
International Neutrino Committee

 (INC)* Report:    


Stephen

 Parke

Fermilab


parke@fnal.gov

      


INC Chair.

 2016- ..           

*INC  consists of all passed chairs of Neutrino Conference

George Marx
Nu 1972, Hungary
Chair 1972-2002

mailto:parke@fnal.gov


International Neutrino Committee

 (INC)* Report:    


Stephen

 Parke

Fermilab


parke@fnal.gov

      


INC Chair.

 2016- ..           

*INC  consists of all passed chairs of Neutrino Conference

George Marx
Nu 1972, Hungary
Chair 1972-2002

Jack Schneps
Nu 1988, Boston
Chair 2004-2014

mailto:parke@fnal.gov






• Nu 2024: June 16 to June 22   

Gioacchino Ranucci
INFN - Milano            

Milano, Italy

Chiara Brofferio    
U. Milano - Bicocca



Local Organizing Committee



Local Organizing Committee



International Advisory Committee





Neutrino participants: distribution by “age”

261 registered as ‘students’ 31%
570 registered as ‘researchers’
8 registered as ‘companies’



Neutrino participants: distribution by “age”

261 registered as ‘students’ 31%
570 registered as ‘researchers’
8 registered as ‘companies’

!  460 posters !



Neutrino participants: distribution by “age”

261 registered as ‘students’ 31%
570 registered as ‘researchers’
8 registered as ‘companies’

~ 30% of participants where female

!  460 posters !



Neutrino participants: distribution by “age”

261 registered as ‘students’ 31%
570 registered as ‘researchers’
8 registered as ‘companies’

~ 30% of participants where female

!  460 posters !

25% talks by female speakers



Neutrino participants: distribution by “age”

261 registered as ‘students’ 31%
570 registered as ‘researchers’
8 registered as ‘companies’

~ 30% of participants where female

!  460 posters !

25% talks by female speakers

Goal is = or  > ?



Neutrino participants: distribution by “age”

261 registered as ‘students’ 31%
570 registered as ‘researchers’
8 registered as ‘companies’

~ 30% of participants where female

!  460 posters !

25% talks by female speakers

Why ?
Goal is = or  > ?



Neutrino participants: distribution by “age”

261 registered as ‘students’ 31%
570 registered as ‘researchers’
8 registered as ‘companies’

~ 30% of participants where female

The Exp. Collaborations 
suggested names  

where only 19 % female !

!  460 posters !

25% talks by female speakers

Why ?
Goal is = or  > ?



Discussions of Neutrinos over 



Decreasing 
 contentνe

7 14. Neutrino Masses, Mixing, and Oscillations

with
¸k = (V ¸†

¸
I
L)k + (V ¸

R
†
¸

I
R)k . (14.30)

Inverting the equation above we find that the weak-doublet components of the charged lepton fields
are

¸
I
Li = PL

3ÿ

j=1

V
¸

ij¸j . i = 1, 2, 3 (14.31)

From Eqs.(14.14), (14.18) and (14.31) we find that the mixing matrix U can be expressed as:

Uij = P¸,ii V
¸

ik
†
V

‹
kj (P‹,jj). (14.32)

The matrix V
¸†

V
‹ contains a number of phases that are not physical. Three of them are eliminated

by the diagonal 3 ◊ 3 phase matrix P¸ that absorbs them in the charged lepton mass eigenstates. If
neutrinos are Dirac states, further n≠1 are similarly eliminated by absorbing them in the neutrino
mass eigenstates with the diagonal n ◊ n phase matrix P‹ . For Majorana neutrinos, P‹ = In◊n

because one cannot rotate by an arbitrary phase a Majorana field without physical e�ects. If one
rotates a Majorana neutrino by a phase, this phase will appear in its mass term, which will no
longer be real. Consequently, the number of phases that can be absorbed by redefining the mass
eigenstates depends on whether the neutrinos are Dirac or Majorana particles. Altogether for n Ø 3
Majorana [Dirac] neutrinos, the U matrix contains a total of 6(n ≠ 2) [5n ≠ 11] real parameters, of
which 3(n ≠ 2) are angles, and 3(n ≠ 2) [2n ≠ 5] can be interpreted as physical phases.

The possibility of arbitrary mixing between massive neutrino states was first discussed in the
context of two neutrinos in Ref. [17] (the possibility of two mixed massless flavour neutrino states
had been previously considered in the literature [18], and the possibility of mixing between neutrino
and antineutrino states even earlier, in the seminal paper of Pontecorvo [19]). For the case where
only mixing between two generations is considered with n = 2 distinct neutrino masses, the U

matrix is 2 ◊ 2 and contains one mixing angle if the neutrinos are Dirac and an additional physical
phase if they are Majorana.

If there are only n = 3 Majorana neutrinos, U is a 3 ◊ 3 matrix analogous to the CKM
matrix for the quarks [20, 21], but due to the Majorana nature of the neutrinos it depends on six
independent parameters: three mixing angles and three phases. In this case the mixing matrix can
be conveniently parameterized as:

U =

Q

ca
1 0 0
0 c23 s23

0 ≠s23 c23

R

db ·

Q

ca
c13 0 s13e

≠i”CP

0 1 0
≠s13e

i”CP 0 c13

R

db ·

Q

ca
c12 s12 0

≠s12 c12 0
0 0 1

R

db ·

Q

ca
e

i÷1 0 0
0 e

i÷2 0
0 0 1

R

db , (14.33)

where cij © cos ◊ij and sij © sin ◊ij . The angles ◊ij can be taken without loss of generality to lie
in the first quadrant, ◊ij œ [0, fi/2] and the phases ”CP, ÷i œ [0, 2fi]. This is to be compared to the
case of three Dirac neutrinos. In this case, the Majorana phases, ÷1 and ÷2, can be absorbed in the
neutrino states so the number of physical phases is one (similar to the CKM matrix). Thus we can
write U as:

U =

Q

ca
c12 c13 s12 c13 s13 e

≠i”CP

≠s12 c23 ≠ c12 s13 s23 e
i”CP c12 c23 ≠ s12 s13 s23 e

i”CP c13 s23

s12 s23 ≠ c12 s13 c23 e
i”CP ≠c12 s23 ≠ s12 s13 c23 e

i”CP c13 c23

R

db . (14.34)

This matrix is often called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
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Uij = P¸,ii V
¸

ik
†
V

‹
kj (P‹,jj). (14.32)

The matrix V
¸†

V
‹ contains a number of phases that are not physical. Three of them are eliminated

by the diagonal 3 ◊ 3 phase matrix P¸ that absorbs them in the charged lepton mass eigenstates. If
neutrinos are Dirac states, further n≠1 are similarly eliminated by absorbing them in the neutrino
mass eigenstates with the diagonal n ◊ n phase matrix P‹ . For Majorana neutrinos, P‹ = In◊n

because one cannot rotate by an arbitrary phase a Majorana field without physical e�ects. If one
rotates a Majorana neutrino by a phase, this phase will appear in its mass term, which will no
longer be real. Consequently, the number of phases that can be absorbed by redefining the mass
eigenstates depends on whether the neutrinos are Dirac or Majorana particles. Altogether for n Ø 3
Majorana [Dirac] neutrinos, the U matrix contains a total of 6(n ≠ 2) [5n ≠ 11] real parameters, of
which 3(n ≠ 2) are angles, and 3(n ≠ 2) [2n ≠ 5] can be interpreted as physical phases.

The possibility of arbitrary mixing between massive neutrino states was first discussed in the
context of two neutrinos in Ref. [17] (the possibility of two mixed massless flavour neutrino states
had been previously considered in the literature [18], and the possibility of mixing between neutrino
and antineutrino states even earlier, in the seminal paper of Pontecorvo [19]). For the case where
only mixing between two generations is considered with n = 2 distinct neutrino masses, the U

matrix is 2 ◊ 2 and contains one mixing angle if the neutrinos are Dirac and an additional physical
phase if they are Majorana.

If there are only n = 3 Majorana neutrinos, U is a 3 ◊ 3 matrix analogous to the CKM
matrix for the quarks [20, 21], but due to the Majorana nature of the neutrinos it depends on six
independent parameters: three mixing angles and three phases. In this case the mixing matrix can
be conveniently parameterized as:

U =

Q

ca
1 0 0
0 c23 s23

0 ≠s23 c23

R

db ·

Q

ca
c13 0 s13e

≠i”CP

0 1 0
≠s13e
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R
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Q
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≠s12 c12 0
0 0 1

R

db ·

Q
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e

i÷1 0 0
0 e

i÷2 0
0 0 1

R

db , (14.33)

where cij © cos ◊ij and sij © sin ◊ij . The angles ◊ij can be taken without loss of generality to lie
in the first quadrant, ◊ij œ [0, fi/2] and the phases ”CP, ÷i œ [0, 2fi]. This is to be compared to the
case of three Dirac neutrinos. In this case, the Majorana phases, ÷1 and ÷2, can be absorbed in the
neutrino states so the number of physical phases is one (similar to the CKM matrix). Thus we can
write U as:

U =

Q

ca
c12 c13 s12 c13 s13 e

≠i”CP

≠s12 c23 ≠ c12 s13 s23 e
i”CP c12 c23 ≠ s12 s13 s23 e

i”CP c13 s23

s12 s23 ≠ c12 s13 c23 e
i”CP ≠c12 s23 ≠ s12 s13 c23 e

i”CP c13 c23

R

db . (14.34)

This matrix is often called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
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with
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Inverting the equation above we find that the weak-doublet components of the charged lepton fields
are
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I
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From Eqs.(14.14), (14.18) and (14.31) we find that the mixing matrix U can be expressed as:

Uij = P¸,ii V
¸

ik
†
V

‹
kj (P‹,jj). (14.32)

The matrix V
¸†

V
‹ contains a number of phases that are not physical. Three of them are eliminated

by the diagonal 3 ◊ 3 phase matrix P¸ that absorbs them in the charged lepton mass eigenstates. If
neutrinos are Dirac states, further n≠1 are similarly eliminated by absorbing them in the neutrino
mass eigenstates with the diagonal n ◊ n phase matrix P‹ . For Majorana neutrinos, P‹ = In◊n

because one cannot rotate by an arbitrary phase a Majorana field without physical e�ects. If one
rotates a Majorana neutrino by a phase, this phase will appear in its mass term, which will no
longer be real. Consequently, the number of phases that can be absorbed by redefining the mass
eigenstates depends on whether the neutrinos are Dirac or Majorana particles. Altogether for n Ø 3
Majorana [Dirac] neutrinos, the U matrix contains a total of 6(n ≠ 2) [5n ≠ 11] real parameters, of
which 3(n ≠ 2) are angles, and 3(n ≠ 2) [2n ≠ 5] can be interpreted as physical phases.

The possibility of arbitrary mixing between massive neutrino states was first discussed in the
context of two neutrinos in Ref. [17] (the possibility of two mixed massless flavour neutrino states
had been previously considered in the literature [18], and the possibility of mixing between neutrino
and antineutrino states even earlier, in the seminal paper of Pontecorvo [19]). For the case where
only mixing between two generations is considered with n = 2 distinct neutrino masses, the U

matrix is 2 ◊ 2 and contains one mixing angle if the neutrinos are Dirac and an additional physical
phase if they are Majorana.

If there are only n = 3 Majorana neutrinos, U is a 3 ◊ 3 matrix analogous to the CKM
matrix for the quarks [20, 21], but due to the Majorana nature of the neutrinos it depends on six
independent parameters: three mixing angles and three phases. In this case the mixing matrix can
be conveniently parameterized as:

U =
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where cij © cos ◊ij and sij © sin ◊ij . The angles ◊ij can be taken without loss of generality to lie
in the first quadrant, ◊ij œ [0, fi/2] and the phases ”CP, ÷i œ [0, 2fi]. This is to be compared to the
case of three Dirac neutrinos. In this case, the Majorana phases, ÷1 and ÷2, can be absorbed in the
neutrino states so the number of physical phases is one (similar to the CKM matrix). Thus we can
write U as:

U =
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This matrix is often called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
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with
¸k = (V ¸†

¸
I
L)k + (V ¸

R
†
¸

I
R)k . (14.30)

Inverting the equation above we find that the weak-doublet components of the charged lepton fields
are

¸
I
Li = PL

3ÿ

j=1

V
¸

ij¸j . i = 1, 2, 3 (14.31)

From Eqs.(14.14), (14.18) and (14.31) we find that the mixing matrix U can be expressed as:

Uij = P¸,ii V
¸

ik
†
V

‹
kj (P‹,jj). (14.32)

The matrix V
¸†

V
‹ contains a number of phases that are not physical. Three of them are eliminated

by the diagonal 3 ◊ 3 phase matrix P¸ that absorbs them in the charged lepton mass eigenstates. If
neutrinos are Dirac states, further n≠1 are similarly eliminated by absorbing them in the neutrino
mass eigenstates with the diagonal n ◊ n phase matrix P‹ . For Majorana neutrinos, P‹ = In◊n

because one cannot rotate by an arbitrary phase a Majorana field without physical e�ects. If one
rotates a Majorana neutrino by a phase, this phase will appear in its mass term, which will no
longer be real. Consequently, the number of phases that can be absorbed by redefining the mass
eigenstates depends on whether the neutrinos are Dirac or Majorana particles. Altogether for n Ø 3
Majorana [Dirac] neutrinos, the U matrix contains a total of 6(n ≠ 2) [5n ≠ 11] real parameters, of
which 3(n ≠ 2) are angles, and 3(n ≠ 2) [2n ≠ 5] can be interpreted as physical phases.

The possibility of arbitrary mixing between massive neutrino states was first discussed in the
context of two neutrinos in Ref. [17] (the possibility of two mixed massless flavour neutrino states
had been previously considered in the literature [18], and the possibility of mixing between neutrino
and antineutrino states even earlier, in the seminal paper of Pontecorvo [19]). For the case where
only mixing between two generations is considered with n = 2 distinct neutrino masses, the U

matrix is 2 ◊ 2 and contains one mixing angle if the neutrinos are Dirac and an additional physical
phase if they are Majorana.

If there are only n = 3 Majorana neutrinos, U is a 3 ◊ 3 matrix analogous to the CKM
matrix for the quarks [20, 21], but due to the Majorana nature of the neutrinos it depends on six
independent parameters: three mixing angles and three phases. In this case the mixing matrix can
be conveniently parameterized as:

U =

Q

ca
1 0 0
0 c23 s23

0 ≠s23 c23

R

db ·
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where cij © cos ◊ij and sij © sin ◊ij . The angles ◊ij can be taken without loss of generality to lie
in the first quadrant, ◊ij œ [0, fi/2] and the phases ”CP, ÷i œ [0, 2fi]. This is to be compared to the
case of three Dirac neutrinos. In this case, the Majorana phases, ÷1 and ÷2, can be absorbed in the
neutrino states so the number of physical phases is one (similar to the CKM matrix). Thus we can
write U as:

U =
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c12 c13 s12 c13 s13 e

≠i”CP

≠s12 c23 ≠ c12 s13 s23 e
i”CP c12 c23 ≠ s12 s13 s23 e

i”CP c13 s23

s12 s23 ≠ c12 s13 c23 e
i”CP ≠c12 s23 ≠ s12 s13 c23 e

i”CP c13 c23

R

db . (14.34)

This matrix is often called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
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with
¸k = (V ¸†

¸
I
L)k + (V ¸

R
†
¸

I
R)k . (14.30)

Inverting the equation above we find that the weak-doublet components of the charged lepton fields
are
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From Eqs.(14.14), (14.18) and (14.31) we find that the mixing matrix U can be expressed as:
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The matrix V
¸†

V
‹ contains a number of phases that are not physical. Three of them are eliminated

by the diagonal 3 ◊ 3 phase matrix P¸ that absorbs them in the charged lepton mass eigenstates. If
neutrinos are Dirac states, further n≠1 are similarly eliminated by absorbing them in the neutrino
mass eigenstates with the diagonal n ◊ n phase matrix P‹ . For Majorana neutrinos, P‹ = In◊n

because one cannot rotate by an arbitrary phase a Majorana field without physical e�ects. If one
rotates a Majorana neutrino by a phase, this phase will appear in its mass term, which will no
longer be real. Consequently, the number of phases that can be absorbed by redefining the mass
eigenstates depends on whether the neutrinos are Dirac or Majorana particles. Altogether for n Ø 3
Majorana [Dirac] neutrinos, the U matrix contains a total of 6(n ≠ 2) [5n ≠ 11] real parameters, of
which 3(n ≠ 2) are angles, and 3(n ≠ 2) [2n ≠ 5] can be interpreted as physical phases.

The possibility of arbitrary mixing between massive neutrino states was first discussed in the
context of two neutrinos in Ref. [17] (the possibility of two mixed massless flavour neutrino states
had been previously considered in the literature [18], and the possibility of mixing between neutrino
and antineutrino states even earlier, in the seminal paper of Pontecorvo [19]). For the case where
only mixing between two generations is considered with n = 2 distinct neutrino masses, the U

matrix is 2 ◊ 2 and contains one mixing angle if the neutrinos are Dirac and an additional physical
phase if they are Majorana.

If there are only n = 3 Majorana neutrinos, U is a 3 ◊ 3 matrix analogous to the CKM
matrix for the quarks [20, 21], but due to the Majorana nature of the neutrinos it depends on six
independent parameters: three mixing angles and three phases. In this case the mixing matrix can
be conveniently parameterized as:

U =
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where cij © cos ◊ij and sij © sin ◊ij . The angles ◊ij can be taken without loss of generality to lie
in the first quadrant, ◊ij œ [0, fi/2] and the phases ”CP, ÷i œ [0, 2fi]. This is to be compared to the
case of three Dirac neutrinos. In this case, the Majorana phases, ÷1 and ÷2, can be absorbed in the
neutrino states so the number of physical phases is one (similar to the CKM matrix). Thus we can
write U as:

U =
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This matrix is often called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
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Neutrino 2026 at UC Irvine

https://sites.uci.edu/neutrino2026/

Neutrino 2026 at UCI: Co-Chairs 

Mu-Chun Chen, Co-Chair

Michael Smy, Co-Chair

● Few MeV-100 MeV event reconstruction and selection, triggering of the lowest energy electron events 
in Super-Kamiokande

● Precise calibration of the Super-Kamiokande detector at few MeV-20 meV
● development of Gd doping for large water Cherenkov detectors, in particular measurement of the 

impact of Gd doping and water filtration methods on optical transparency
● Leading the 8B solar neutrino analysis in Super-Kamiokande, in particular oscillation analysis (of 

Super-Kamiokande and other solar neutrino experiments), energy dependence of MSW adiabatic 
conversion, earth matter effects

● New techniques to identify and remove cosmogenic radioactivity as a background to solar and 
supernova neutrinos

● Search for the diffuse supernova neutrino background with world-leading sensitivity
● Co-Chair for WIN2017 at UCI

● Theorist working on origin of neutrino masses and mixing, baryogenesis and leptogenesis, Grand 
Unified Theories, and other BSM Physics

● Several seminal contributions to theory of neutrino masses and mixing, and leptogenesis; Proposed 
Group Theoretical Origin of CP Violation - a current hot topic

● Humboldt Research Fellowship; IAC
● Frequent invited speaker on theory of neutrino masses and mixing; more than 200 presentations 

worldwide, including recent Snowmass Theory Frontier conference
● Co-convenor, DoE Intermediate Neutrino Program - Theory Working Group, 2015
● Co-Chair for WIN 2017 at UCI
● Chair of LOC for APS CUWiP2020 at UCI  (~360 attendees); (Elected) Chair of NOC-L for APS CUWiP 

2023 overseeing 15 sites, >2000 attendees nationwide
● Snowmass Co-Convener, CEF3: Diversity and Inclusion Topical Group
● Associate Dean for School of Physical Sciences

Date and Venue to be determined by 

October 1st, 2024
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trino mass hierarchy. The required precision is a very challenging fraction of one per cent for both

measurements. At even higher precision, sensitivity to the cosine of the CP violating phase is also

possible. This method for determining the mass hierarchy of the neutrino sector does not depend

on matter effects.

PACS numbers: 14.60.Pq,25.30.Pt,28.41.-i

∗Electronic address: nunokawa@fis.puc-rio.br
†Electronic address: parke@fnal.gov
‡Electronic address: zukanov@if.usp.br

Typeset by REVTEX 1

arXiv:hep-ph/0503283 v1   29 Mar 2005

F
erm

ilab
-P

u
b
-05-041-T

h
ep

-p
h
/0503283

A
n
o
th

e
r

p
o
ssib

le
w

a
y

to
d
e
te

rm
in

e

th
e

N
e
u
trin

o
M

a
ss

H
ie

ra
rch

y

H
irosh

i
N

u
n
okaw

a
1, ∗

S
tep

h
en

P
arke

2, †
an

d
R

en
ata

Z
u
kan

ov
ich

F
u
n
ch

al
3
‡

1D
ep

a
rta

m
en

to
d
e

F́
ısica

,
P
o
n
tif́ıcia

U
n
iv

ersid
a
d
e

C
a
tó
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We revisit a method for determining the neutrino mass ordering by using precision measurements
of the atmospheric �m2’s in both electron neutrino and muon neutrino disappearance channels,
proposed by the authors in 2005 [1]. The mass ordering is a very important outstanding question for
our understanding of the elusive neutrino and determination of the mass ordering has consequences
for other neutrino experiments. The JUNO reactor experiment will start data taking this year, and
the precision of the atmospheric �m2’s from electron anti-neutrino measurements will improve by
a factor of three from Daya Bay’s 2.4% to 0.8% within a year. This measurement, when combined
with the atmospheric �m2’s measurements from T2K and NOvA for muon neutrino disappearance,
will contribute substantially to the ��2 between the two remaining neutrino mass orderings. In this
paper we derive a mass ordering sum rule that can be used to address the possibility that JUNO’s
atmospheric �m2’s measurement, when combined with other experiments in particular T2K and
NOvA, can determine the neutrino mass ordering at the 3 � confidence level within one year of
operation. For a confidence level of 5 � in a single experiment we will have to wait until the middle
of the next decade when the DUNE experiment is operating.

Introduction — We have known for more than a
quarter of century that neutrinos are massive [2] but we
still do not know whether the neutrino with the least
amount of ⌫e, usually labelled ⌫3, is at the top or bottom
of the neutrino mass spectrum. This is the neutrino mass
ordering question. The SNO experiment [3] determined
that the mass ordering of the other two neutrino mass
eigenstates was such that the neutrino with the most
⌫e, usually labelled ⌫1, was lighter than the other mass
state, ⌫2 which has a smaller ⌫e fraction than ⌫1 but a
larger ⌫e fraction than ⌫3. Thus, the remaining possi-
ble mass ordering for the neutrino mass states is, either
m1 < m2 < m3 which is known as the normal ordering
(NO) or m3 < m1 < m2 which is known as the inverted
ordering (IO), see Fig. 1. The mass squared splitting
between ⌫2 and ⌫1 was measured with good precision by
the KamLAND experiment to be [4]

�m2

21
⌘ m2

2
� m2

1
⇡ +7.5 ⇥ 10�5 eV2 . (1)

Whereas the magnitude of the mass-squared-splitting be-
tween ⌫3 and ⌫1 has been determined by a number of
experiments to be 30 times larger, i.e.

�m2

31
⌘ m2

3
� m2

1
⇡ ± 2.5 ⇥ 10�3 eV2 , (2)

where the ambiguity in the sign comes from the undeter-
mined mass ordering[5]. There exist numerous ways to
determine the mass ordering and hence the above sign in
the literature [1, 6–18]. Nevertheless, the use of matter

⇤ parke@fnal.gov; # orcid: 0000-0003-2028-6782
† zukanov@if.usp.br; # orcid: 0000-0001-6749-0022

e↵ects in neutrino oscillations have been guiding most
of the experimental e↵orts. The long-baseline acceler-
ator neutrino experiments NOvA [20] and T2K [21] as
well as the atmospheric neutrinos experiments Super-
Kamiokande [22] and Ice-Cube [23] operate in a regime
where neutrino oscillations are mostly driven by the
higher mass-squared-splitting and matter e↵ects are sig-
nificant in the ⌫µ ! ⌫e (and antineutrino) appearance
probabilities. They are responsible for the current sta-
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FIG. 1. The two remaining mass orderings for the 3 neutrino
mass states, from [19]. Dark blue is the ⌫e fraction, cyan the
⌫µ fraction and red the ⌫⌧ fraction. If the mass state with the
least fraction of ⌫e, labelled ⌫3, is at the top of the spectrum
this is called the normal ordering (labelled NO) whereas if it is
at the bottom of the spectrum it is called the inverted ordering
(IO). SNO [3] determined the mass ordering of the other two
mass states using solar neutrinos. The set (⌫1, ⌫2), usually
called the solar pair, has the state with most ⌫e, labelled ⌫1,
below the other member of the pair, labelled ⌫2.
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We revisit a method for determining the neutrino mass ordering by using precision measurements
of the atmospheric �m2’s in both electron neutrino and muon neutrino disappearance channels,
proposed by the authors in 2005 [1]. The mass ordering is a very important outstanding question for
our understanding of the elusive neutrino and determination of the mass ordering has consequences
for other neutrino experiments. The JUNO reactor experiment will start data taking this year, and
the precision of the atmospheric �m2’s from electron anti-neutrino measurements will improve by
a factor of three from Daya Bay’s 2.4% to 0.8% within a year. This measurement, when combined
with the atmospheric �m2’s measurements from T2K and NOvA for muon neutrino disappearance,
will contribute substantially to the ��2 between the two remaining neutrino mass orderings. In this
paper we derive a mass ordering sum rule that can be used to address the possibility that JUNO’s
atmospheric �m2’s measurement, when combined with other experiments in particular T2K and
NOvA, can determine the neutrino mass ordering at the 3 � confidence level within one year of
operation. For a confidence level of 5 � in a single experiment we will have to wait until the middle
of the next decade when the DUNE experiment is operating.

Introduction — We have known for more than a
quarter of century that neutrinos are massive [2] but we
still do not know whether the neutrino with the least
amount of ⌫e, usually labelled ⌫3, is at the top or bottom
of the neutrino mass spectrum. This is the neutrino mass
ordering question. The SNO experiment [3] determined
that the mass ordering of the other two neutrino mass
eigenstates was such that the neutrino with the most
⌫e, usually labelled ⌫1, was lighter than the other mass
state, ⌫2 which has a smaller ⌫e fraction than ⌫1 but a
larger ⌫e fraction than ⌫3. Thus, the remaining possi-
ble mass ordering for the neutrino mass states is, either
m1 < m2 < m3 which is known as the normal ordering
(NO) or m3 < m1 < m2 which is known as the inverted
ordering (IO), see Fig. 1. The mass squared splitting
between ⌫2 and ⌫1 was measured with good precision by
the KamLAND experiment to be [4]

�m2

21
⌘ m2

2
� m2

1
⇡ +7.5 ⇥ 10�5 eV2 . (1)

Whereas the magnitude of the mass-squared-splitting be-
tween ⌫3 and ⌫1 has been determined by a number of
experiments to be 30 times larger, i.e.

�m2

31
⌘ m2

3
� m2

1
⇡ ± 2.5 ⇥ 10�3 eV2 , (2)

where the ambiguity in the sign comes from the undeter-
mined mass ordering[5]. There exist numerous ways to
determine the mass ordering and hence the above sign in
the literature [1, 6–18]. Nevertheless, the use of matter
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e↵ects in neutrino oscillations have been guiding most
of the experimental e↵orts. The long-baseline acceler-
ator neutrino experiments NOvA [20] and T2K [21] as
well as the atmospheric neutrinos experiments Super-
Kamiokande [22] and Ice-Cube [23] operate in a regime
where neutrino oscillations are mostly driven by the
higher mass-squared-splitting and matter e↵ects are sig-
nificant in the ⌫µ ! ⌫e (and antineutrino) appearance
probabilities. They are responsible for the current sta-
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FIG. 1. The two remaining mass orderings for the 3 neutrino
mass states, from [19]. Dark blue is the ⌫e fraction, cyan the
⌫µ fraction and red the ⌫⌧ fraction. If the mass state with the
least fraction of ⌫e, labelled ⌫3, is at the top of the spectrum
this is called the normal ordering (labelled NO) whereas if it is
at the bottom of the spectrum it is called the inverted ordering
(IO). SNO [3] determined the mass ordering of the other two
mass states using solar neutrinos. The set (⌫1, ⌫2), usually
called the solar pair, has the state with most ⌫e, labelled ⌫1,
below the other member of the pair, labelled ⌫2.
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Abstract

We show that by combining high precision measurements of the atmospheric δm2 in both the

electron and muon neutrino (or anti-neutrino) disappearance channels one can determine the neu-

trino mass hierarchy. The required precision is a very challenging fraction of one per cent for both

measurements. At even higher precision, sensitivity to the cosine of the CP violating phase is also

possible. This method for determining the mass hierarchy of the neutrino sector does not depend

on matter effects.
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tó

lica
d
o

R
io

d
e

J
a
n
eiro

,

C
.

P
.

3
8
0
7
1
,

2
2
4
5
2
-9

7
0
,

R
io

d
e

J
a
n
eiro

,
B

ra
zil

2T
h
eo

retica
l

P
h
y
sics

D
ep

a
rtm

en
t,

F
erm

i
N

a
tio

n
a
l

A
ccelera

to
r

L
a
b
o
ra

to
ry,

P
.O

.
B

o
x

5
0
0
,

B
a
ta

v
ia

,
IL

6
0
5
1
0
,

U
S
A

3In
stitu

to
d
e

F́
ısica

,
U

n
iv

ersid
a
d
e

d
e

S
ã
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A Mass Ordering Sum Rule for the Neutrino Disappearance Channels

in T2K, NOvA and JUNO

Stephen J. Parke⇤
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We revisit a method for determining the neutrino mass ordering by using precision measurements
of the atmospheric �m2’s in both electron neutrino and muon neutrino disappearance channels,
proposed by the authors in 2005 [1]. The mass ordering is a very important outstanding question for
our understanding of the elusive neutrino and determination of the mass ordering has consequences
for other neutrino experiments. The JUNO reactor experiment will start data taking this year, and
the precision of the atmospheric �m2’s from electron anti-neutrino measurements will improve by
a factor of three from Daya Bay’s 2.4% to 0.8% within a year. This measurement, when combined
with the atmospheric �m2’s measurements from T2K and NOvA for muon neutrino disappearance,
will contribute substantially to the ��2 between the two remaining neutrino mass orderings. In this
paper we derive a mass ordering sum rule that can be used to address the possibility that JUNO’s
atmospheric �m2’s measurement, when combined with other experiments in particular T2K and
NOvA, can determine the neutrino mass ordering at the 3 � confidence level within one year of
operation. For a confidence level of 5 � in a single experiment we will have to wait until the middle
of the next decade when the DUNE experiment is operating.

Introduction — We have known for more than a
quarter of century that neutrinos are massive [2] but we
still do not know whether the neutrino with the least
amount of ⌫e, usually labelled ⌫3, is at the top or bottom
of the neutrino mass spectrum. This is the neutrino mass
ordering question. The SNO experiment [3] determined
that the mass ordering of the other two neutrino mass
eigenstates was such that the neutrino with the most
⌫e, usually labelled ⌫1, was lighter than the other mass
state, ⌫2 which has a smaller ⌫e fraction than ⌫1 but a
larger ⌫e fraction than ⌫3. Thus, the remaining possi-
ble mass ordering for the neutrino mass states is, either
m1 < m2 < m3 which is known as the normal ordering
(NO) or m3 < m1 < m2 which is known as the inverted
ordering (IO), see Fig. 1. The mass squared splitting
between ⌫2 and ⌫1 was measured with good precision by
the KamLAND experiment to be [4]

�m2

21
⌘ m2

2
� m2

1
⇡ +7.5 ⇥ 10�5 eV2 . (1)

Whereas the magnitude of the mass-squared-splitting be-
tween ⌫3 and ⌫1 has been determined by a number of
experiments to be 30 times larger, i.e.

�m2

31
⌘ m2

3
� m2

1
⇡ ± 2.5 ⇥ 10�3 eV2 , (2)

where the ambiguity in the sign comes from the undeter-
mined mass ordering[5]. There exist numerous ways to
determine the mass ordering and hence the above sign in
the literature [1, 6–18]. Nevertheless, the use of matter
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e↵ects in neutrino oscillations have been guiding most
of the experimental e↵orts. The long-baseline acceler-
ator neutrino experiments NOvA [20] and T2K [21] as
well as the atmospheric neutrinos experiments Super-
Kamiokande [22] and Ice-Cube [23] operate in a regime
where neutrino oscillations are mostly driven by the
higher mass-squared-splitting and matter e↵ects are sig-
nificant in the ⌫µ ! ⌫e (and antineutrino) appearance
probabilities. They are responsible for the current sta-
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FIG. 1. The two remaining mass orderings for the 3 neutrino
mass states, from [19]. Dark blue is the ⌫e fraction, cyan the
⌫µ fraction and red the ⌫⌧ fraction. If the mass state with the
least fraction of ⌫e, labelled ⌫3, is at the top of the spectrum
this is called the normal ordering (labelled NO) whereas if it is
at the bottom of the spectrum it is called the inverted ordering
(IO). SNO [3] determined the mass ordering of the other two
mass states using solar neutrinos. The set (⌫1, ⌫2), usually
called the solar pair, has the state with most ⌫e, labelled ⌫1,
below the other member of the pair, labelled ⌫2.
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We revisit a method for determining the neutrino mass ordering by using precision measurements
of the atmospheric �m2’s in both electron neutrino and muon neutrino disappearance channels,
proposed by the authors in 2005 [1]. The mass ordering is a very important outstanding question for
our understanding of the elusive neutrino and determination of the mass ordering has consequences
for other neutrino experiments. The JUNO reactor experiment will start data taking this year, and
the precision of the atmospheric �m2’s from electron anti-neutrino measurements will improve by
a factor of three from Daya Bay’s 2.4% to 0.8% within a year. This measurement, when combined
with the atmospheric �m2’s measurements from T2K and NOvA for muon neutrino disappearance,
will contribute substantially to the ��2 between the two remaining neutrino mass orderings. In this
paper we derive a mass ordering sum rule that can be used to address the possibility that JUNO’s
atmospheric �m2’s measurement, when combined with other experiments in particular T2K and
NOvA, can determine the neutrino mass ordering at the 3 � confidence level within one year of
operation. For a confidence level of 5 � in a single experiment we will have to wait until the middle
of the next decade when the DUNE experiment is operating.

Introduction — We have known for more than a
quarter of century that neutrinos are massive [2] but we
still do not know whether the neutrino with the least
amount of ⌫e, usually labelled ⌫3, is at the top or bottom
of the neutrino mass spectrum. This is the neutrino mass
ordering question. The SNO experiment [3] determined
that the mass ordering of the other two neutrino mass
eigenstates was such that the neutrino with the most
⌫e, usually labelled ⌫1, was lighter than the other mass
state, ⌫2 which has a smaller ⌫e fraction than ⌫1 but a
larger ⌫e fraction than ⌫3. Thus, the remaining possi-
ble mass ordering for the neutrino mass states is, either
m1 < m2 < m3 which is known as the normal ordering
(NO) or m3 < m1 < m2 which is known as the inverted
ordering (IO), see Fig. 1. The mass squared splitting
between ⌫2 and ⌫1 was measured with good precision by
the KamLAND experiment to be [4]

�m2

21
⌘ m2

2
� m2

1
⇡ +7.5 ⇥ 10�5 eV2 . (1)

Whereas the magnitude of the mass-squared-splitting be-
tween ⌫3 and ⌫1 has been determined by a number of
experiments to be 30 times larger, i.e.

�m2

31
⌘ m2

3
� m2

1
⇡ ± 2.5 ⇥ 10�3 eV2 , (2)

where the ambiguity in the sign comes from the undeter-
mined mass ordering[5]. There exist numerous ways to
determine the mass ordering and hence the above sign in
the literature [1, 6–18]. Nevertheless, the use of matter

⇤ parke@fnal.gov; # orcid: 0000-0003-2028-6782
† zukanov@if.usp.br; # orcid: 0000-0001-6749-0022

e↵ects in neutrino oscillations have been guiding most
of the experimental e↵orts. The long-baseline acceler-
ator neutrino experiments NOvA [20] and T2K [21] as
well as the atmospheric neutrinos experiments Super-
Kamiokande [22] and Ice-Cube [23] operate in a regime
where neutrino oscillations are mostly driven by the
higher mass-squared-splitting and matter e↵ects are sig-
nificant in the ⌫µ ! ⌫e (and antineutrino) appearance
probabilities. They are responsible for the current sta-
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FIG. 1. The two remaining mass orderings for the 3 neutrino
mass states, from [19]. Dark blue is the ⌫e fraction, cyan the
⌫µ fraction and red the ⌫⌧ fraction. If the mass state with the
least fraction of ⌫e, labelled ⌫3, is at the top of the spectrum
this is called the normal ordering (labelled NO) whereas if it is
at the bottom of the spectrum it is called the inverted ordering
(IO). SNO [3] determined the mass ordering of the other two
mass states using solar neutrinos. The set (⌫1, ⌫2), usually
called the solar pair, has the state with most ⌫e, labelled ⌫1,
below the other member of the pair, labelled ⌫2.
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depend on the ordering

�2

NO
(�m2, �JU)JU =

✓
�m2 � �m2

atm
|NO

�JU

◆2

(10)

�2

IO
(|�m2|, �JU)JU =

✓
|�m2| � |�m2

atm
|IO

�JU

◆2

(11)

Note that the subscript ‘atm’ can be any one of (ee, 31,
32) and they do not need to be the same for NO and
IO. However, the best fit points must be related by the
numbers given in Table I. Di↵erent experiments and dif-
ferent global fit groups may make di↵erent choices. Here,
we will use the choice used by the NuFIT collaboration,
that is �m2

31
for NO and �m2

32
for IO and the relation-

ship that for the JUNO experiment

|�m2

32
|IO
JU

= �m2

31
|NO

JU
+ 4.7 ⇥ 10�5 eV2 . (12)

The physics conclusions will be independent of the (31,
32) arbitrary choices.

Long-baseline Accelerator Measurement (⌫µ/⌫̄µ

Disappearance) — T2K is a long-baseline (⇠ 295 km)
accelerator neutrino oscillation experiment in Japan that
has collected a total of 1.97 ⇥ 1021 and 1.63 ⇥ 1021 pro-
tons on target in neutrino and antineutrino modes, re-
spectively. Similarly, NOvA is a long-baseline (⇠ 810
km) accelerator neutrino oscillation experiment in the
US that also has collected 1.36 ⇥ 1021 and 1.25 ⇥ 1021

protons on target of data in neutrino and antineutrino
modes, respectively. Both experiments operate as a
⌫µ ! ⌫µ/⌫̄µ ! ⌫̄µ disappearance experiment as well as a
⌫µ ! ⌫e/⌫̄µ ! ⌫̄e appearance experiment. Their disap-
pearance measurements have no sensitivity to the mass
ordering but are the responsible for the precise determi-
nation of |�m2

32
| (or equivalently |�m2

31
|). T2K results

given in [45] are �m2
32

|NO = (2.49 ± 0.05) ⇥ 10�3 eV2

and |�m2
31

|IO = (2.46 ± 0.05) ⇥ 10�3 eV2, note that
uncertainty is ⇠ 2%. NOvA’s results are given by
�m2

32
|NO = (2.39 ± 0.06) ⇥ 10�3 eV2 and |�m2

32
|IO =

(2.44 ± 0.06) ⇥ 10�3 eV2, see [20]. Given the consistency
of T2K and NOvA disappearance measurements, they
can be combined , as in [25] , for both a NO and a IO fit.
Using the update of these fits, given in [39], we have for
NO

�2

NO
(�m2

31
)LBL =

✓
�m2

31
� �m2

31
|NO

�NO

LBL

◆2

(13)

with (�m2
31

|NO, �NO

LBL
) = (2.516, 0.031)⇥10�3 eV2. Sim-

ilarly for the IO fit,

�2

IO
(|�m2

32
|)LBL =

✓
|�m2

32
| � |�m2

32
|IO

�IO

LBL

◆2

(14)

with (|�m2
32

|IO, �IO

LBL
) = (2.485, 0.031) ⇥ 10�3 eV2.

Note since the uncertainty for both NO and IO are the
same, �IO

LBL
= �NO

LBL
, we can drop the mass ordering on

this symbol. Also it is important that this combined
uncertainty is ⇠ 1.2%, much less than the RHS of eq.
7 and 9. T2K’s and NOvA’s results are not expected
to change significantly in the next few years due to the
large statistics already collected by these experiments.

Combining JUNO with T2K and NOvA — We
combine the results of T2K, NOvA and JUNO by just
adding the �2 for the combine LBL results to that of
JUNO, using the best fit for NO and the measurement
precision of JUNO as variables as follows:

�2

NO
(�m2

31
, �JU) = �2

NO
(�m2

31
, �JU)JU + �2

NO
(�m2

31
)LBL

�2

IO
(|�m2

32
|, �JU) = �2

IO
(|�m2

32
|, �JU)JU + �2

IO
(|�m2

32
|)LBL

where for JUNO we use the relationship given in eq. 12
for the best fit values. Then the di↵erence in the ��2 is
given by

��2(�m2

31
|NO

JU
, �JU)min = �2

IO
|min � �2

NO
|min . (15)

Now everything is determined except for the best fit
value �m2

31
|NO and precision of this measurement �JU

FIG. 2. Iso-contours of ��2

min ⌘ �2

IO|min � �2

NO|min in
the plane of JUNO’s (�m2

31|NO ⌦ �) fit to the far detector
spectrum assuming normal ordering (NO). The precision is
expressed as a % of �m2

31|NO. The blue region favors NO
whereas the red region favors IO. The current values from
the Daya Bay (DB) experiment and from Daya Bay and
RENO combined according to NuFIT (React. Comb.) are
also shown. Table I can be used to translate the horizontal
axis to any other �m2

atm. The white dashed lines mark the
precision achievable by JUNO after 100 days (0.8%) and 6
years (0.2%).

3

From this sum rule it is clear that if NO is Nature’s
choice then the first term will be zero, within measure-
ment uncertainties, and if IO is Nature’s choice the sec-
ond term will be zero but in both scenarios the sum of the
two must add up to the RHS, independent of the mass
ordering. Consequently, if NO is Nature’s ordering, the
measurements of the �m2

32
’s assuming IO will not align

between ⌫e and ⌫µ disappearance within ⇡ 2.4% and sim-
ilar for the IO ordering. The measurement uncertainties
of the experiments Daya Bay, T2K and NOvA are now
small enough that this method is already contributing to
the global fits on the neutrino mass ordering. This can
be perceived in the latest NuFIT figure on the synergies
for the �m2

3`’s, see [39], one can observe a preference for
NO although the precision of the current measurements
is not su�cient for a 3 � determination of the neutrino
mass ordering.

The question of immediate current interest is how
will the precision measurements of the �m2

3i’s by
JUNO a↵ect the determination of the mass ordering
as JUNO measurements are expected to have an un-
certainty smaller than one third of Daya Bay’s. This
measurement is expected to come very quickly after
JUNO turns on, most likely in the first year of operation.

Reactor Measurement (⌫̄e Disappearance) —
JUNO is a medium baseline (⇠ 50 km) high precision
reactor antineutrino oscillation experiment aiming to
determining the neutrino mass ordering by a careful
measurement of the ⌫̄e energy spectrum using an idea
first proposed in [12] and further investigated in [40, 41].
It was shown in [42] that medium baseline reactor
experiments can, in principle, determine the ordering by
precisely measuring the e↵ective combination �m2

ee
and

the sign of a phase (±��; + for NO, � for IO). This is a
very challenging measurement due to various systematic
e↵ects (energy resolution, non-linear detector response
etc.) that have to be tamed and understood to a very
high level. The JUNO collaboration claimed, in their
2015 paper [26], that it will take 6 years to determine
the mass ordering at 3 �, although more recent papers,
see e.g. [43], have questioned that claim[44] . JUNO’s
recent update [27] does not contain an update on their
expected mass ordering sensitivity.

On the other hand, JUNO is expected to reach, after a
few months of operation, and much sooner than they can
start to be sensitive to the mass ordering, unprecedented
sub-percent precision on the determination of |�m2

atm
|

where |�m2
atm

| could be any one of |�m2
ee

|, or |�m2
31

|,
or |�m2

32
| depending on the experiment’s analysis choice

for both mass orderings but all are related to one
another. JUNO claims that after 100 days of data taking
they will be able to determine |�m2

atm
| at 0.8% precision

and will continue to improve ultimately reaching 0.2%

�(�m2
) NO ee NO 31 NO 32

IO ee 1.8 -0.5 6.9

IO 31 -0.5 -2.7 4.7

IO 32 6.9 4.7 12.1

TABLE I. This Table relates the di↵erent �m2

atm’s for the
best fits of the JUNO experiment, such that each entry gives
the di↵erence between �(�m2) ⌘ |�m2

ij |IO � �m2

kl|NO in
units of 10�5 eV2 where (ij) and (kl) are (ee, 31, 32). A value
of 2.5 in this table represents a 1.0% di↵erence. The di↵er-
ence between |�m2

32|IO and �m2

32|NO is ⇠ 5%, much larger
than the measurement error expected in JUNO, whereas the
di↵erence between |�m2

31|IO and �m2

31|NO is ⇠ 1%.

precision, see [27]. In contrast, the expected ��2

between the NO and IO in JUNO’s fits is expected to
grow quite slowly, at no more than 1.5 units per year.

It was shown in [43], that due to the phase advance
(NO) or retardation (IO) the best fits to the spectrum
at the far JUNO (JU) detector will give a |�m2

ee
| for IO

which is 0.7% larger than |�m2
ee

| fit for NO, i.e.

|�m2

ee
|IO
JU

= �m2

ee
|NO

JU
+ 1.8 ⇥ 10�5 eV2 . (8)

Note this shift is a fraction of �m2
21

and comes from
the fact that in the IO the atmospheric oscillations are
retarded with respect to the NO and therefore �m2

ee for
IO is slightly larger than that for NO to compensate for
this phase shift. We have used that 0.007 ⇥ |�m2

ee
| ⇡

0.018 ⇥ 10�3eV2 and the value of �m2
21

is given by eq.
1. Using eq. 3 for each mass ordering we can relate this
result for any of the other possible |�m2

atm
| as given in

Table I.

This modifies the “mass ordering sum rule for the neu-
trino disappearance channels” , given in eq. 7, by increas-
ing the RHS by 0.7%, so that for T2K, NOvA (LBL) and
JUNO (JU) we have the following sum rule

(�m2

31
|NO

LBL
� �m2

31
|NO

JU
) + (|�m2

32
|IO
JU

� |�m2

32
|IO
LBL

)

⇡ (3.1 � 0.9 dcos �)% |�m2

atm
| . (9)

With enough precision on the measurements of the
�m2

atm
’s between ⌫e and ⌫µ disappearance, the ��2 be-

tween the two mass ordering fits, can contribute signifi-
cantly to the determination of the mass ordering.

We can describe for JUNO the �2 fit to data to de-
termine |�m2

atm
|, as the parabola which will depend on

the assumed best fit value �m2
atm

|NO or |�m2
atm

|IO and
�JU, the precision of the measurement, which does not
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What about 
Neutrino 2028 ?



Wei Wang,  
Sun Yat-san U.

Jun Cao, IHEP, 

Nu 2028  
Beijing, 
China



Precision Measurement of oscillation parameters 15

sin2𝟐𝜽𝟏𝟐, ∆𝒎𝟐𝟏
𝟐 , |∆𝒎𝟑𝟐

𝟐 |, leading measurements in 100 days; precision <0.5% in 6 years

Chin. Phys. C46 (2022) 12, 123001

ID#223, Precision Measurement

Status of JUNO
Jun Cao (IHEP)

On behalf of the JUNO collaboration, Neutrino 2024, Milan



Call for Co-Chairs/Locations for future meetings:

• Nu 2030 Europe/Africa:  decision at Nu2026, LOIs only here:

• Mariam Tortola + Sergio Pastor — Valencia, Spain 

• Joachim Kopp + XX  — Mainz, Germany 

• Laura Baudis + Andre Rubbia - Zurich, Switzerland 

• Nu 203x  ???
parke@fnal.gov 

or 
neutrinoguy@gmail.com

100 years  
since Pauli !

mailto:parke@fnal.gov
mailto:neutrinoguy@gmail.com




You !





See you  all in 

Irvine, CA  !


