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The Race for the Neutrino Mass Ordering
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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.

 NEUTRINOS
  ARE…

2

1

3

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.

 NEUTRINOS
  ARE…

= U

U_pdg



Stephen Parke                                                                    Nu MO                                                          5/12/2023       #                     2

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

The Race for the Neutrino Mass Ordering

Neutrinos: Theory and Phenomenology: 3

2. Neutrino Masses and Mixings

The three known neutrino flavor states, ⌫e, ⌫µ, ⌫⌧ , and the three neutrino mass

eigenstates, ⌫1, ⌫2, ⌫3, are related as follows:
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where the U matrix is unitary and referred to as the PMNS matrix. The mass eigenstates

are labelled such that |Ue1|
2

> |Ue2|
2

> |Ue3|
2
,which implies that, by definition, the

⌫e component of ⌫1 > ⌫e component of ⌫2 > ⌫e component of ⌫3.

2.1. Masses

With this choice of labeling of the neutrino mass eigenstates, the solar oscillations are

governed by �m
2
21 as both ⌫1 and ⌫2 have a significant ⌫e component. Whereas the

atmospheric oscillations are governed by �m
2
31 ⇡ �m

2
32 as ⌫3 has a small ⌫e component

required by the small ⌫e involvement shown by the results of the SuperKamiokande

and Chooz experiments. The mass ordering of ⌫1 and ⌫2 was determined by matter

e↵ects in the interior of the sun by the SNO experiment [2]. Their measurement of the

charge current to neutral current ratio of less than one half, for the 8B high energy solar

neutrinos, implies that the higher mass state has the lower ⌫e component i.e. m
2
2 > m

2
1

or �m
2
21 > 0.

The atmospheric neutrino mass ordering, m
2
3 > or < m

2
2, m

2
1 is still to be

determined, see Fig. 1. If m
2
3 > m

2
2, the ordering is known as the normal hierarchy

(NH), whereas if m
2
3 < m

2
1 the ordering is known as the inverted hierarchy (IH). Fig. 2

shows the masses as a function of the lightest neutrino mass.

The sum of the masses of the neutrinos satisfies
q

�m
2
atm = 0.05 eV <

X
m⌫i < 0.5 eV. (3)

So the
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Figure 1. What is known about the square of the neutrino masses for the two
atmospheric mass hierarchies.
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The 2023 EPS High Energy and Particle Physics Prize is awarded to 

Figure 20: The unitarity triangle using the first and second rows of the mixing matrix. The lengths

of each side are as labeled and twice the area of this triangle is the absolute value of the CP-invariant

factor, |J |. The |Ue1||Uµ1| and |Ue2||Uµ2| vertex moves in a circle as the CP violating phase is changed.

This identity guarantees that the ∆P in Eq.(64) is the same in matter as in vacuum for distances

smaller than any of the matter or vacuum oscillation lengths.

6.2 The oscillation probability νµ → νe

In this review, we mainly focus on the oscillation channel between electron and muon neutrinos because

it is easier to create and detect these neutrinos compared to tau neutrinos. The drawing below shows

schematically the relation among four possible channels.

CP

νµ → νe ⇐⇒ ν̄µ → ν̄e

T $ $ T

νe → νµ ⇐⇒ ν̄e → ν̄µ

CP

The horizontal (vertical) processes are related by CP (T) whereas the processes across the diagonals

are related by CPT. The first row will be explored in very powerful conventional beams, Superbeams,

whereas the second row could be explored in Neutrino Factories or Beta Beams.
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Quarks

Cecilia Jarlskog for the discovery of an invariant measure of CP violation in 
both quark and lepton sectors; and …
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Jarlskog Invariant: 1985

also used in SMEFT 

The 2023 EPS High Energy and Particle Physics Prize for an out-

standing contribution to High Energy Physics is awarded to Cecilia Jarl-

skog for the discovery of an invariant measure of CP violation in both quark and
lepton sectors.

Prof. Jarlskog groundbreaking achievement was published in 1985, in two
single-authored papers [1, 2]. The main point was the insight that, within the
three-generation Standard Model of Particle Physics (SM), there exists a measure
of CP violation in the quark sector which is basis independent.

The Jarlskog Invariant is now used universally by both theorists and exper-
imentalists exploring CP violation, both in the quark and in the lepton sectors,
and was a truly significant and exceptional advance in our understanding of CP
violation. Many authors, when using this invariant no longer cite the original pa-
pers but just use the words Jarlskog Invariant. The fact that this achievement
took place approximately ten years after the discovery of the third generation of
particles, the tau-lepton and b-quark, illustrates that the discovery of this simple
invariant measure for CP violation was a challenging and subtle discovery. The
insight has several significant consequences.

In general, there is freedom in choosing the quark and lepton mixing parametriza-
tions, which translates into di↵erent forms of the CKM and PMNS mixing matrices
that describe the W-boson interactions with fermion-antifermion pairs. The Jarl-
skog invariant is independent of the parametrisation and phase convention chosen,
and provides an unambiguous way to discuss CP violation. It can be expressed
as the imaginary part of a determinant involving the fermionic mass matrices, i.e.
the up and down mass matrices Mu and Md in the case of quarks,

Im det
�
[MuMu†,MdMd†]

�
= 2J (m2

t �m2
c)(m

2
t �m2

u)(m
2
c �m2

u)

(m2
b �m2

s)(m
2
b �m2

d)(m
2
s �m2

d) .

The factor J is the Jarlskog invariant and has been measured with excellent pre-
cision in the quark sector to be

J = (3.08 ± 0.14) ⇥ 10
�5 ,

whereas its equivalent in the lepton sector is

Jl = (3.36 ± 0.06) sin �CP ⇥ 10
�2 .

The quantity “ sin �CP ” is yet to be determined in neutrino oscillation experi-
ments and can be anywhere in the interval [-1,1]. This suggests that the magnitude
of CP violation in the Lepton sector maybe larger than in the Quark sector and
could be of opposite sign. The Jarlskog invariant allows an immediate under-
standing and estimate of the size of the CP asymmetries predicted by the SM in
hadronic decays, as well as those expected in neutrino oscillation experiments.
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And the Daya Bay and RENO collaborations for the observation of short-
baseline reactor electron-antineutrino disappearance, providing the first 
determination of the neutrino mixing angle Θ13, which paves the way for the 
detection of CP violation in the lepton sector.

5

TABLE I. Summary of IBD signal and background. Rates are corrected for the muon veto and multiplicity selection e�ciencies
"µ ⇥ "m. The sum of the fast neutron and muon-x background rates is reported as “Fast n + muon-x”. The AD numbering
scheme reflects the time order of AD fabrication and deployment.

EH1 EH2 EH3
AD1 AD2 AD3 AD8 AD4 AD5 AD6 AD7

⌫e candidates 794335 1442475 1328301 1216593 194949 195369 193334 180762
DAQ live time [days] 1535.111 2686.110 2689.880 2502.816 2689.156 2689.156 2689.156 2501.531

"µ ⇥ "m 0.7743 0.7716 0.8127 0.8105 0.9513 0.9514 0.9512 0.9513
Accidentals [day�1] 7.11± 0.01 6.76± 0.01 5.00± 0.00 4.85± 0.01 0.80± 0.00 0.77± 0.00 0.79± 0.00 0.66± 0.00

Fast n + muon-x [day�1] 0.83± 0.17 0.96± 0.19 0.56± 0.11 0.56± 0.11 0.05± 0.01 0.05± 0.01 0.05± 0.01 0.05± 0.01
9Li/8He [AD�1 day�1] 2.92± 0.78 2.45± 0.57 0.26± 0.04

241Am-13C [day�1] 0.16± 0.07 0.13± 0.06 0.12± 0.05 0.11± 0.05 0.04± 0.02 0.04± 0.02 0.04± 0.02 0.03± 0.01
13C(↵, n)16O [day�1] 0.08± 0.04 0.06± 0.03 0.04± 0.02 0.06± 0.03 0.04± 0.02 0.04± 0.02 0.03± 0.02 0.04± 0.02

⌫e rate [day�1] 657.16± 1.10 685.13± 1.00 599.47± 0.78 591.71± 0.79 75.02± 0.18 75.21± 0.18 74.41± 0.18 74.93± 0.18

tent with the predictions that took the tiny variations in
the baseline and number of protons into account. Fur-
thermore, no significant deviation in the spectral distri-
butions among the ADs in the same experimental hall
was found.

We extracted the oscillation parameters using the sur-
vival probability of three-flavor oscillation given by

P = 1� cos4✓13sin
22✓12sin

2�21

�sin22✓13
�
cos2✓12sin

2�31 + sin2✓12sin
2�32

�
(1)

where �ij = 1.267�m2
ijL/E with �m2

ij in eV2, L is
the baseline in meters between an AD and a reactor core
and E is the energy of the ⌫e in MeV. We used sin2✓12 =
0.307± 0.013 and �m2

21 = (7.53± 0.18)⇥ 10�5 eV2 [2].
Alternatively, for short baselines of a few kilometers, the
survival probability can be parametrized as

P = 1� cos4✓13sin
22✓12sin

2�21 � sin22✓13sin
2�ee.(2)

Here, the e↵ective mass-squared di↵erence �m2
ee is re-

lated to the wavelength of the oscillation observed at
Daya Bay, and is independent of the choice of neutrino
mass ordering as well as the value and uncertainty of the
mixing angle ✓12 [16].

We adopted fitting Method B reported in Ref. [16] to
extract the oscillation parameters. The fit minimized a
�2 function defined as [21]:

�2(✓13,�m2,⌫) = �2
stat(✓13,�m2,⌫) + �2

syst(⌫) (3)

where �2
stat is the standard statistical term that compares

all the measured background-subtracted prompt-energy
spectra with the predictions. For each period of opera-
tion, the spectrum of each AD was divided into 26 bins.
The predictions were derived from the calculated reactor
⌫e flux, survival probability, IBD cross section [23] and
detector response obtained with a detailed Geant4-based
simulation [24–26]. The term �2

syst(⌫) contains the de-
tector and background systematic uncertainties as pulls
of the nuisance parameters expressed as a vector ⌫.

Figure 1 shows the covariance contours in the �m2
ee-

sin22✓13 space. The best-fit point with �2/ndf = 559/517

yields sin22✓13 = 0.0851± 0.0024, and �m2
32 = (2.466±

0.060) ⇥ 10�3 eV2 for the normal mass hierarchy or
�m2

32 = �(2.571 ± 0.060) ⇥ 10�3 eV2 for the inverted
mass hierarchy. Using Eq. 2, we obtained sin22✓13 =
0.0852± 0.0024 and �m2

ee = (2.519± 0.060)⇥ 10�3 eV2

with the same reduced-�2 value. Results determined
with the other fitting methods described in Ref. [16] were
consistent to <0.2 standard deviations.
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FIG. 1. Error ellipses in the �m2
ee-sin

22✓13 space with
the best-fit point indicated. The error bars display the one-
dimensional one-standard deviation confidence intervals. The
colored contours correspond to one, two, and three standard
deviations. The ��2 distributions are also shown. These one-
dimensional distributions were obtained by determining the
smallest ��2 value after scanning through �m2

ee (sin22✓13 )
for a given sin22✓13 (�m2

ee ).

The best-fit prompt-energy distribution is in excellent
agreement with the observed spectra in each experimen-
tal hall, as shown in Fig. 2.
Figure 3 depicts the normalized signal rate of the three

halls as a function of Leff/hE⌫ei with the best-fit curve
superimposed, where Leff and hE⌫ei are the e↵ective
baseline and average ⌫e energy, respectively [16]. The
oscillation pattern related to ✓13 is unambiguous.
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Outline of the MO Race

•The Neutrino Mass Ordering Question:

•Current Status:  T2K,  NOvA, Daya Bay, SK

•Mid-Decade:   JUNO phase I

• Early Next Decade:   JUNO phase II,  DUNE

5
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Neutrino Mass EigenStates or Propagation States:

(Dialog) In[185]:=

nue = PieChart3D[{686, 294, 20},
ChartStyle % {Blue, Blue, Blue}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nue = PieChart3D[{100},
ChartStyle % {GrayLevel[0.2]}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

num = PieChart3D[{157, 353, 490},
ChartStyle % {Cyan}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nut = PieChart3D[{157, 353, 490},
ChartStyle % {Red, Red, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu3 = PieChart3D[{490, 20, 490},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu2 = PieChart3D[{353, 294, 353},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu1 = PieChart3D[{157, 686, 157}, ChartStyle % {Cyan, Blue, Red},
PlotTheme % "Business", SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

(Dialog) Out[185]=
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(Dialog) In[182]:= NO = Graphics[{Inset[nu1, {0, 0}], Inset[nu2, {0, 0.55}], Inset[nu3, {0, 3}]}]
IO = Graphics[{Inset[nu1, {0, 2.45}], Inset[nu2, {0, 3}], Inset[nu3, {0, 0}]}]
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Solar Exp, SNO
KamiLAND
Daya Bay, RENO, …

SuperK, K2K, T2K
MINOS, NOvA
ICECUBE

Unitarity
SK, Opera
ICECUBE ?

68% 30 % νe 2%

θ23cos δ, θ23cos δ, θ23
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(Dialog) In[185]:=

nue = PieChart3D[{686, 294, 20},
ChartStyle % {Blue, Blue, Blue}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nue = PieChart3D[{100},
ChartStyle % {GrayLevel[0.2]}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

num = PieChart3D[{157, 353, 490},
ChartStyle % {Cyan}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nut = PieChart3D[{157, 353, 490},
ChartStyle % {Red, Red, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu3 = PieChart3D[{490, 20, 490},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu2 = PieChart3D[{353, 294, 353},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu1 = PieChart3D[{157, 686, 157}, ChartStyle % {Cyan, Blue, Red},
PlotTheme % "Business", SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]
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NC
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(Dialog) In[184]:=

NOpIO = Graphics[{Inset[nu1, {0, 0}], Inset[nu2, {0, 0.5}], Inset[nu3, {0, 3}],
Inset[nu1, {3, 2.5}], Inset[nu2, {3, 3.0}], Inset[nu3, {3, 0.0}]}]
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nue = PieChart3D[{100},
ChartStyle % {GrayLevel[0.2]}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

num = PieChart3D[{157, 353, 490},
ChartStyle % {Cyan}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nut = PieChart3D[{157, 353, 490},
ChartStyle % {Red, Red, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu3 = PieChart3D[{490, 20, 490},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu2 = PieChart3D[{353, 294, 353},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu1 = PieChart3D[{157, 686, 157}, ChartStyle % {Cyan, Blue, Red},
PlotTheme % "Business", SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

(Dialog) Out[185]=

massive_neutrinos.nb     3

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

provided L/E ⌧ 0.5 km/MeV = 500 km/GeV !!!

⌫e = ⌫µ = ⌫⌧ =

– Typeset by FoilTEX – 1

(Dialog) Out[186]=

(Dialog) Out[187]=

(Dialog) Out[188]=

4     massive_neutrinos.nb

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

provided L/E ⌧ 0.5 km/MeV = 500 km/GeV !!!

⌫e = ⌫µ = ⌫⌧ =
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(Dialog) Out[186]=

(Dialog) Out[187]=

(Dialog) Out[188]=

4     massive_neutrinos.nb

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

provided L/E ⌧ 0.5 km/MeV = 500 km/GeV !!!

⌫e = ⌫µ = ⌫⌧ =
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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

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

unknown:   SK, T2K, NOvA, JUNO, ICECUBE, DUNE,  KNO, …
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Outline of the MO Race

•Current Status:  T2K,  NOvA, Daya Bay, SK

•Appearance

•Disappearance

•Combined

9
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T2K/HK NOvA

• Need |Uµ1| and |Uµ2| separately: L/E=15,000 km/GeV

• ⌫µ disappearance experiment to a detector in geo-synchronous orbit.

L = 1300 km, sin2 ✓13 = 0.023 and sin2 ✓23 = 0.5

⌫µ $ ⌫̄µ

NH $ IH

�(N ! l+��) 6= �(N ! l��+)

Inverted Hierarchy
Normal Hierarchy

sin2 2✓µµ ⌘ 4|Uµ3|2(1� |Uµ3|2) = 0.96 � 1.00

Same L/E as NO⌫A

– Typeset by FoilTEX – 1

DUNE

2 ⇡0’s

Appearance: ⌫µ ! ⌫e ⌫̄µ ! ⌫̄e

Disappearance: ⌫µ ! ⌫µ ⌫̄µ ! ⌫̄µ

Long Baseline @VOM Reactors

P (⌫µ ! ⌫e) + P (⌫̄µ ! ⌫̄e) ⇡ 2 sin2 ✓23 [1 � P (⌫̄e ! ⌫̄e)]

⌫µ ! ⌫µ gives:

|Uµ3|2 $ (1 � |Uµ3|2) degeneracy +!

Normal Ordering — Inverted Ordering

P (⌫µ ! ⌫e) 6= P (⌫̄µ ! ⌫̄e)

in vacuum

– Typeset by FoilTEX – 1

sin2 ✓23

– Typeset by FoilTEX – 3

sin2 ✓23

�

– Typeset by FoilTEX – 3

sin2 ✓23

�

⇡/2

– Typeset by FoilTEX – 3

sin2 ✓23

�

�⇡/2

– Typeset by FoilTEX – 3

sin2 ✓23

�

0,⇡

�⇡/2

– Typeset by FoilTEX – 3

sin2 ✓23

�

⇡, 0

�⇡/2

– Typeset by FoilTEX – 3

/ ⇢L sin2 ✓23

⌫µ

⌫µ, ⌫e, ⌫⌧

Ar from ⇠ 10 km3 of air

• Need |Uµ1| and |Uµ2| separately: L/E=15,000 km/GeV

• ⌫µ disappearance experiment to a detector in geo-synchronous orbit.

L = 1300 km, sin2 ✓13 = 0.023 and sin2 ✓23 = 0.5

⌫µ $ ⌫̄µ

NH $ IH

�(N ! l+��) 6= �(N ! l��+)

– Typeset by FoilTEX – 1
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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

Reconstructed Energy (GeV)
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Data

T2K Run 1-10 Preliminary
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%ν-mode

Reconstructed Neutrino Energy (GeV)

SK event samples

Neutrino mode e-like candidates
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10 Preliminary-T2K Run1

T2K  &  NOvA
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�
0

1

2

3

4

5

)⇥
Si

gn
ific

an
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  
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IO NO

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



IO NO
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Another possible way to determine

the Neutrino Mass Hierarchy

Hiroshi Nunokawa1,∗ Stephen Parke2,† and Renata Zukanovich Funchal3‡

1Departamento de F́ısica, Pontif́ıcia Universidade Católica do Rio de Janeiro,

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-

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
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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

Energy

E = mc2 E = mc2

light gray
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and that |�m2
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µµ| implies NO
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µµ| implies IO

Energy
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– Typeset by FoilTEX – 20

Introduced �m2
ee and �m2

µµ for disappearance experiments:

and that |�m2
ee| > |�m2

µµ| implies NO

and |�m2
ee| < |�m2

µµ| implies IO

Energy

E = mc2 E = mc2

light gray
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few % difference

NPZ’05
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NPZ’05 in a Nutshell

P� = cos4 ✓13 sin
2 2✓12 sin

2�21 = 0.002 when

P (⌫e ! ⌫e) = 1 � P� � sin2 2✓13(cos
2 ✓12 sin

2 �31 + sin2 ✓12 sin
2 �32)

⇡ 1 � P� � sin2 2✓13(sin
2 �31 + O(�21))

⇡ 1 � P� � sin2 2✓13(sin
2 �32 + O(�21))

⇡ 1 � P� � sin2 2✓13(sin
2 �ee + O(�2

21))

�m2
ee ⌘ cos2 ✓12�m2

31 + sin2 ✓12�m2
32 (19)

�m2
ee ⌘ �m2

31 � sin2 ✓12�m2
21 ⌘ �m2

32 + cos2 ✓12�m2
21 (20)

– Typeset by FoilTEX – 22

note “2”

�21 =
⇣
�m

2
21

�m2
31

⌘
�31 = 0.03 ⇡

2 = 1
20 and therefore �2

21 =
1

400

– Typeset by FoilTEX – 23

NPZ’05 in a Nutshell

P� = cos4 ✓13 sin
2 2✓12 sin

2�21 = 0.002 when �31 =
⇡

2

P (⌫e ! ⌫e) = 1 � P� � sin2 2✓13(cos
2 ✓12 sin

2 �31 + sin2 ✓12 sin
2 �32)

⇡ 1 � P� � sin2 2✓13(sin
2 �31 + O(�21))

⇡ 1 � P� � sin2 2✓13(sin
2 �32 + O(�21))

⇡ 1 � P� � sin2 2✓13(sin
2 �ee + O(�2

21))

�m2
ee ⌘ cos2 ✓12�m2

31 + sin2 ✓12�m2
32 (19)

�m2
ee ⌘ �m2

31 � sin2 ✓12�m2
21 ⌘ �m2

32 + cos2 ✓12�m2
21 (20)
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NPZ’05 in a Nutshell

⌫̄e disappearance at an L/E ⇠ 0.5 km/MeV

P� = cos4 ✓13 sin
2 2✓12 sin

2�21 = 0.002 when �31 =
⇡

2

P (⌫e ! ⌫e) = 1 � P� � sin2 2✓13(cos
2 ✓12 sin

2 �31 + sin2 ✓12 sin
2 �32)

⇡ 1 � P� � sin2 2✓13(sin
2 �31 + O(�21))

⇡ 1 � P� � sin2 2✓13(sin
2 �32 + O(�21))

⇡ 1 � P� � sin2 2✓13(sin
2 �ee + O(�2

21))
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NPZ’05 in a Nutshell

⌫̄e disappearance at an L/E ⇠ 0.5 km/MeV

P� = cos4 ✓13 sin
2 2✓12 sin

2�21 = 0.002 when �31 =
⇡

2

P (⌫e ! ⌫e) = 1 � P� � sin2 2✓13(cos
2 ✓12 sin

2 �31 + sin2 ✓12 sin
2 �32)

⇡ 1 � P� � sin2 2✓13(sin
2 �3i + O(�21)) i = 1 or 2

⇡ 1 � P� � sin2 2✓13(sin
2 �ee + O(�2

21))

�m2
ee ⌘ cos2 ✓12�m2

31 + sin2 ✓12�m2
32 (19)

�m2
ee ⌘ �m2

31 � sin2 ✓12�m2
21

⌘ �m2
32 + cos2 ✓12�m2

21 (20)
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|Ue3|
2 = sin2 ✓13 = 0.0215 (±2.8%)

|�m2
ee| = 2.52 (±2.4%) ⇥ 10�3 eV2

note: �m2
21

|�m2
ee|

= 3.0%

�m2
ee ⌘ cos2 ✓12�m2

31 + sin2 ✓12�m2
32 = m2

3 � (c212m
2
1 + s212m

2
2)

⌘ �m2
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⌫µ disappearance at an L/E ⇠ 500 km/GeV
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NO preference with Δχ ∼ 4.0
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FIG. 9. Constraints on neutrino oscillation parameters from the Super-K atmospheric neutrino data fit with no external
constraints. Orange lines denote the inverted hierarchy result, which has been o↵set from the normal hierarchy result, shown
in blue, by the di↵erence in their minimum �

2 values.

Earth.

Results and Discussion

Figure 9 shows one-dimensional allowed regions for
|�m2

32,31|, sin
2✓23, ✓13 and �CP . In each plot the curve

is drawn such that the �2 for each point on the hor-
izontal axis is the smallest value among all parameter
sets including that point. When the atmospheric neu-
trino data are fit by themselves with no constraint on
✓13, the normal hierarchy hypothesis yields better data-
MC agreement than the inverted hierarchy hypothesis
with �2

NH,min
� �2

IH,min
= �3.48. The preferred value

of sin2✓13 is 0.018(0.008) assuming the former (latter).
Though both di↵er from the globally preferred value of

0.0219 the constraints are weak and include this value
at the 1� level. In the normal hierarchy fit the point at
sin2✓13 = 0.0 is disfavored at approximately 2� indicat-
ing the data have a weak preference for non-zero values.
A summary of the best fit information and parameter
constraints is presented in Table V.

The data’s preference for both non-zero sin2✓13 and the
normal mass hierarchy suggest the presence of upward-
going electron neutrino appearance at multi-GeV ener-
gies driven by matter e↵ects in the Earth (c.f. Fig. 2).
Figure 10 shows the up-down asymmetry of the multi-
GeV single- and multi-ring electron-like analysis samples.
Here the asymmetry is defined as NU � ND/NU + ND,
where NU (ND) are the number of events whose zenith
angle satisfy cos✓z < �0.4 (cos✓z > 0.4). Small excesses
seen between a few and ten GeV in the Multi-GeV e-
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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.

2
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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
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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.

2

JUNO Spectra assuming
 is the same for 

both NO/IO.
|Δm2

32 |

If you let  be 
slightly different than 

 then the 
wiggles 

sit more on top of one other, 
significantly reducing the . 

|Δm2
32 | (IO)

|Δm2
32 | (NO)
θ13

Δχ2

Petcov et al:  hep-ph/0112074,   hep-ph/0306017,   arXiv:1701.06328,   PDG-2018
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JUNO  Wiggles: θ13

JUNO by Nu2024:

Best measurements of �m
2
21, sin

2
✓12 and �m

2
ee: accuracy )⇠ 0.5%

(JUNO value of sin2 ✓13 will not be more accurate than Daya Bay)

1� P (⌫̄e ! ⌫̄e) = 4c413s
2
12c

2
12 sin

2�21 (13)

+2s213c
2
13

✓
1�

q
1� sin2 2✓12 sin

2�21 cos [2|�ee| ± �(�21)]

◆
(14)
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mass ordering (NO) and red is the inverted mass ordering (IO) with �m
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such a fashion that the two survival probabilities are identical at small L/E, ie. �m
2
31(IO) =

��m
2
31(NO) + 2 sin2 ✓12�m

2
21. Near the solar oscillation minimum, L/E ⇠ 15 km/MeV, the

phase of the ✓13 oscillations advances (retards) for the normal (inverted) mass ordering and the
two oscillation probabilities are distinguishable, in principle. Also near the solar minimum, the
amplitude of the ✓13 oscillations is significantly reduced compared to smaller values of L/E. The
short baseline experiments, Daya Bay, RENO and Double Chooz, probe L/E < 0.8 km/MeV and
the medium baseline, JUNO and RENO 50, probe 6 < L/E < 25 km/MeV, as indicated.
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for L/E < 0.8 km/MeV. A variant of this derivation is given in the Appendix V.
However, in this article we will use an exact formulation given in [9] which follows

Helmholtz, [10], in combining the two oscillation frequencies, proportional to �31 and �32

into one frequency plus a phase. The exact survival probability is given by (see Appendix
VI)
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with ⌦ = (�31 +�32) + arctan(cos 2✓12 tan�21).

⌦ consists of two parts: one that is even under the interchange of �31 and �32 and is linear
in L/E, (�31 +�32), and the other which is odd under this interchange and contains both
linear and higher (odd) powers in L/E, arctan(cos 2✓12 tan�21), remember �21 = �31��32.

3

FIG. 13. The kinematic phase advance/retardation for the survival probability, ��, as a function of
L/E (left) and E at L = 52.5 km (right). The blue band is obtained from the exact formula, while
the red curve shows the approximation for values of L/E < 10 km/MeV. The dashed vertical and
horizontal lines mark the solar oscillation minimum, i.e. �21 = ⇡/2 where �� = ⇡ sin2 ✓12 ⇡ 0.999.
The gray bands are obtained by varying the solar parameters in their corresponding 1� intervals
as given in Table I.

Appendix B: ⌫e Disappearance Probability in Vacuum

We start from the usual expression for the ⌫e disappearance probability in vacuum,
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as shown in Fig. 13, is to write
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using c2
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⌘ sin2 ✓12. Then, if we rewrite 2�31 and 2�32 in terms of
(�31 +�32) and �21, we have
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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
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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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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
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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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(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.
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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
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[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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FIG. 6. Here we show the e↵ect of varying the detector energy away from the nominal 3.0%. A
0.1% reduction (increase) in this resolution increases (decreases) the �2

min[IO] by approximately
1 unit.

V. EFFECT OF VARYING THE TRUE VALUES OF THE NEUTRINO OSCIL-
LATION PARAMETERS

In this section we explore how varying the true values of the neutrino oscillation pa-
rameters improves or reduces the prospects for JUNO’s determination of the neutrino mass
ordering. We first consider the variation of single parameters with the others held fixed and
then consider the correlations varying both �m2

21
and sin2 ✓12 with �m2

ee and sin2 ✓13 held
fixed and vice versa.

We start by creating fake data sets using the upper and lower 1� bounds obtained in
Ref. [2] (see Tab. I), always for one parameter at the time. The result of these analyses is
shown in Fig. 7, where in each panel we vary one of the parameters as indicated. Here again
solid (dashed) lines are used for IO (NO). As can be seen, changes in any of the oscillation
parameters can have large e↵ects on the determination power of the neutrino mass ordering.
Especially remarkable is the e↵ect of a smaller �m2

21
, which shifts �2

min
[IO] from 8.5 to

7.1. Note that the best fit value obtained from the analysis of solar neutrino data from
Super-K [15] is even smaller than the one considered here and therefore the determination
would then be even more di�cult. On the other hand side, a larger value of the solar mass
splitting improves significantly the determination of the mass ordering. In this case we
obtain �2

min
[IO] = 10.2. The e↵ect of the other parameters is not as pronounced as in the

case of the solar mass splitting, but still appreciable: �m2

ee/sin
2 ✓13/ sin2 ✓12, within 1� of

their current best fit value, can move �2
min

[IO] by approximately ± 0.5.
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FIG. 8. Contours of �2
min[IO] as the oscillation parameters are varied: left panel varying (sin2 ✓12,

�m2
21
) holding (sin2 ✓13, �m2

ee) fixed at their best fit values, right panel varying (sin2 ✓13, �m2
ee)

holding (sin2 ✓12, �m2
21
) fixed at their best fit values. The red cross is the current best fit point

whereas the gray star is the value of the parameters used in [37] (also in [32]). Even for a variation
of about 3� around the best fit values of Tab. I, we see substantial change in the �2

min[IO]. Here
we use the nominal values for resolution, b2b systematics, number of energy bins and exposure
given in Tab. II and include all backgrounds.

VI. NON-LINEAR DETECTOR ENERGY RESPONSE

In a liquid scintillator detector, the true prompt energy, Ep, (positron energy plus me)
is not a linear function of to the visible energy, Evis, in the detector. The main energy-
dependent e↵ects are the intrinsic non-linearity related to the light emitting mechanisms
(scintillation and Cherenkov emission) and instrumental non-linearities. The non-linear
detector response can be modeled by a four parameter function [57–59] which relates the
true prompt energy to the visible detector energy according to

Ep =
Evis

fNL(a1, a2, a3, a4;Ep)
where fNL(a1, a2, a3, a4;Ep) ⌘

a1 + a2 (Ep/MeV)

1 + a3 exp (�a4 (Ep/MeV))
,

(11)

and the coe�cients (a1, a2, a3, a4) are determined by prompt energy calibration techniques.
We use the prompt energy scale calibration curve shown in Fig. 1 of Ref. [57], which can be
well described by the fNL given in Eq. (11) with

ā1 = 1.049, ā2 = 2.062⇥ 10�4, ā3 = 9.624⇥ 10�2, ā4 = 1.184 .

Then the true neutrino energy, E, is then constructed by E = Ep +�M .
To allow for deviations from this calibration, we use in our simulation the reconstructed

prompt energy, E 0
p, given by

E 0
p

Ep
=

fNL(ā1, ā2, ā3, ā4;Ep)

fNL(a1, a2, a3, a4;Ep)
. (12)
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FIG. 9. On the left panel we show the ratio between the reconstructed prompt energy E0
p and the

true prompt energy Ep as a function of the neutrino energy E, for �bias = 0.2% (yellow), 0.4%
(green) and 0.7% (red) and no penalty (magenta) for the best fit to IO for the NO spectra. In blue
we show the line for perfect reconstruction (no NL) as a reference. On the right panel we show the
changes to �2 caused by the addition of the corresponding �2

NL
.

VII. FLUCTUATIONS ABOUT THE MEAN FOR THE NEUTRINO MASS OR-
DERING DETERMINATION

It has been already pointed out that statistical fluctuations are important for JUNO, see
for instance Ref. [34] where they estimate the statistical uncertainty on ��2 by an analytical
expression and a Monte Carlo simulation. The calculation was performed just after the first
measurement of sin2 ✓13 by RENO and Daya Bay, under di↵erent detector resolution and
systematic assumptions. It is timely to reevaluate this here.

We have already shown in Fig. 2 that the di↵erence between the spectra for NO and
IO is smaller than the statistical uncertainty in each bin. We consider here the e↵ects of
fluctuating the number of events in each bin. We evaluate the impact of this fluctuations
on the mass ordering determination by performing a simulation of 60000 JUNO pseudo-
experiments for each exposure and obtain the distributions given in Fig. 10. To generate
this figure, we create a fake data set {N0

i , i = 1, ..., Nbins} using the neutrino oscillation
parameters in Tab. I. The fluctuated spectrum {N f

i , i = 1, ..., Nbins} is generated by creating
normal distributed random values around N0

i ±
p
N0

i . We analyze this fluctuated spectrum
for NO and IO and add the corresponding ��2

⌘ �2

min
[IO]��2

min
[NO] value to a histogram.

Note that here, because of the statistical fluctuations, �2

min
[NO] is not necessarily zero, so

��2 < 0 means �2

min
[NO]> �2

min
[IO], so the wrong mass ordering is selected in this case.

We use the nominal values for the systematic uncertainties and energy resolution given
in Tab. II for three exposures: 4, 8 and 16 years. The corresponding ��2 distributions are
shown in Fig. 10. These distributions are Gaussian (as was proven analytically in Ref. [43])
with corresponding central values ��2 = 3.4, 6.7 and 12.4 and standard deviations 3.4, 4.7
and 6.1, respectively. Our pseudo-experiments reveal that after 8 years in only 31% of the
trials JUNO can determine the neutrino mass ordering at the level of 3� or better. We
also find that there is even a non negligible probability (⇠8%) to obtain the wrong mass
ordering, i.e., ��2 < 0. For a shorter (longer) exposure of 4 (16) years, 5% (71%) of the
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Non-linear Energy Response

also overlaid with simulated data in figure 1(b). Excellent agreements are observed in both
figures.
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Figure 1. Fitted and simulated gamma non-linearity (a), 12B spectra (b), and electron non-
linearity (c). In all figures, black points (curves) represent simulated data, and red points (curves)
are the best fits. For visual clarity, for sources with multiple gamma emissions, the horizontal axis
is chosen to be the mean energy of the gammas. In (c), the uncertainty band is evaluated using the
procedure in section 2.3.

For comparison, we use the same SNIPER simulation to produce the visible energy
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FIG. 8. Contours of �2
min[IO] as the oscillation parameters are varied: left panel varying (sin2 ✓12,
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ee) fixed at their best fit values, right panel varying (sin2 ✓13, �m2
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whereas the gray star is the value of the parameters used in [37] (also in [32]). Even for a variation
of about 3� around the best fit values of Tab. I, we see substantial change in the �2

min[IO]. Here
we use the nominal values for resolution, b2b systematics, number of energy bins and exposure
given in Tab. II and include all backgrounds.

VI. NON-LINEAR DETECTOR ENERGY RESPONSE

In a liquid scintillator detector, the true prompt energy, Ep, (positron energy plus me)
is not a linear function of to the visible energy, Evis, in the detector. The main energy-
dependent e↵ects are the intrinsic non-linearity related to the light emitting mechanisms
(scintillation and Cherenkov emission) and instrumental non-linearities. The non-linear
detector response can be modeled by a four parameter function [57–59] which relates the
true prompt energy to the visible detector energy according to

Ep =
Evis

fNL(a1, a2, a3, a4;Ep)
where fNL(a1, a2, a3, a4;Ep) ⌘

a1 + a2 (Ep/MeV)

1 + a3 exp (�a4 (Ep/MeV))
,

(11)

and the coe�cients (a1, a2, a3, a4) are determined by prompt energy calibration techniques.
We use the prompt energy scale calibration curve shown in Fig. 1 of Ref. [57], which can be
well described by the fNL given in Eq. (11) with

ā1 = 1.049, ā2 = 2.062⇥ 10�4, ā3 = 9.624⇥ 10�2, ā4 = 1.184 .

Then the true neutrino energy, E, is then constructed by E = Ep +�M .
To allow for deviations from this calibration, we use in our simulation the reconstructed

prompt energy, E 0
p, given by

E 0
p

Ep
=

fNL(ā1, ā2, ā3, ā4;Ep)

fNL(a1, a2, a3, a4;Ep)
. (12)
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FIG. 10. Distributions of the ��2
⌘ �2

min
[IO] � �2

min
[NO] values obtained in the analyses of

60 k trial pseudo-experiments where statistical fluctuations of the trial data have been taken into
account for three di↵erent exposures: 4 (green), 8 (red) and 16 (blue) years. We use the neutrino
oscillation parameters at the values given in Tab. I and take into account the experimental nominal
systematic uncertainties and energy resolution given in Tab. II.

pseudo-experiments rule out IO at 3� or more. In these cases in about 16% (2%) of the
trials the IO is preferred.

VIII. COMBINING JUNO WITH THE GLOBAL FIT

In the previous section we have shown that the significant impact of statistical fluctuations
on top of the detector systematic e↵ects, can make it very challenging for JUNO by itself to
determine at 3� or more the neutrino mass ordering even after 16 years. However, as was
shown in [31], muon disappearance experiments measure8

�m2

µµ ⌘ sin2 ✓12�m2

31
+ cos2 ✓12�m2

32
, (14)

whose relationship to |�m2

ee| is given by

|�m2

ee| = |�m2

µµ| ± cos 2✓12�m2

21
, (15)

the positive (minus) sign is for NO (IO). Therefore, by using muon disappearance measure-
ments we have a constraint on the allowed |�m2

ee|’s for the two mass orderings,

|�m2

ee| [NO]� |�m2

ee| [IO] = 2 cos 2✓12�m2

21
⇡ 0.06⇥ 10�3 eV2 , (16)

i.e. |�m2

ee| [IO] is 2.4% smaller than |�m2

ee| [NO]. Whereas, because of the phase advance
(NO) or retardation (IO) given in Eq. (4), the medium baseline reactor experiments give

8 In fact, there is a small correction to this definition whose leading term depends on

cos � sin ✓13 sin 2✓12 tan ✓23�m2
21 whose magnitude is less than 10�5 eV2. This term is included in all

numerical calculations.

18

37

JUNO probability of determining Mass Ordering

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
Δχ2 ∼ 0.85 / year
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Outline of the MO Race
•Early Next Decade:   

•DUNE

38
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DUNE physics for P532

DUNE can do this in many energy 
bins over full oscillation period

RHC

FHC

● By looking also at higher energy 
(L/E well below the oscillation 
maximum), this is resolved

● But making a precise measurement 
of δCP requires much higher 

statistics

0.5 < E
ν
 < 1.5 1.5 < E

ν
 < 3.5 3.5 < E

ν
 < 6.0

Experimentalist  Bi-Event Plot
For DUNE



Stephen Parke                                                                    Nu MO                                                          5/12/2023       #                     40

Long baseline sensitivities

Mass ordering sensitivity over time

Years
0 1 2 3 4 5 6 7

2
χ

∆

0

5

10

15

20

25

30

35

Mass Ordering Sensitivity

DUNE Sensitivity (Staged)
All Systematics

Normal Ordering

 0.003± = 0.088 13θ22sin
 = 0.580 unconstrained23θ2sin

/2π = -
CP

δ
 values

CP
δ100% of 

Nominal Analysis
 unconstrained13θ

Mass Ordering Sensitivity

After 2 years, for all values of
�CP the mass ordering is
measured to 5�

ICHEP 2020 July 30, 2020 14 21

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

ICHEP 2020 July 30, 2020 13 21
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Summary:

• Circa Nu 2026:    Global fits, including JUNO’s  precision  
measurement will give us Neutrino Mass Ordering .

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

• Circa Nu 203x:   JUNO & DUNE will each have Neutrino 
Mass Ordering  in a single experiment - a race ! 

• A Year Later:   DUNE  for Neutrino Mass Ordering

Δm2
ee

> 3σ

Δm2

> 3σ

> 5σ

41
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Comment for  P5:

“Success”  builds on   “Success”

Using 2014-P5 metric, DUNE phase I is not a “Success’’

Gedanken exp:   Braidwood,  BTeV,  SSC

Lots of examples:

for guaranteed “Success’’
full DUNE phase II + ACE are needed

This is building for future “Successes”
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Extras



Stephen Parke                                                                    Nu MO                                                          5/12/2023       #                     44

Daya Bay:

A variant of this definition of an e↵ective �m2 (here I will used the subscripts “xx”), is
defined in terms of the position of the first extremum of (cos2 ✓12 sin2 �31+sin2 ✓12 sin2 �32)
in L/E. If this extremum occurs at (L/E)|1, then define

�m2
xx

⌘
2⇡

(L/E)|1
, (18)

so that, at this extremum, �m
2
xxL

4E = ⇡

2 . With this definition it is again easy to show that,

|�m2
xx
| = |�m2

ee
| (1 +O

 ✓
�m2

21

�m2
ee

◆2 �
). (19)

Again, essentially equal to �m2
ee
.

In both |�m2
XX

| and |�m2
xx
|, the corrections of order

⇣
�m

2
21

�m2
ee

⌘2

, come from the amplitude

modulation of the ✓13 oscillation and the coe�cients are 1
2 sin

2 ✓12 cos2 ✓12 and sin2 ✓12 cos2 ✓12
respectively. Note, these corrections are mass ordering independent.

B. Daya Bay’s Original Definition of the E↵ective �m
2

In ref. [4] & [5], the Daya Bay experiment used the following definition for an e↵ective
�m2, here I will use the symbol �m2

Y Y
,

sin2 �Y Y ⌘ cos2 ✓12 sin2 �31 + sin2 ✓12 sin2 �32. (20)

which implies that

�m2
Y Y

⌘

✓
4E

L

◆
arcsin

q
(cos2 ✓12 sin

2 �31 + sin2 ✓12 sin
2 �32)

�
. (21)

For L/E < 0.3 km/MeV, so that sin2 �3i = �2
3i is a good approximation, �m2

Y Y
is approx-

imately independent of L/E. However, for larger values of L/E, �m2
Y Y

is L/E dependent,
exactly in the L/E region, 0.3 < L/E < 0.7 km/MeV, where the bulk of the experimental
data from the far detectors of the Daya Bay experiment is obtained. In the center of this
L/E region, L/E ⇡ 0.5 km/MeV, is the position of the oscillation minimum.

Furthermore, the definition given by Eqn. 20, is discontinuous at oscillation minimum
(OM). This occurs because as you increase L/E, the L.H.S. eqn. 20 can go to 1, whereas
the R.H.S. never reaches 1. So to satisfy Eqn. 20, as you increase L/E, your e↵ective �m2

must be discontinuous at OM and the size of this discontinuity is given by6

� �m2
EE

|OM = sin 2✓12�m2
21 (22)

which is of order of 3%. In Fig. 4, the various �m2’s are plotted as a function of L/E.

6 The following identity is useful to understand this point, sin2(⇡2 ± ✏) ⇡ 1� ✏
2 where here ✏ = s12c12�21.

Similarly at oscillation maximum, sin2(⇡ ± ✏) ⇡ ✏
2.

8

FIG. 4: Daya Bay’s original definition, see [4] and [5], for an e↵ective �m
2, �m

2
Y Y

, is given by
the solid red line. Notice the sizeable L/E dependence near oscillation minimum and maximum
(vertical black dotted lines). At all oscillation extrema, this definition is discontinuous and the size
of the discontinuity is sin 2✓12�m

2
21 ⇠ 3%. The first discontinuity occurs in the middle of the

experimental data of the Daya Bay, RENO and Double Chooz experiments. The L/E independent
lines: �m

2
ee ⌘ cos2 ✓12�m

2
31 + sin2 ✓12�m

2
32 is the blue dashed, �m

2
31 and �m

2
32 are the labelled

black lines. This figure is for normal mass ordering with sin2 ✓12 = 0.30 and �m
2
ee = 2.453⇥ 10�3

eV2.

The relationship between Daya Bay’s �m2
Y Y

and that of the previous section is as follows

�m2
Y Y

|L/E!0 = �m2
ee

vuut
 
1 + sin2 ✓12 cos2 ✓12

✓
�m2

21

�m2
ee

◆2
!

. (23)

Therefore they are identical up to corrections of O(10�4) as L/E ! 0.
Given that �m2

Y Y
is L/E dependent one should take the average of �m2

Y Y
over the L/E

range of the experiment

h�m2
Y Y

i =

R (L/E)max

(L/E)min
d(L/E) �m2

Y Y

[(L/E)max � (L/E)min]
. (24)

For the current experiments this range is from [0,0.8] km/MeV and then from Fig, 4 it is
clear that

h�m2
Y Y

i ⇡ �m2
ee
, (25)

if the discontinuity at OM is averaged over in a symmetric way. In practice, of course, one
needs to weight the average over the L/E range by the experimental L/E sensitivity. This
is something that can only be performed by the experiment. This was not performed in ref.
[4] or [5].

9

1.

FIG. 5: Daya Bay’s new definition, see [6], of an e↵ective �m
2, �m

2
ZZ

, for ⌫̄e disappearance
compared �m

2
ee ⌘ cos2 ✓12�m

2
31 + sin2 ✓12�m

2
32. The L/E range appropriate for JUNO and

RENO-50 is 6 to 25 km/MeV, exactly the range in which �m
2
ZZ

changes by ±1%. Yet, the
expected accuracy of these two experiments is better than 0.5%. The sign of the variation of
�m

2
ZZ

is mass ordering dependent. The blue and red dashed lines are �m
2
31 for NO and IO

respectively.

C. Daya Bay’s New Definition of the E↵ective �m
2

After the issue with �m2
Y Y

was pointed out to the Daya Bay collaboration [11], the Daya
Bay collaboration defined a new e↵ective �m2 in the supplemental material of ref. [6]. Here
I will use the symbol �m2

ZZ
for this new definition which is defined in terms of the kinematic

phase, ⌦, given eqn. 3, as

�m2
ZZ

⌘
2E

L
⌦, (26)

= |�m2
ee
| ±

2E

L
�.

Unfortunately, since � is not a linear function in L/E, �m2
ZZ

is also L/E dependent. In

contrast remember, from eqn. 4, �m2
ee
⌘

@ ⌦
@(L/2E)

��� L
E!0 .

For short baseline experiments, such as Daya Bay, RENO and Double Chooz, this de-
pendence is small, and can be calculated analytically from eqn. (11),

�m2
ZZ

= |�m2
ee
|


1±

1

6
cos 2✓12 sin

2 2✓12

✓
�m2

21

�m2
ee

◆
�2

21 +O

✓✓
�m2

21

�m2
ee

◆
�4

21

◆�

⇡ |�m2
ee
|

"
1± 6⇥ 10�6

✓
L/E

0.5 km/MeV

◆2
#
. (27)

10

Δm2
ZZ ≡

2E
L (Δ31 + Δ32 + arctan[cos 2θ12 tan Δ21])

2.

3.

Δm2
ee ≡

∂
∂ (L/2E) (Δ31 + Δ32 + arctan[cos 2θ12 tan Δ21])

L/2E=0

= cos2 θ12Δm2
31 + sin2 θ12Δm2

32 NPZ’05



Stephen Parke                                                                    Nu MO                                                          5/12/2023       #                     45

⌫e Disappearance:
|�m2

ee
| same for both orderings

Daya Bay: ± = NO/IO

|�m2
32| = |�m2

ee
|⌥ cos2 ✓12�m2

21

|�m2
31| = |�m2

ee
| ± sin2 ✓12�m2

21

|�m2
32|

IO

DB
= |�m2

31|
NO

DB
+ cos 2✓12�m2

21
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⌫µ Disappearance:
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| same for both orderings

NOvA, T2K: ± = NO/IO

|�m2
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µµ
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21

|�m2
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µµ
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|�m2
32|
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µdis
= |�m2

31|
NO

µdis
� cos 2✓012�m2

21

cos 2✓012 = cos 2✓12 � 4s13s12c12t23 cos � ⇡ 0.40� 0.28 cos �

(|�m2
32|

IO

DB
� |�m2

32|
IO

µdis
) = (|�m2

31|
NO

DB
� |�m2

31|
NO
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) + (cos 2✓12 + cos 2✓012)�m2

21
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1.5 to 3.3 %Unchanged if  in either or both MO’s31 ↔ 32
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DUNE bi-Probability Diagrams:
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⌫µ, ⌫e, ⌫⌧
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• Need |Uµ1| and |Uµ2| separately: L/E=15,000 km/GeV

• ⌫µ disappearance experiment to a detector in geo-synchronous orbit.
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