
Stephen Parke                                                        Nu MO / Invisibles 2024                                                07/01/2024       #                     1

Stephen Parke:   Theory-Fermilab
linktr.ee/stephen.parke 

The Near Term* Race for the 

Neutrino Mass Ordering

Interested in how the universe works? Read symmetry, an online magazine about particle physics 
and its connections to life and other areas of science. Published by Fermi National Accelerator 
Laboratory and SLAC National Accelerator Laboratory. symmetrymagazine.org

OSCILLATING

Neutrinos come in three types, called flavors. 
There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest 
aspects of neutrinos is that they don’t pick 
just one flavor and stick to it. They oscillate 
between all three.

MYSTERIOUS

Neutrinos are mysterious. Experiments seem 
to hint at the possible existence of a fourth 
type of neutrino: a sterile neutrino, which would 
interact even more rarely than the others. 

VERY MYSTERIOUS

Scientists also wonder if neutrinos are their 
own antiparticles. If they are, they could have 
played a role in the early universe, right after 
the big bang, when matter came to outnumber 
antimatter just enough to allow us to exist.

ABUNDANT

Of all particles with mass, neutrinos are the 
most abundant in nature. They’re also some  
of the least interactive. Roughly a thousand 
trillion of them pass harmlessly through your 
body every second.

FUNDAMENTAL

Neutrinos are fundamental particles, which 
means that—like quarks and photons and  
electrons—they cannot be broken down into 
any smaller bits.

ELUSIVE

Neutrinos are difficult but not impossible to  
catch. Scientists have developed many differ-
ent types of particle detectors to study them.

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they 
travel close to the speed of light. Neutrino 
masses are so small that so far no experi-
ment has succeeded in measuring them. The 
masses of other fundamental particles come 
from the Higgs field, but neutrinos might get 
their masses another way.

DIVERSE

Neutrinos are created in many processes in 
nature. They are produced in the nuclear 
reactions in the sun, particle decays in the 
Earth, and the explosions of stars. They are 
also produced by particle accelerators and  
in nuclear power plants.
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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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The Smallness of Matter E↵ects in Long-Baseline Muon Neutrino Disappearance

Peter B. Denton1, ⇤ and Stephen J. Parke2, †

1High Energy Theory Group, Physics Department,
Brookhaven National Laboratory, Upton, NY 11973, USA

2Theoretical Physics Department, Fermi National Accelerator Laboratory, P. O. Box 500, Batavia, IL 60510, USA
(Dated: January 18, 2024)

Current long-baseline accelerator experiments, NOvA and T2K, are making excellent measure-
ments of neutrino oscillations and the next generation of experiments, DUNE and HK, will make
measurements at the O(1%) level of precision. These measurements are a combination of the appear-
ance channel which is more challenging experimentally but depends on many oscillation parameters,
and the disappearance channel which is somewhat easier and allows for precision measurements of
the atmospheric mass splitting and the atmospheric mixing angle. It is widely recognized that the
matter e↵ect plays a key role in the appearance probability, yet the e↵ect on the disappearance
probability is surprisingly small for these experiments. Here we investigate both exactly how small
the e↵ect is and show that it just begins to become relevant in the high statistics regime of DUNE.

We dedicate this paper to the memory of the outstanding neutrino theorist, inspiring mentor, and
dear friend, Tom Weiler. His insights on neutrino physics and the neutrinos he emitted will both
live on until the end of the Universe.

I. INTRODUCTION

Considerable progress has been made in determining
the six oscillation parameters. Addressing the three re-
maining unknowns, the sign of the atmospheric mass
splitting, the octant of ✓23, and measuring the amount of
CP violation, requires a high degree of precision of all the
other oscillation parameters [1, 2]. For the absolute value
of the atmospheric mass splitting and the closeness of ✓23

to maximal, the best approach is via ⌫µ disappearance in
long-baseline experiments with additional information in
the same oscillation channel with atmospheric neutrinos.

The matter e↵ect [3] modifies the oscillation probabil-
ity in the presence of matter and is relevant for long-
baseline experiments through the Earth’s crust. In par-
ticular, it modifies the propagation of ⌫e and ⌫̄e’s. For
the appearance channels, ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e, the
impact is sizable, see e.g. [4–16] and plays a major role
in DUNE’s sizable sensitivity to the atmospheric mass
ordering [17].

The matter e↵ect also plays a role in ⌫µ disappearance,
but the e↵ect is typically smaller; understanding this is
the focus of this article. While it is true that for ⌫µ disap-
pearance experiments the neutrinos spend the majority
of their time in a state that would project on to either ⌫µ

or ⌫⌧ , they still spend O(few%) of the time on average in
a ⌫e state. This alone does not explain the smallness of
the impact of the matter e↵ect which is at the O(0.1%)
level or less as shown in this paper. This level is below
the expected experimental determination of �m

2
31 which

will be at the 0.5�1% level in the upcoming long-baseline
accelerator neutrino experiments.

⇤ pdenton@bnl.gov; 0000-0002-5209-872X
† parke@fnal.gov; 0000-0003-2028-6782

In this paper we will work in a framework where we
take the vacuum oscillation probability (either two flavor
or three flavor) and modify the six oscillation parameters
as they evolve in the presence of matter. Specifically, we
will write probabilities as a function of the eigenvalues
and eigenvectors (mapped onto mixing angles using the
standard parameterization [18, 19] of the PMNS matrix
[20, 21]). This makes a determination of the evolution of
the mixing parameters directly related to the impact of
the matter e↵ect. Then we will investigate the role of the
matter e↵ect on both the �m

2 and the mixing angles.

The article is organized as follows. We will overview
the role of the matter e↵ect in neutrino oscillations in
general and a basic understanding of ⌫µ disappearance
in vacuum in section II. We then present numerical re-
sults to quantify the size of the e↵ects discussed in section
III. In section IV we will present our main results of the
evolution of the relevant �m

2 in matter and the mix-
ing angles (e.g. amplitude of the oscillation) in matter.
Finally we will discuss our results in a broader context in-
cluding atmospheric neutrinos in section V and conclude
in section VI.

II. ⌫µ DISAPPEARANCE AND THE MATTER
EFFECT

Neutrino oscillation probabilities are expressed as a
function of the eigenvalues and eigenvectors of the Hamil-
tonian. In vacuum, the probabilities are thus directly a
function of the fundamental parameters: the neutrino
masses (expressed as �m

2
ij ⌘ m

2
i � m

2
j ) and parameters

of the mixing matrix between the mass basis and the
flavor or interaction basis. The Hamiltonian in vacuum
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Current long-baseline accelerator experiments, NOvA and T2K, are making excellent measure-
ments of neutrino oscillations and the next generation of experiments, DUNE and HK, will make
measurements at the O(1%) level of precision. These measurements are a combination of the appear-
ance channel which is more challenging experimentally but depends on many oscillation parameters,
and the disappearance channel which is somewhat easier and allows for precision measurements of
the atmospheric mass splitting and the atmospheric mixing angle. It is widely recognized that the
matter e↵ect plays a key role in the appearance probability, yet the e↵ect on the disappearance
probability is surprisingly small for these experiments. Here we investigate both exactly how small
the e↵ect is and show that it just begins to become relevant in the high statistics regime of DUNE.

We dedicate this paper to the memory of the outstanding neutrino theorist, inspiring mentor, and
dear friend, Tom Weiler. His insights on neutrino physics and the neutrinos he emitted will both
live on until the end of the Universe.

I. INTRODUCTION

Considerable progress has been made in determining
the six oscillation parameters. Addressing the three re-
maining unknowns, the sign of the atmospheric mass
splitting, the octant of ✓23, and measuring the amount of
CP violation, requires a high degree of precision of all the
other oscillation parameters [1, 2]. For the absolute value
of the atmospheric mass splitting and the closeness of ✓23

to maximal, the best approach is via ⌫µ disappearance in
long-baseline experiments with additional information in
the same oscillation channel with atmospheric neutrinos.

The matter e↵ect [3] modifies the oscillation probabil-
ity in the presence of matter and is relevant for long-
baseline experiments through the Earth’s crust. In par-
ticular, it modifies the propagation of ⌫e and ⌫̄e’s. For
the appearance channels, ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e, the
impact is sizable, see e.g. [4–16] and plays a major role
in DUNE’s sizable sensitivity to the atmospheric mass
ordering [17].

The matter e↵ect also plays a role in ⌫µ disappearance,
but the e↵ect is typically smaller; understanding this is
the focus of this article. While it is true that for ⌫µ disap-
pearance experiments the neutrinos spend the majority
of their time in a state that would project on to either ⌫µ

or ⌫⌧ , they still spend O(few%) of the time on average in
a ⌫e state. This alone does not explain the smallness of
the impact of the matter e↵ect which is at the O(0.1%)
level or less as shown in this paper. This level is below
the expected experimental determination of �m

2
31 which

will be at the 0.5�1% level in the upcoming long-baseline
accelerator neutrino experiments.

⇤ pdenton@bnl.gov; 0000-0002-5209-872X
† parke@fnal.gov; 0000-0003-2028-6782

In this paper we will work in a framework where we
take the vacuum oscillation probability (either two flavor
or three flavor) and modify the six oscillation parameters
as they evolve in the presence of matter. Specifically, we
will write probabilities as a function of the eigenvalues
and eigenvectors (mapped onto mixing angles using the
standard parameterization [18, 19] of the PMNS matrix
[20, 21]). This makes a determination of the evolution of
the mixing parameters directly related to the impact of
the matter e↵ect. Then we will investigate the role of the
matter e↵ect on both the �m

2 and the mixing angles.

The article is organized as follows. We will overview
the role of the matter e↵ect in neutrino oscillations in
general and a basic understanding of ⌫µ disappearance
in vacuum in section II. We then present numerical re-
sults to quantify the size of the e↵ects discussed in section
III. In section IV we will present our main results of the
evolution of the relevant �m

2 in matter and the mix-
ing angles (e.g. amplitude of the oscillation) in matter.
Finally we will discuss our results in a broader context in-
cluding atmospheric neutrinos in section V and conclude
in section VI.

II. ⌫µ DISAPPEARANCE AND THE MATTER
EFFECT

Neutrino oscillation probabilities are expressed as a
function of the eigenvalues and eigenvectors of the Hamil-
tonian. In vacuum, the probabilities are thus directly a
function of the fundamental parameters: the neutrino
masses (expressed as �m

2
ij ⌘ m

2
i � m

2
j ) and parameters

of the mixing matrix between the mass basis and the
flavor or interaction basis. The Hamiltonian in vacuum
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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
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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
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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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⌫1, ⌫2 Mass Ordering:

⌫3, ⌫1/⌫2 Mass Ordering:

–atmospheric mass ordering

⌫1 ⌫2 ⌫3

– Typeset by FoilTEX – 3

mass

|�m2
21| = |m2

2 � m2
1| = 7.5 ⇥ 10�5 eV2

L/E = 15 km/MeV = 15, 000 km/GeV

SNO m2 > m1

–solar mass ordering

|�m2
31| = |m2

3 � m2
1| = 2.5 ⇥ 10�3 eV2

L/E = 0.5 km/MeV = 500 km/GeV

Unknown: NO⌫A, JUNO, DUNE, ....

– Typeset by FoilTEX – 4
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NuFIT 5.2 (2022)

Explain this figure + Future Prospects
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IO NO

By construction  for either (or both) NO or IO at zeroΔχ2
min

L
E

∼ 500
km

GeV
= 0.5

km

MeV
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IO NO

By construction  for either (or both) NO or IO at zeroΔχ2
min

L
E

∼ 500
km

GeV
= 0.5

km

MeV

No preference 
Or for NO

Except

T2K + NOvA
Combined
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Patrick Dunne (p.dunne12@imperial.ac.uk) 23

• O(45%) change in electron-like event 
rate between δCP=+#/2 and δCP=-#/2
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T2K & NOvA Appearance Confusion:
Number of Events proportional to Oscillation Probability

– Typeset by FoilTEX – 20

T2K NO prefer by ~2 units of χ2

26

Inve
rte

d Hier
arc

hy

Normal Hierarchy

Upper Octant
Lower Octant

CP�
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4
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)⇥
Si

gn
ific
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ce

 (

0
2
⇤ ⇤

2
⇤3 ⇤2

NOvA FD ⌅POT 2010◊+ 12.5⌅POT equiv 2010◊13.6 NO
vA Prelim

inary

NH Lower octant
NH Upper octant
IH Lower octant
IH Upper octant

• We	see	no	strong	asymmetry	in	the	rates	of	appearance	of	νe and	ν̅e
• Disfavor	hierarchy-δ combinations	which	would	produce	that	asymmetry
• Consistent	with	hierarchy-octant-δ combinations	which	include	some	“cancellation.”
– Since	such	options	exist	for	both	octants	and	hierarchies,	results	show	no	strong	preferences.	

NOvA NO prefer by ~1 unit of χ2

✈
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IO prefer by ~1.6 unit of Δχ2 DUNE physics for P57

The picture today: some exclusions 
but little clarity

● Weak preferences for normal 
ordering from atmospheric & long-
baseline experiments

● Some regions of joint MO-δCP-θ23 

space are excluded at >90% by 
NOvA and T2K

● NOvA and T2K best fit in NO, 
consistent at ~1σ, but mutually 
allowed region in IO at <1σ

● We really do not know the mass 
ordering or δCP

● We need definitive experiments

https://doi.org/10.5281/zenodo.6683827

DUNE physics for P57

The picture today: some exclusions 
but little clarity

● Weak preferences for normal 
ordering from atmospheric & long-
baseline experiments

● Some regions of joint MO-δCP-θ23 

space are excluded at >90% by 
NOvA and T2K

● NOvA and T2K best fit in NO, 
consistent at ~1σ, but mutually 
allowed region in IO at <1σ

● We really do not know the mass 
ordering or δCP

● We need definitive experiments

https://doi.org/10.5281/zenodo.6683827

COMBINED

Kelly, Machado, SP,  Perez, Zukanovich 2007.08526 plus other papers  

✈



IO NO



IO NO
Reactors + LBL

All
Prefer NO:

Even T2K + NOvA
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Sum Rule:
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For these Experiments
there is a ‘Mass Ordering Sum Rule:’

Unchanged if  in either or both MO’s31 ↔ 32
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ee
|IO = 1.007 |�m2

ee
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– Typeset by FoilTEX – 1
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– Typeset by FoilTEX – 1
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For these Experiments
there is a ‘Mass Ordering Sum Rule:’

Unchanged if  in either or both MO’s31 ↔ 32
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– Typeset by FoilTEX – 1

Valid for some but not all
 ICECUBE, KM3Net/Orca.
Needs tweak for JUNO
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C. P. 38071, 22452-970, Rio de Janeiro, Brazil

2Theoretical Physics Department, Fermi National Accelerator Laboratory,

P.O. Box 500, Batavia, IL 60510, USA

3Instituto de F́ısica, Universidade de São Paulo,

C. P. 66.318, 05315-970 São Paulo, Brazil

(Dated: March 29, 2005)

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-
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NPZ’05 in a Nutshell

P� = cos4 ✓13 sin
2 2✓12 sin

2�21 = 0.002 when �31 =
⇡
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P (⌫e ! ⌫e) = 1 � P� � sin2 2✓13(cos
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Best-fit results: χ2/ndf = 559/518

sin22θ13 = 0.085167.779:;7.779: (2.8% precision)

Normal hierarchy: Δ&<99 = + (2.46667.7=7;7.7=7) x 10-3 eV2 (2.4% precision)

Inverted hierarchy: Δ&<99 = - (2.57167.7=7;7.7=7) x 10-3 eV2 (2.3% precision)

Improved sin22θ13 and Δm2
32

17
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⌫µ disappearance at an L/E ⇠ 500 km/GeV

⌫e average of �m2
31 and �m2

32
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2 + |Uµ2|

2
(23)

= �m
2
ee

� (cos 2✓12 � sin ✓13 sin 2✓12 tan ✓23 cos �)�m
2
21 (24)

this is in vacuum, but for ⌫µ disappearance matter e↵ects are very small

due to cancellations between ⌫µ ! ⌫e and ⌫µ ! ⌫⌧ for ✓13 e↵ects:

|Uµ3|
2(1� |Uµ3|

2) = s
2
23c
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2
13 cos 2✓23 + s

4
13s

4
23

both s
2
13 and cos 2✓23 are small.
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Introduced �m2
ee and �m2

µµ for disappearance experiments:

and that |�m2
ee| > |�m2

µµ| implies NO

and |�m2
ee| < |�m2

µµ| implies IO
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THIS IS IGNORING MATTER EFFECTS:
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For Disappearance channel, only  and  are measureable 
around first oscillation minimum. 

|Uμ3 |2 |Δm2
μμ |

To extract   ,  for 1% precision one needs  
and for 0.5% level also  

Δm2
32 ∓sin2 θ12Δm2
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Parameter
With reactor constraint Without reactor constraint

Normal ordering Inverted ordering Normal ordering Inverted ordering

dCP (rad.) �1.97+0.97
�0.62 �1.44+0.56

�0.59 �2.22+1.25
�0.81 �1.29+0.72

�0.83

sin2 q13/10�3 — — 28.0+2.8
�6.5 31.0+3.0

�6.9

sin2 q23 0.561+0.019
�0.038 0.563+0.017

�0.032 0.467+0.106
�0.018 0.466+0.103

�0.019

Dm2
32/10�3 (eV2) 2.494+0.041

�0.058 — 2.495+0.041
�0.058 —

|Dm2
31|/10�3 (eV2) — 2.463+0.042

�0.056 — 2.463+0.043
�0.055

Tab. 13: Results for the oscillation parameters from the fit to data with and without the reactor constraint in the frequentist
analysis, with the confidence intervals estimated using the constant D c2 method.

Confidence dCP (rad.) sin2 q23
Level Normal ordering Inverted ordering Normal ordering Inverted ordering

1s [�2.67,�1.00] — [0.529,0.582] —
90% [�3.01,�0.52] [�1.74,�1.07] [0.444,0.593] [0.536,0.584]
2s [�p,�0.28][ [3.10,p] [�2.16,�0.74] [0.436,0.598] [0.512,0.592]
3s [�p,0.33][ [2.59,p] [�2.83,�0.14] N/A N/A

Tab. 14: FC-corrected confidence intervals for dCP and sin2 q23 from the fit to data in the frequentist analysis, using the reactor
constraint on sin2 2q13. The 3s FC correction was not computed for sin2 q23.

CPδ
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Fig. 28: The D c2 distribution in dCP from fitting to the data
with the reactor constraint applied. The confidence intervals
in the shaded regions are calculated using the FC method.

8.2.2 Atmospheric oscillation parameters

The sin2 q23 � Dm2
32 confidence intervals are presented in

Fig. 31. The contours are compatible for both mass order-
ings, with a slight shape change compared to the previous
T2K analysis, to now marginally prefer the upper octant.
Fig. 32 shows the contour from a fit using only the 1Rµ
samples, which shows that the constraint is dominated by
the 1Rµ samples, with the 1Re samples providing the sensi-
tivity to the octant of q23.

CPδ
3− 2− 1− 0 1 2 3

2 χ
Δ

0

5

10

15

20

25

30
A = [PRD 103, 112008]

B = A + new int. model, ND data

 constr. [PDG19]13θC = B + new 

D = C + FD reprocessing

E = D + run10 FD data

Normal ordering
Inverted ordering

Fig. 29: The D c2 distribution in dCP for incremental mod-
ifications from the previous analysis [1] to this result, for
normal and inverted mass orderings. “E” corresponds to this
analysis, except that unlike the main frequentist result, the
µ-like samples do not use the scattering angle information
for better compatibility with the previous T2K analysis.

The evolution of the sin2 q23 �Dm2
32 contour from the

fit to data after introducing each update in the analysis is
shown in Fig. 33. The most significant impact on the Dm2

32
constraint comes from changing the cross-section model
and updating the ND constraint. For Dm2

32, improvements in
the removal energy uncertainty have significantly reduced
the uncertainty before the smearing based on simulated data
studies has been applied. Thanks to increased robustness of
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FIG. 5. The 90% confidence level region for �m2
32 and

sin2 ✓23, with the FC corrected allowed region and best-fit
point for NOvA [90] superposed on contours from other ex-
periments. [91–94]3.

the normal mass ordering with �CP = 3⇡/2 is disfavored
at 2� confidence. However, owing to the degeneracies,
the 90% confidence level allowed regions cover all values
of �CP given permutations of mass ordering and octant.
Thus, the current data do not exhibit a preference con-
cerning CP conservation versus violation. Table III shows
the best-fit parameter values for each choice of ✓23 octant
and mass ordering.

Figure 5 compares the 90% confidence level con-
tours for �m2

32 and sin2 ✓23 with those of other exper-
iments [91–94]3. Allowed regions in sin2 ✓23 and �CP are
shown in Fig. 6 and are compared with a recent best fit
from T2K [91]3.

TABLE II. Event counts at the FD, both observed and pre-
dicted at the best-fit point (see Table III).

Neutrino beam Antineutrino beam
⌫µ CC ⌫e CC

–⌫µ CC
–⌫e CC

⌫µ ! ⌫µ 201.1 1.7 26.0 0.2
–⌫µ ! –⌫µ 12.6 0.0 77.2 0.2
⌫µ ! ⌫e 0.1 59.0 0.0 2.3
–⌫µ ! –⌫e 0.0 1.0 0.0 19.2
Beam ⌫e +

–⌫e 0.0 14.1 0.0 7.3
NC 2.6 6.3 0.8 2.2
Cosmic 5.0 3.1 0.9 1.6
Others 0.9 0.5 0.4 0.3

Signal 214.1+14.4
�14.0 59.0+2.5

�2.5 103.4+7.1
�7.0 19.2+0.6

�0.7

Background 8.2+1.9
�1.7 26.8+1.6

�1.7 2.1+0.7
�0.7 14.0+0.9

�1.0

Best fit 222.3 85.8 105.4 33.2
Observed 211 82 105 33

3 While this paper was in its final internal review, an updated anal-
ysis was published by the T2K collaboration [96]. Compared to

TABLE III. Summary of oscillation parameter best-fit results
for di↵erent choices of the mass ordering (Normal or Inverted)
and upper or lower ✓23 octant (UO, LO), along with the FC
corrected significance (in units of �) at which those combina-
tions are disfavored. Full uncertainties are given in [89].

Parameter
Normal ord. Inverted ord.
UO LO UO LO

�m2
32(10

�3 eV2) +2.41± 0.07 +2.39 �2.45 �2.44

sin2 ✓23 0.57+0.03
�0.04 0.46 0.56 0.46

�CP(⇡) 0.82+0.27
�0.87 0.07 1.52 1.41

Rejection significance - 1.1� 0.9� 1.1�

As shown in Fig. 6a, the T2K best-fit point is in the
NO but lies in a region that NOvA disfavors. However,
some regions of overlap remain. Figure 6b shows that for
IO, the T2K allowed region at 90% confidence level is en-
tirely contained within the corresponding NOvA allowed
region. This outcome reflects in part the circumstance
that T2K observes a relatively more pronounced asym-
metry in ⌫e versus –⌫e oscillations.
Although each experiment reports a mild preference

for NO, it has been suggested that a joint fit of the two
experiments might converge on an IO solution [97]. Some
authors have also explored the possibility that the di↵er-
ences in the ⌫µ ! ⌫e and

–⌫µ ! –⌫e rates seen by the exper-
iments are explained by additional non-standard matter
e↵ects [98, 99].
In conclusion, we have presented improved measure-

ments of oscillation parameters �m2
32, sin

2 ✓23, and �CP,
including an expanded data set and enhanced analysis
techniques with respect to previous publications. These
measurements continue to favor the normal mass order-
ing and upper octant of sin2 ✓23, as well as values of the
oscillation parameters that do not lead to a large asym-
metry in ⌫µ ! ⌫e and –⌫µ ! –⌫e oscillation rates.
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Matter Effect:

Daya Bay:  
Eν

12 GeV
< 10−3 irrelevant
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Matter Effect:

Daya Bay:  
Eν

12 GeV
< 10−3

NOvA Disappearance:  
Eν

12 GeV
≈ 0.2

But further suppressed by   and  
Combined approx. 0.002 !

s2
13 (1 − 2 |Uμ3 |2 )

irrelevant
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DUNE:
3 GeV
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The Smallness of Matter E↵ects in Long-Baseline Muon Neutrino Disappearance

Peter B. Denton1, ⇤ and Stephen J. Parke2, †
1High Energy Theory Group, Physics Department,

Brookhaven National Laboratory, Upton, NY 11973, USA2Theoretical Physics Department, Fermi National Accelerator Laboratory, P. O. Box 500, Batavia, IL 60510, USA
(Dated: January 18, 2024)

Current long-baseline accelerator experiments, NOvA and T2K, are making excellent measure-
ments of neutrino oscillations and the next generation of experiments, DUNE and HK, will make
measurements at the O(1%) level of precision. These measurements are a combination of the appear-
ance channel which is more challenging experimentally but depends on many oscillation parameters,
and the disappearance channel which is somewhat easier and allows for precision measurements of
the atmospheric mass splitting and the atmospheric mixing angle. It is widely recognized that the
matter e↵ect plays a key role in the appearance probability, yet the e↵ect on the disappearance
probability is surprisingly small for these experiments. Here we investigate both exactly how small
the e↵ect is and show that it just begins to become relevant in the high statistics regime of DUNE.

We dedicate this paper to the memory of the outstanding neutrino theorist, inspiring mentor, and
dear friend, Tom Weiler. His insights on neutrino physics and the neutrinos he emitted will both
live on until the end of the Universe.

I. INTRODUCTION

Considerable progress has been made in determining
the six oscillation parameters. Addressing the three re-
maining unknowns, the sign of the atmospheric mass
splitting, the octant of ✓23, and measuring the amount of
CP violation, requires a high degree of precision of all the
other oscillation parameters [1, 2]. For the absolute value
of the atmospheric mass splitting and the closeness of ✓23
to maximal, the best approach is via ⌫µ disappearance in
long-baseline experiments with additional information in
the same oscillation channel with atmospheric neutrinos.

The matter e↵ect [3] modifies the oscillation probabil-
ity in the presence of matter and is relevant for long-
baseline experiments through the Earth’s crust. In par-
ticular, it modifies the propagation of ⌫e and ⌫̄e’s. For
the appearance channels, ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e, the
impact is sizable, see e.g. [4–16] and plays a major role
in DUNE’s sizable sensitivity to the atmospheric mass
ordering [17].

The matter e↵ect also plays a role in ⌫µ disappearance,
but the e↵ect is typically smaller; understanding this is
the focus of this article. While it is true that for ⌫µ disap-
pearance experiments the neutrinos spend the majority
of their time in a state that would project on to either ⌫µ
or ⌫⌧ , they still spend O(few%) of the time on average in
a ⌫e state. This alone does not explain the smallness of
the impact of the matter e↵ect which is at the O(0.1%)
level or less as shown in this paper. This level is below
the expected experimental determination of �m

2
31 which

will be at the 0.5�1% level in the upcoming long-baseline
accelerator neutrino experiments.

⇤ pdenton@bnl.gov; 0000-0002-5209-872X
† parke@fnal.gov; 0000-0003-2028-6782

In this paper we will work in a framework where we
take the vacuum oscillation probability (either two flavor
or three flavor) and modify the six oscillation parameters
as they evolve in the presence of matter. Specifically, we
will write probabilities as a function of the eigenvalues
and eigenvectors (mapped onto mixing angles using the
standard parameterization [18, 19] of the PMNS matrix
[20, 21]). This makes a determination of the evolution of
the mixing parameters directly related to the impact of
the matter e↵ect. Then we will investigate the role of the
matter e↵ect on both the �m

2 and the mixing angles.

The article is organized as follows. We will overview
the role of the matter e↵ect in neutrino oscillations in
general and a basic understanding of ⌫µ disappearance
in vacuum in section II. We then present numerical re-
sults to quantify the size of the e↵ects discussed in section
III. In section IV we will present our main results of the
evolution of the relevant �m

2 in matter and the mix-
ing angles (e.g. amplitude of the oscillation) in matter.
Finally we will discuss our results in a broader context in-
cluding atmospheric neutrinos in section V and conclude
in section VI.

II. ⌫µ DISAPPEARANCE AND THE MATTER
EFFECT

Neutrino oscillation probabilities are expressed as a
function of the eigenvalues and eigenvectors of the Hamil-
tonian. In vacuum, the probabilities are thus directly a
function of the fundamental parameters: the neutrino
masses (expressed as �m

2
ij ⌘ m

2
i � m

2
j ) and parameters

of the mixing matrix between the mass basis and the
flavor or interaction basis. The Hamiltonian in vacuum
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In[1055]:= D31[e_] := (msq3zs[e] - msq1zs[e])
D32[e_] := (msq3zs[e] - msq2zs[e])
D21[e_] := (msq2zs[e] - msq1zs[e])

nx = 1
Probmu2mu[ea_, L_, e_] :=
1 - 4 * ( Usqm2zs[ea] * Usqm3zs[ea] * Sin[D32[ea] * units * L / e]^2 +

Usqm1zs[ea] * Usqm3zs[ea] * Sin[D31[ea] * units * L / e]^2 +

nx * Usqm2zs[ea] * Usqm1zs[ea] * Sin[D21[ea] * units * L / e]^2)

L = 810

Plot[{Probmu2mu[0, L, e], Probmu2mu[e, L, e], Probmu2mu[-e, L, e], 0.5},
{e, 0.7, 5}, PlotRange → {-0.05, 1.0},
PlotLegends → {"Vacuum", "Nu matter", "Anti-Nu Matter", "P = 0.5"},
AxesLabel → {Text[Style["E (GeV)", 20]], Text[Style["Dis. Prob (NOvA)" , 20]] } ,
LabelStyle → Directive[Bold]]

LogPlot[{Abs[Probmu2mu[0, L, e] - Probmu2mu[e, L, e]],
Abs[Probmu2mu[0, L, e] - Probmu2mu[-e, L, e]]},

{e, 0.7, 5}, PlotRange → {0.00005, 0.006},
AxesLabel → {Text[Style["E (GeV)", 20]], Text[Style["Delta Prob (NOvA)" , 20]] },
PlotLegends → {"| Nu matter - Vacuum |", "| Anti-Nu matter - Vacuum |"},
LabelStyle → Directive[Bold]]
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NOvA matter effects in the disappearance channel:

-0.5%
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In[964]:= RV[Pa_, La_] := Val[Pa, La] / Val0[Pa, La] - 1
RVL[Pa_, La_] := ValL[Pa, La] / Val0L[Pa, La] - 1

(* ListPlot[{{-1500,ShiftX[-1500]},{-1300,ShiftX[-1300]},
{-810,ShiftX[-810]},{-295,ShiftX[-295]},{-50,ShiftX[-50]},
{50,ShiftX[50]},{295,ShiftX[295]},{810,ShiftX[810]},
{1300,ShiftX[1300]},{1500,ShiftX[1500]}},PlotRange→{-0.005,0.001}] *)

ListPlot[{Table[{x * 50, RV[0.5, x * 50 + 0.01]}, {x, -30, 30}],
Table[{x * 50, ShiftX[ x * 50 + 0.01]}, {x, -30, 30}],
Table[{x * 50, RVL[0.5, x * 50 + 0.01]}, {x, -30, 30}]}, PlotRange → {-0.005, 0.001},

Joined → True, PlotLegends → { "at P=0.5 above", at Minimum, "at P=0.5 below" },
AxesLabel → {Text[Style["L(km)", 20]], Text[Style["E(a)/E(0)-1" , 20]] } ,
LabelStyle → Directive[Bold]]
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Super-K Neutrino Results & Gd Status, Thomas Wester, NNN20232023/10/12

SK I–V Atmospheric Oscillation Results
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SK 2023 best fit: Normal ordering, δCP ~ -π/2,  Δm232 ~ 2.4 × 10-3 eV2,   sin2θ23 ~ 0.45


Mass ordering: Δχ2I.O. - N.O. ~ 5.7*
With reactor constraint: sin2θ13 = 0.0220±0.0007

Preliminary
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NEXT STEP:  JUNO 
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Y. Yang Nuclear Inst. and Methods in Physics Research, A 1042 (2022) 167435

Fig. 1. Map of the local area around the experimental site of JUNO, located on the
South-West part of the Guangzhou city in China.

Fig. 2. Energy spectra expected to be recorded by JUNO after 2000 days of data
taking, in case of no oscillation, and in case of normal and inverted mass hierarchy
hypotheses.

Fig. 3. Different physics goals of JUNO and the related event rate expected to be
measured in the detector.

electronics as well as the compensation coils which is used to suppress
the Earth’s magnetic field and minimize its impact on the photoelectron
collection efficiency of the PMTs. The main structure itself is supported
by 30 pairs supporting legs and 60 base plates, rooted on the concrete
floor of the water pool. Pre-assembly of the supporting structure and
part of the main structure have been tested in the factory.

Fig. 4. Schematic view of the JUNO detector.

Fig. 5. Photo of the small PMTs positions in between the large PMTs.

The water pool performs as a water buffer as well as a water
Cherenkov detector. On top of it, the Top Tracker, a plastic scintillator
array to accurately measure the muon tracks, is placed.

A schematic diagram of the JUNO detector is given in Fig. 4.
The JUNO CD is surrounded by 17612 20-inch PMTs (LPMTs) and

25600 3-inch PMTs (SPMTs), installed on the main structure looking
inward, giving a total coverage of Ì78%. The water Cherenkov detector
is instrumented with 2400 20-inch PMTs, looking outwards to veto the
atmospheric neutrinos and external radiations.

There are two kinds of 20-inch PMTs, in total Ì15k MCP-PMTs
designed by NNVT and Ì5k Hamamatsu PMTs. The SPMTs will be
installed in the space between the LPMTs as shown in Fig. 5. The main
goal is to provide a complementary view at the same events as the
LPMTs to decrease the uncertainty in the neutrino energy measure-
ment, in particular to control its linearity, and achieve the designed
effective energy resolution, which is 3% at 1 MeV.

Fig. 6 shows the structure of an MCP-PMT as an example.
The key characteristics of the 20-inch PMTs are large photodetector

area coverage, high photon detection efficiency, and low dark noise.
All the large PMTs have been tested and the average photon detection
efficiency is around 28%, which fulfils the requirements. Results of the
photon detection efficiency of the two different types of LPMTs are
shown in Fig. 7.

The liquid scintillator used in JUNO consists of 3 chemical material:
Linear Alkyl Benzene (LAB), 2,5-diphenyloxazole (PPO), and 1,4-bis(2-
methylstyryl) benzene (bis-MSB). Besides the requirement of a long
attenuation length at 430 nm, a high radio purity is also required.
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JUNO 

FIG. 3. The e↵ects of the real reactor core-detector baseline distribution as well as of the two
types of backgrounds: from the distant reactors Daya Bay (DB) and Huizhou (HZ) as well as from
other sources (accidental, cosmogenic, etc.). Going from the ideal distribution (all cores at 52.5
km) with no backgrounds (blue) to the real distribution (Table III) with all backgrounds (dark
yellow) the �2

min[IO] goes from 14.5 to 9.1, i.e. a reduction of more than 5 units. Here “wo” is
abreviation for “without”.

Reactor YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6 TS-C1 TS-C2 DB HZ

Power (GWth) 2.9 2.9 2.9 2.9 2.9 2.9 4.6 4.6 17.4 17.4

Baseline (km) 52.74 52.82 52.41 52.49 52.11 52.19 52.77 52.64 215 265

TABLE III. The thermal power and core-detector baselines for the Yangjiang (YJ) and Taishan
(TS) reactors, see [50]. The total power is 26.6 GWth. The remote reactors Daya Bay (DB) and
Huizhou (HZ) produce background events for the neutrino mass ordering.

B. E↵ect of bin to bin Flux Uncertainties

There is uncertainty related to the exact shape of the reactor ⌫̄e flux, inherent to the flux
calculation. This uncorrelated bin to bin (b2b) shape uncertainty is included in our analysis
by varying each predicted event bin with a certain penalty. The primary purpose of the
TAO near detector is to reduce this bin to bin shape uncertainty, see [53].

The e↵ect of this systematic bias is shown in Fig. 4. The lines labeled “stat only” is
the same as the one labeled “real, all BG” in Fig. 3. We find �2

min
[IO] = 8.5, 7.1 and 5.6,

respectively, for 1%, 2% and 3%. When the b2b systematic uncertainty is not included, we
recall, �2

min
[IO] = 9.1. So if the shape uncertainty is close to 1% (the nominal value), the

sensitivity to the neutrino mass ordering is barely a↵ected. However, for 2% and 3% we see
a clear loss in sensitivity. This is because increasing the uncorrelated uncertainty for each
bin, makes it easier to shift from a NO spectrum into an IO one and vice versa. We use 1%
b2b in the rest of the paper.

10
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Exps �
2
NO

� �
2
IO

Comb. of at minimum Exp. Type
SK. +2.0 app ?

T2K+NOvA -1.6 app
T2K+NOVA+DB +2.1 both

ALL +6.5 both

T2K+NOVA+DB disapp +3.7 (=1.6+2.1) disapp
SK+DB disapp +2.4 (=6.5-2.0-2.1) disapp

All disapp +6.1 (=3.7+2.4) disapp

Table 2: +ve NO, -ve IO

Time % on �m
2
atm

|�2
NO

� �2
IO

|

100 days 1.0 0.25
4 years 0.3 3.4
8 years 0.2 6.7
12 Years 0.15 10.0

Table 3: correlation between % and �

– Typeset by FoilTEX – 18

Time Evolution of JUNO measurements
JUNO_update_2204.13249
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JUNO Events Spectra
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FIG. 2. In the upper left panel we show the oscillated spectra for NO (blue) and for IO (red) for 8
years (2,400 live days) of data using 26.6 GWth with all core-detector baselines set at 52.5 km. No
systematic e↵ects and no backgrounds are included. There are 200 bins between 1.8 and 8.0 MeV,
with a bin size of 31 keV, and 3.0% resolution was used. While�m2

ee [NO] is the input, �m2
ee [IO] is

chosen to minimize the statistical �2 between the two spectra, see right panel (�2
min[IO] = 14.5, see

right panel). The parameters sin2 ✓13, sin2 ✓12 and �m2
21

are from Table I. In the left lower panel,
the di↵erence between the two oscillated spectra in each bin (green), NNO

i �N IO

i , is given, as well

as plus/minus statistical uncertainty in each oscillated bin (orange band), ±
q
NNO

i ⇡ ±

q
N IO

i .
Note, the di↵erence is always within the statistical uncertainty for that bin.

Note that including systematic uncertainties as well as the real distribution of core-reactor
distances and backgrounds will further decrease the di↵erence between the two spectra. But
first let us address the simulation details and systematic uncertainties.

To perform the statistical analysis we create a spectrum of fake data Ndat

i for some set
of oscillation parameters. Next we try to reconstruct this spectrum varying the relevant
oscillation parameters ~p. For each set ~p we calculate a �2 function

�2(~p) = min
~↵

X

i

(Ndat

i �Ni(~p, ~↵))2

Ndat

i

+
X

j

✓
↵j

�j

◆2

+ �2

NL
, (10)

where Ni(~p, ~↵) is the predicted number of events5 for parameters ~p, ~↵ = (↵1,↵2, . . .) are
the systematic uncertainties with their corresponding standard deviations �k. �2

NL
is the

penalty for the non-linear detector response and will be discussed in more detail in Sec. VI.
As in Ref. [32], we included systematic uncertainties concerning the flux, the detector

e�ciency (which are normalizations correlated among all bins, i.e. Ni ! ↵Ni) and a bin-
to-bin uncorrelated shape uncertainty. The shape uncertainty is simply introduced as an
independent normalization for each bin in reconstructed energy, i.e. Ni ! ↵iNi.

In the next section we will discuss in detail how some experimental issues can a↵ect
JUNO’s ability to determine the neutrino mass ordering6. We will concentrate on the impact
of the real reactor core distribution, the inclusion of background events, the bin to bin
flux uncertainty, the number of equal-size energy bins of data and the detector energy
resolution. We leave the discussion of the dependence on the true value of the neutrino

5 The number of events includes the background events extracted from Ref. [32].
6 For a verification of our simulation, see Appendix C.
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FIG. 3. The e↵ects of the real reactor core-detector baseline distribution as well as of the two
types of backgrounds: from the distant reactors Daya Bay (DB) and Huizhou (HZ) as well as from
other sources (accidental, cosmogenic, etc.). Going from the ideal distribution (all cores at 52.5
km) with no backgrounds (blue) to the real distribution (Table III) with all backgrounds (dark
yellow) the �2

min[IO] goes from 14.5 to 9.1, i.e. a reduction of more than 5 units. Here “wo” is
abreviation for “without”.

Reactor YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6 TS-C1 TS-C2 DB HZ

Power (GWth) 2.9 2.9 2.9 2.9 2.9 2.9 4.6 4.6 17.4 17.4

Baseline (km) 52.74 52.82 52.41 52.49 52.11 52.19 52.77 52.64 215 265

TABLE III. The thermal power and core-detector baselines for the Yangjiang (YJ) and Taishan
(TS) reactors, see [50]. The total power is 26.6 GWth. The remote reactors Daya Bay (DB) and
Huizhou (HZ) produce background events for the neutrino mass ordering.

B. E↵ect of bin to bin Flux Uncertainties

There is uncertainty related to the exact shape of the reactor ⌫̄e flux, inherent to the flux
calculation. This uncorrelated bin to bin (b2b) shape uncertainty is included in our analysis
by varying each predicted event bin with a certain penalty. The primary purpose of the
TAO near detector is to reduce this bin to bin shape uncertainty, see [53].

The e↵ect of this systematic bias is shown in Fig. 4. The lines labeled “stat only” is
the same as the one labeled “real, all BG” in Fig. 3. We find �2

min
[IO] = 8.5, 7.1 and 5.6,

respectively, for 1%, 2% and 3%. When the b2b systematic uncertainty is not included, we
recall, �2

min
[IO] = 9.1. So if the shape uncertainty is close to 1% (the nominal value), the

sensitivity to the neutrino mass ordering is barely a↵ected. However, for 2% and 3% we see
a clear loss in sensitivity. This is because increasing the uncorrelated uncertainty for each
bin, makes it easier to shift from a NO spectrum into an IO one and vice versa. We use 1%
b2b in the rest of the paper.
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depend on the ordering
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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
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with (�m2
31
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) = (2.516, 0.031)⇥10�3 eV2. Sim-

ilarly for the IO fit,
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with (|�m2
32

|IO, �IO
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) = (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:
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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%).
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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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A Mass Ordering Sum Rule for the Neutrino Disappearance Channels

in T2K, NOvA and JUNO

Stephen J. Parke⇤
Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, IL 60510, USA

Renata Zukanovich Funchal†
Instituto de F́ısica, Universidade de São Paulo, 05315-970 São Paulo, Brazil

(Dated: April 12, 2024)

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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† 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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Further Synergies:

JUNO-ICECUBE UPGRADES 1911.06745 JUNO-KM3NET 2108.06293
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Further Synergies:

JUNO-ICECUBE UPGRADES 1911.06745 JUNO-KM3NET 2108.06293

Single Experiments:

JUNO 1507.05613

no MO update in
JUNO   2204.13249 

See also
FPTZ:2107.12410

DUNE:  

HyperK:  
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Summary:
• Circa Nu 2026:    Global fits, including JUNO’s  precision  

measurement may give us Neutrino Mass Ordering .

• Precision Disappearance  measurements will make 
significant contributions (NPZ ’05)

• Circa Nu 202x: Synergies of JUNO with ICECUBE/PINGU,  
KM3NET …..

• Circa Nu 203x:   JUNO, HK and DUNE will each have Neutrino 
Mass Ordering  in a single experiment 

• A Year Later:   DUNE  for Neutrino Mass Ordering

Δm2

> 3σ

Δm2

> 3σ

> 5σ
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Long baseline sensitivities

Mass ordering sensitivity over time
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Mass Ordering Sensitivity

After 2 years, for all values of
�CP the mass ordering is
measured to 5�
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one (two) year > 3   ( > 5  ) for all values of σ σ δCP

Long baseline sensitivities

Mass ordering sensitivity

Obtain a definitive answer for the mass hierarchy within 7 years
(staged), regardless of the values of the other oscillation parameters
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