of a series of facilities built in stages, 
where each stage offers: 
x Unique physics capabilities such that the corresponding facility obtains support and is funded. 
x An integrated R&D program, in addition to the science program, that supports technology 

development, beam tests, validation of subsequent steps, and the acquisition of operational 
experience for the next stage.   

x Construction of each stage as an add-on to the previous stages, extensively reusing the 
equipment and systems already installed, such that the additional budget of each stage remains 
affordable. 
 

J.-P. Delahaye et al., 1803.07431

A neutr ino factory 
wo u l d b e a b l e t o 
increase the precision 
o n d e l t a v e r y 
significantly.
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Question:  
Beyond 3-neutrino 

mixing



Is the standard 3-neutrino picture correct?  

Neutrinos are the least known of the SM fermions and could 
provide a privileged window on new physics BSM.

With great precision of neutrino properties, the search for 
beyond 3-nu mixing becomes very compelling:
Neutrino 2002: 5 talks mainly on sterile neutrinos
Neutrino 2012: 4 talks mainly on sterile neutrinos
Neutrino 2022: 10 talks with many new results and theory developments
Neutrino 2032: ?????
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● Non standard interactions, non-unitarity.

● Dark sector connection (with dark photons, FIPs, DM) 

● Exotic properties: decays, decoherence, CPT and Lorentz 
violation…



●  Sterile neutrinos: Current hints for eV sterile neutrinos 
(LSND, MiniBooNE, BEST?) have not yet been confirmed or 
disproven. SBL oscillation experiments (SBN, reactor 
neutrino exp, BEST…) are testing them and will provide a 
definitive (???) answer by the end of this decade.

The discovery of any signature beyond 3-neutrinos, would 
be game-changing for experiments and theory. Need to 
continue the search even for negative results.28

25

Short-Baseline Anomalies

reactor flux anomaly 
resolved with new input data 
to flux calculation 

reactor spectra 
is there really an anomaly? ?
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Recent Updates

IceCube 2020  
closed contour at 90% CL 

➠ posters #105 (Bejnamin Smithers) 
& #279 (Alfonso Garcia-Soto)

IceCube 2020

BEST and μBooNE 
push towards lower |Uμ4|2

BEST and Neutrino-4 
push towards larger |Δm41|2

Expect tension to increase 
• reactor fluxes vs. BEST 

• MiniBooNE vs. μBooNE

See J. Kopp’s 
talk at 

Neutrino 2022



29

●  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.

● By the end of the planned LBL programme, it is likely 
that some questions will remain open.

Conclusions

Question By ~2040 Caveats
Neutrino mass ordering Yes Increasing significance and discovery
Delta CPV Likely? Depends on value of delta 
Precision in oscillation parameters Some t23 and delta with still some uncertainty
Sterile nus, NSIs, and other B3nu Maybe Surprises in store?
DSs: dark photons, HNLs,… Maybe Surprises in store?
Baryon asymmetry Not really Some hints if LNV and CPV


