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Driven by Mass and Mixing

flavor eigenstates I/

mass eigenstates

ad=e6,U,T

Neutrino Flavor Oscillations

atmospheric reactor
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* two independent mass scales have been identified
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Mass Ordering
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Effect Am> - scale

For Disappearance Experiments

In vacuum

[ H. Nunokawa, S. J. Parke, RZF (2005)]

e for experiments where

Am221 L L = baseline

<1

the oscillation phase Ay = T E = neutrino  energay

v, = UV,/U, = U,
effectively described
by a different

U - v U —> T Arm
u u Y u L Am2 A

survival probabilities
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atm
For Disappearance Experiments
in vacuum [ H. Nunokawa, S. J. Parke, RZF (2005)]
. Amz L
 for experiments where A, = . 21 < 1

effective scale for v, disappearance
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Effect Am?’._ - scale

atm
For Disappearance Experiments
in vacuum [ H. Nunokawa, S. J. Parke, RZF (2005)]
. Amz L
o for experiments where A, =—— <1

4E

DayaBay/RENO

effective scale for v, disappearance

2 |NO 2 2 in? A, = Al

2 110 2 2 2
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Effect Am_ - scale

For Disappearance Experiments

in vacuum [ H. Nunokawa, S. J. Parke, RZF (2005)]
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 for experiments where A, = <1
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effective scale for v, disappearance
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Effect Am’ - scale

For Disappearance Experiments

in vacuum [ H. Nunokawa, S. J. Parke, RZF (2005)]
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 for experiments where A, = 7 <1

effective scale for v,
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atm
For Disappearance Experiments
in vacuum [ H. Nunokawa, S. J. Parke, RZF (2005)]
. Amz L
o for experiments where A, =—— <1
4F T2K
A, ((E) ~ 0.6GeV,L ~ 295km) ~ 5%

NOVA

Ay ((E) ~2.0GeV,L ~ 810km) ~ 4%

effective scale for v,
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For Disappearance Experiments
in vacuum [ H. Nunokawa, S. J. Parke, RZF (2005)]
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7 NO 0 5 ) NO effective scale for v,
Am31 ‘ﬂ = | AmW | + AmZI(COS 0, — sind;cos0 ) disappearance

|Am3, |, = | Amg, | + Am3 (sin® 0y, + sin ;5 cos 5'°)



Effect Am> - scale
For Disappearance Experiments

in vacuum [ H. Nunokawa, S. J. Parke, RZF (2005)]
| Am%L
 for experiments where A, = <1
AE T2K

NOVA
A, ((E) ~2.0GeV,L ~ 810km) ~ 4 %

NO ) NO effective scale for U,
Am31 | = |Am ‘ T Amzl(COS 01, —sinb3cos0) disappearance
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Mass Ordering Sum Rule

For Disappearance Experiments

[S. J. Parke, RZF arXiv:2404.0873 ]
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Mass Ordering Sum Rule

For Disappearance Experiments

[S. J. Parke, RZF arXiv:2404.0873 ]

(2.4 —0.9 cosd) % | Am?__ |

atm

AmZ, Mo nova = (2.516 £0.031) x 1073 V?

| A3, Ik anova = (2485 £0.031) X 1073 V?
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Mass Ordering Sum Rule

For Disappearance Experiments

[S. J. Parke, RZF arXiv:2404.0873 ]

(2.4 —0.9 cosd) % | Am?__ |

atm

2 INO _ A2 NO s - —
Am;, P Amsy |, AMZ, | pox noea = (2.516 £0.031) x 1077V
~ 1.2%
[ Am2, | = | AmZ, LO VTR RN | 2 10 = (2.485%0.031) x 10~%eV?

\/ [http://www.nufit.org - v52.fig-chisq]-dma.pdf]
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NuFIT

We already see this effect in the current data

NUFIT 5.2 (2022)
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NuFIT

We already see this effect in the current data

NuFIT 5.2 (2022)
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We already see this effect in the current data

LBL
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NuFIT

We already see this effect in the current data

NuFIT 5.2 (2022)
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JUNO Disappearance Measurement

v, = U,

®_JUNO
!N 100 days 6 years
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REACTOR NEUTRINO EXPERIMENT

1.0
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medium baseline reactor neutrino detector

low and high frequency
modes present

[S.T.Petcov & M Piai (2002)
&
S. Choubey et al. (2003)]



REACTOR NEUTRINO EXPERIMENT

1.0

v, = U,

0.8/

— Am%.. [NO] = +2.530 x 10 3eV?

— Am?e. [10] = —2.548 x 10 3eV? sin? 2615 r
2

\ fast oscillakions

L =53 km

w/o Energy Resolution

3 4 5 6 7 8 9 10

11

medium baseline reactor neutrino detector

effective atmospheric

2
An/latm

for reactor experiments

2 2 2 . 2 2
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v, -Disappearance Measurement
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[H. Minakata, H. Nunokawa, S. J. Parke, RZF (2007)] In vacuum
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1
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[H. Minakata, H. Nunokawa, S. J. Parke, RZF (2007)] In vacuum
solar term

P, = sin® 20,5 cos* 013 sin® Ay;  Pe = arctan (cos 2010 tan Agy) — Asgg cos 20,9
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JUNO Disappearance Measurement

E y b= A Mass Ordering

7, - Rl > N * Flagship measurement

20— |
15 - [D. V. Forero, S. J. Parke, C. A. Ternes, RZF (2021)]
N I -5
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=10 | Am2 |0 TUNO = = Am2, | JUNO +1.8x 107 eV~
[ NO % ,: _
5_ "\3; j —_— 2.9% res.
I N ,i’ —— 3.0% res. |
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JUNO Disappearance Measurement

E D By ‘T ~d Mass Ordering

50 — e | Flagship measurement
15+ [D. V. Forero, S. J. Parke, C. A. Ternes, RZF (2021)]
10f | Am? = Am? +1.8x 1075 eV?
< ee JUNO ee JUNO
. NO W
oy ":; > #—< — 50% res. Even before they can determine the Ordering ...
i ‘%;\ — 30% res. - They can determine both values precisely
\ — 31%res. I.e. two degenerate solutions
l \/

250 252 254 256  2.58
|AmZ,| [1073 eV?]

[JUNO Collab. arXiv:2204.13249]

2.4 % (DayaBay) — 0.8 % in 100 days



FAN PLOT
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Matter Effect -

[S. J. Parke, RZF arXiv:2404.0873 ]

= Am3; | \ino + 4.7 X 1079eV?

A.N. Khan, H.Nunokawa, S.J. Parke (2020)
Ami — —11%
sin? 0, = 0.2%

I/e — Ue
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F AN P LOT [S. J. Parke, RZF arXiv:2404.0873 ]

| Am2, | 1one = AmZ g + 4.7 X 107%eV? L/ o —> 1/ p

Matter Effect - A.N. Khan, H.Nunokawa, S.J. Parke (2020)
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Matter Effect -

[S. J. Parke, RZF arXiv:2404.0873 ]

A.N. Khan, H.Nunokawa, S.J. Parke (2020)

Ami — —11%
sin® @, — 0.2 %

P. B. Denton, S.J. Parke (2024)

matter effects in v, = 1,

cancel
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F AN P LOT [S. J. Parke, RZF arXiv:2404.0873 ]

React. Comb. §

) 4

100 days

% JUNOQ's precision

6 years

2.35 2.40 2.45 2.50 2.55 2.60

Am§1 .II\TICJ)NO (10_3 eVz)



https://arxiv.org/abs/2404.08733

Conclusion

* the determination of the neutrino mass ordering is relevant for:

 model building
* neutrinoless double beta decay experiments

* beta decay experiments
e cosmic neutrinos background

e cosmology

it is possible that we will know the ordering soon before DUNE/HYPER-K (matter effect)

by combining two types of disappearance measurements in vacuum

Another possible way to determine

the Neutrino Mass Hierarchy

Hiroshi Nunokawal Stephen Patrke2 and Renata Zukanovich Funchal



