The Near Term Race for the
Neutrino Mass Ordering

Stephen Parke: Theory-Fermilab
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Earliest Resolution to the Neutrino Mass Ordering?
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%
Define 1,2 & 3 such that: | Uel |2 > | UeZ |2 > | UeB |2

the Neutrino Mass Ordering

5m30l - I

l® 2 or INO "

5matm

SNO Mo > My

KamLAND |Am2 | = |m2 —m?| =75 X 107%eV?  L/E =15 km/MeV = 15,000 km/GeV
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vs, v1/ve Mass Ordering: ~ —atmospheric mass ord 0

N
IMASS

-
-
-

Ve
Vi
V+

o -

[Am2 | = |m2 — m?| = 2.5 X 1073 eV? L/E = 0.5 km/MeV = 500 km/GeV

unknown: SK,T2K, NOvA, JUNO, T2HK, DUNE: ICECUBE, KM3NET/ORCA
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www.nu-fit.org

Stephen Parke

15

15

10

NUFIT 5.2 (2022)

— Reactors
— Minos

| — NOVA

) — T2K

— LBL-comb

)

— Reactors

— R + Minos

— R + NOvVA

— R+ T2K

— R + LBL-comb

-3

-2.8

26 24 22 22 24 26 28
2 -3 2
Am,, [10” eV°]

2 -3 2
Am;, [10” eV’

W

*“Explain this figure + Future Prospect

Current members:

Ivan Esteban

Concha Gonzalez Garcia
Michele Maltoni
Thomas Schwetz

Albert Zhou

Former members:

Johannes Bergstrom

Alvaro Hernandez Cabezudo
Ivan Martinez Soler

Jordi Salvado

V

S

Nu MO / NeuTel 2023

10/23/2023

5



L km km 0
— ~ 500 = (0.5
E GeV MeV
1O N | NuFIT5.2 ( 2022)
15 _I i\ | | I\ ‘ | [ 1 | i1 | | :: I\ I ‘ | | I | | Y
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oL ii - Or for NO
L | -
: —_ Rgactors : EXCGPt
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By construction A)(mm for either (or both) NO or |O at zero

Stephen Parke Nu MO / NeuTel 2023 10/23/2023 # 6



o
L. 2

T2K NO prefer by ~2 units of y*

Stephen Parke

T2K & NOVA Appearance Confusion:

SK event samples

v

Number of Events proportional to Oscillation Probability
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— sin',, = 045,050, 055,060 . gg:fmz v Bene 0 Ocp=m ™ Ogp=3m/2 * 2020 best fit 7
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NOVA NO prefer by ~I unit of y?
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https://doi.org/10.5281/zenodo.6683827

v

COMBINED

8 _—. T % & @ & || = 3 =L a4 .y ¢ g% € % -
0.7  Normal Ordering —~ 0.7 Inverted Ordering ~
0.6 B N
% ; y
NCD 05 . 8 -
| ~the : :
N . 2
0.4F = 0.4 -
" T2K, NEUTRINO 2020: = BF —=<90% CL ---'<68% CL_ - T2K, NEUTRINO 2020: —<90% CL **+'<68% CL_
0 3: NOvA: +BF | |s90% cL [l 68% CL- 0.3 S— ~1=90%CL | ]=68% CL-
D[ =l Rt = P W (T R T S SR N S =
s | I | l | § | | I | | | | —
0 T T 3n 27 0 g e 7 2
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|O prefer by ~1.6 unit of Ay?

Kelly, Machado, SP, Perez, Zukanovich 2007.08526 plus other papers
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i | :: B
_ — Reactors .
5 / — R + Minos
- — R + NOVA ~
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For these Experiments
the is a ‘Mass Ordering Sum Rule?

(|Am§2\§% \Amww) (\Amgnudw Am2, %g) — (24— 0.96056)% |Am2,

v v

+1.5to +3.3 %

v

If 10 then =~ 0O

A

Not valid for ICECUBE, KM3Net/Orca cos & = (cos 6 + cos 67) /2

Needs tweak for JU NO Unchanged if 31 < 32 in either or both MO’s
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Tt 2 IO 2 110 2 |NO 2 |NO 0
L. 2 (‘AWSQ‘DB — |Am3a|,dis | + | |AM31] 40 — [Amz|pg | = (2.4 = 0. 9COS5 % |Am?Z,|
|Am§2|l ‘Am32|,udzs ‘Amiﬂl‘udzs |Am§1\%g
NO (2.4 — 0.9(365\5)% ~ 0
0 ~ 0 (2.4 — 0.9c08 6)%

10 Ay* NO Ay*

A ee A ee
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\ \

2 |1 2 |10
Am3,|'? Am3, |VC Ams3,| Amg, |°
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| NUFIT 5.2 (2022)
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Another possible way to determine

the Neutrino Mass Hierarchy

Hiroshi Nunokawa',* Stephen Parke?,’ and Renata Zukanovich Funchal?*

arXiv:hep-ph/0503283v1 29 Mar 2005 in PRD
............................................................. NPZ’05

2 2 - - .
Introduced Am?Z_ and Am“ for disappearance experiments:

L

and that |AmZ, | > |Am? | implies NO

few % difference
|[Am? | < |AmZ | implies IO
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U, disappearance at an L/E ~ 0.5 km/MeV ¢
A Am?jL
i — T 4E
P(ve > v.) =1— Py — sin? 20;3(cos® 015 sin? Az + sin” 6y, sin” Ass)
~ 1 — Py — sin” 20,3(sin” As; + (—1)" O(A3;)) 3= 1or2
~ 1 — Pg — sin”20,3(sin’ A, + O(AZ I ——— note 2"

1 2 _ 1
= 55 and therefore A3 = 455

2
Aoy = (5231) Ag1 = 0.03 5

2
Am31

Amze = cos’ leAmgl + sin” leAmgz = mg — (c%zm% + Sizmg)
Ve average of Amz. and Amz,

P@ — COS4 913 Siﬂz 2912 Siﬂz A21 — 0002 When A31 — %
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DAYA BAY OSCILLATION PROBABILITY:

Dis. Prob (Daya Bay)

Stephen Parke

Delta Prob (Daya Bay)

1.00[
o.9af-
o.9sf—
o.94f— —— EXxact
o.9zf— Dmsqee Approx
0.90 |

;T e T E(MeV)

Psz(Ve — Ve) ~ 1 —c

1.x107% |
5.x107° |

1.x107° |
5.x10°° |

Z113 Siﬂ2 2(912 SiIl2 (

v

—— | Exact - Dmsqgee Approx |

Nu MO / NeuTel 2023

Ams, L Am?, L
ZL;/} ) — SiIl2 2(913 SiIl2 ( ZLEG )
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Stephen Parke

Improved sin?20,, and Am?,,

N 0.9

{EH1 1EH2 {EH3

Best fit (3-flavor osc. model)

0085 0,00 0095 5 M6is :
sin°20, , Ay?
x%/ndf = 559/518

sin220,5 = 0.08519-9924

0075 0.08
Best-fit results:

Normal hierarchy:
Inverted hierarchy:

\Am%Q\IO — |Am§2‘NO —

Nu MO / NeuTel 2023

Am3, = + (2.46673:020) x 103 eV/?
Am%, =- (2.571530%5) x 103 eV?

! : ! . | . !
200 400 600 800

L./(Ez_)[m/MeV]

(2.8% precision)
(2.4% precision)
(2.3% precision)

18

+2¢2,Am3, = 0.105 x 1072 eV?

10/23/2023
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v, disappearance at an L/E ~ 500 km/GeV 0

U,1|?Am? U, -|°Am? U, |*°m? U, -|*m?
Am2 = ‘ ul‘ 31"' L2 32 __ 2 ‘ ul‘ 1‘|' u2‘ 2

o ‘Uu1|2‘|‘ UMZ : ° |Uu1‘2‘|‘ Uu2‘2

~ Amze — (cos 2012 — sin 0,3 cos §) Am,

(SiIl 2(912 tan (923 ~ 1)

2 2
v, average of Amyz, and Amg,

|[Am?_| > \Amid implies NO [Am? | < ‘Amiu| implies 10

THIS IS IGNORING MATTER EFFECTS:

Stephen Parke Nu MO / NeuTel 2023 10/23/2023 # 17



—4— Am? L
W Psz(V,u — V,u) ~ 1 — 4|UM3|2(1 — |UM3|2) sz( 42;“ )
Dis. Prob (NOVA) Delta Prob (NOVA)
1.0 0.010 —— | NPZ - Nu matter |
0.8 0005 \ | NPZ - Anti-Nu matter |
0-65‘ 0.00_1
0.4:— — NPZ 10
0.2;— ::r;ti;:uMatter 1.x10° AN = (Ge\/)
s E(GeV)

. 2
For Disappearance channel, only | U ;|” and \Amjﬂ\ are measureable
around first oscillation minimum.

To extract Ams, , for 1% precision one needs Fsin”0,,Am;,
and for 0.5% level also Fsin &5 cos o Amzzl
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‘Am?)l

| — 2.463]

- (879 + S13c0s 0 T0 )Amy, = |Amy,| 10 =
Parameter ST e
Normal ordering  Inverted ordering

Scp (rad.) —-1.977523 —1.4419-28

) -3

S111 913/10 — -

sin” 653 0.56170 030 0.56310031 iOOS (2%)
Am3,/1073 (eV?) 2.494 0058 —

Am3,| /1073 (eV?)

+0.042
— 2.4637 5 056

|IO

‘Am32

‘NO

+2.494

—0.031

A

= — (cos 26012 — 2s13cC08 5)Am%1

2

0.008 cosd = 1
— | 0.030 cosdo =0
0.053 cosdo = —1

— (0.4 — 0.30cos 8) x 0.075

b

2 NO

v

2

Nu MO / NeuTel 2023
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Am? | ~ [Am2|T0 + (s STOYVAM2, = |Am2 |10 F (& 510 ) Am> 0
[Am,,| = |Amg,] (812 + s13 cos JAmy, = [Amg |10 F (¢, — s13cos )Amy,

Normal ord. Inverted ord.
Parameter UO 1O UO 1.O
NOVA: Am2,(107% eV?)  +2.4140.07 +2.39 —2.45 —2.44 +().0)7/
sin? 03 0.5779-93 046 0.56 0.46
Scp () 0.827927  0.07 1.52 1.41
Am2,|1C — |AmZ,|VY = (252, + s13c08 0N C + s15c05 619 Am3,
UO |—245] — 4241 =~ (0.6+0.15cos6™° +0.15c0s5'“) x 0.075
0.04 = 0.045 — 0.008
LO | —244] — 4239 =~ (0.640.15c0s6"° +0.15c0s8'%) x 0.075

0.05 ~ 0.045 4 0.007

agrees to the accuracy provided !
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Matter Effect:

E

Daya Bay: . <107 irrelevant
12 GeV
EI/
NOVA Disappearance: ~ 0.2
12 GeV

But further suppressed by S123 and (1 —2|U; \2)
Combined approx. 0.002 !
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NOvVA matter effects in the disappearance channel:

Dis. Prob (NOvA) — Yaeuum

E(a)/E(0)-1

lTZxK l NOvVA lDUNE

Nu matter
] Anti-Nu Matter
0.8/ ..
i — P =0. '
0.6] > DUNEl NOVA¢ szKl“‘”_
0.4] 15000 _——1000  -500— -
0.2§ /0_001
TT23T45E(GGV)
—— at P=0.5 above I
Delta Prob (NOVA) at Minimum -0.003 ¢

0. 005

0.001

—— | Nu matter - Vacuum | at P=0.5 below

| Anti-Nu matter - Vacuum |

Stephen Parke

o \ v NO (v 10)
R f ---------- E (GeV)

4

_0.004

Nu MO / NeuTel 2023

1000

v NO (v 10)

v

~s00 L(KM)

10/23/2023
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V. Disappearance: v,, Disappearance:
/Am?_| same for both orderings |Am:, | same for both orderings
Daya Bay: NOvVA, T2K:

A

‘Am32‘DB — ‘Am%l gg + CcoSs 2912Am31 \Amgz\udzs \AmgﬂudZS (cos 2015 — 2sin H13c0s 6)Am%1

cos 2015 ~ 0.40 cos 2012 — 2sin 013 cosd ~ 0.40 — 0.30 cos &

If NO then O

2 110 2 110 2 |[NO 2 INO\ _ o 2
(‘Amssz — Q32 ,udis) + (‘Amm ndis |Amg, DB) = (2.4 —0.9co0s 0)7% |Amg,

|.5to 3.3 %

Unchanged if 31 <> 32 in either or both MO’s
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1O NO L NUFIT5.2 (2022

15 _I | |\ N * | 1 |1|| 1 1 !E T T T T T |/|1—’|/| 1 |_
- | 4 :
10 - | _
i — Reactors _
5| / — R + Minos , _
- — R + NOVA . ~
- \ — R+ T2K f -
I — R+ LBL-comb  \\ i
0 | 1 1 | | 1 1 L 1 1 | L 1 1 | | 1 ” [ 1 | L 1 1 I HAY.: / L 1 1 | L 1 1
-3 2.8 -2.6 -2.4 2.2 2.2 2.4 2.6 2.8 3
Am-, [10° eV* Am, [10° eV*
My, [10 7 eV7] my, [10 " eV]

Hinting at NO and coso < 0



NUFIT 5.2 (2022)

o T T 1 [ 111 [ | [ | I 111 I 111 if 1
ARBARERRE/ AN RARRIT A

\ J 1
\ l 1
\ I r
\ I 1
\ I r
\ / 1
\ / t
\ / 1
\ I 1|

\ / 1

RN

5 26 25 24 24 25 26
2 -3 2 2
Am,, [107 eV Am,,

15

2.5 approx -1.6 (App LBL) +4.1 (Dis LBL)
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20 | | | | | | | | | !

- 99%

- 95%
- 90%

' 68%

] ] I T\/ I ] ] ] ] I ] ] ] ] |

i

0 ]
0.001

0.002 0.003 0.004 0.005
2 2 2
[Amg, |, 1Amzg, | eV

------------Zy- -4-4-1-4-4-4-4 | | 1 1 | | || :: || | [ 1 |

NO preference with Ay ~ 4.0

Stephen Parke

*  add SuperKamiokaNDE arXiv:1710.09126

NUFIT 5.2 (2022)

TTINMNTTTTTTTTIOMTT rryrrrrp el
AR A R AL A
\ | | -
\ / | -
\ | I
\ | I -
\ I | -
\ / | —
\ / | —
v\ |
\ / I
OO PSP O N |
|
I

526 25 24 24 25 26
2 -3 2 2
Am,, [107 eV Am,,

6.5 approx +4.0 (SK) -1.6 (App LBL) +4.1 (Dis LBL)

v

Nu MO / NeuTel 2023
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UPER 0
K

SK I-V Atmospheric Oscillation Results a

Preliminary
16p————7T 71 71— 16 16
. 1F SKI-V expanded FV E +AE AL
4 — Data fit ] Inverted 4 4
12F ... MmC expectation [ Normal 121 121
10} 10 10F
X8 X8 &8
6f 6 6F
4 4F 4F
oF 2 20
qn —/2 0 /2 TC 0 2 2.5 3 0 .
o -3 .
Ocp Am_, [ (10" eV*) sin“6,,
SK 2023 best fit: Normal ordering, dcp ~ -n/2, Am232 ~ 2.4 x 103 V2, sin2023 ~ 0.45
Mass ordering: Ay2i.0.-n.0. ~ 5.7"
With reactor constraint: sin2613 = 0.0220+0.0007
2023/10/12 Super-K Neutrino Results & Gd Status, Thomas Wester, NNN2023 14
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NEXT STEP: JUNO
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Electronics

Calibration
4-complementary
—_— Calibration
it o TEMBE i / systems Central detector :
T = 7 = s
5 o ‘“J o Acrylic sphere
58 m ” z @ i v BT (35.4 m diameter)
- Guang Zhou - = @ n Muon veto : Filled with 20kt LA
N > £ S VES B3 615 B Top Tracker LS
G324 ~ S5 —— L ; _
= AV . ® /. i [ o RN . ! 18000 20” PMTs a
£3 11 Shen Zhen @ | Daya Bay ppmar | iR 25600 3" PMTs
i m - -
. JUNO 'y owaOllg qug Water Cherenkov
- S RO, (.\'__"____‘M ] Veto
(o § Mg 53 km 3 \ 20kt ultrapure :
- 53 km ,' water and 2000 LR T TR R 2 A Selidas
oI _~ ) ‘JUNO—TAO S 20" PMTs S | e e * €t
© Taishan NPP  © " ey ] } 13."' ;i\i'.;'-' S
Yangjlang NPP ") e lt.lul:nJ ‘l”:d:l:d:cm
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. 4. Schematic view of the JUNO detector.

Reactor || YJ-C1|YJ-C2|YJ-C3|YJ-C4|YJ-C5|YJ-C6|TS-C1|TS-C2| DB | HZ
Power (GWy,)| 29 | 29 | 29 | 29 | 29 | 29 | 46 | 4.6 |17.4|174
Baseline (km) || 52.74 | 52.82 | 52.41 | 52.49 | 52.11 | 52.19 | 52.77 | 52.64 | 215 | 265

Stephen Parke Nu MO / NeuTel 2023 10/23/2023 # 29




o
L. 2

Relative Precision [%]
= =
. <

(-
o
S

10_2 - | 1 1 1 | 1 L1 l | | 1 1 1 1 ll | |
102 103 10%

Stephen Parke

Time Evolution of JUNO measurements ¢

ll]

6 years 20 years
L) 1 I 1 1 LB I
I 1

- Stat.+syst.
----- Stat. only

JUNO Data Taking Time [days]

JUNO update 2204.13249

Time % on Amgtm ‘X%VO — X%O‘
100 days 1.0 0.25
4 years 0.3 3.4
8 years 0.2 6.7
12 Years 0.15 10.0

Forero, SP, Ternes, Zukanovich 2107.12410

Nu MO / NeuTel 2023
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o G
Rl JUNO Events Spectra

Real Baseline

1000 77— e B S B B S
" 2400 days @ 26.6 GWy;, | 1 Am2. [NO] = 2.530eV2 -
300 . 3.0% resolution 1 Am2,[I0] = —2.548eV? -
= | ‘
L 600 -
b
o 400 -
>
LL
200 - ]
C_>__ I}|}}}}|}}}}|}}}}|}}}}|}}}}|}}}}|}}}_
=z 20 - ++/N;i
| 0 MMWWW\/\/\/\/\
CZ)-—_2O_||I||||I||||I ||||||||| R T T R SR B
=
2 3 4 5 0 { 3
E MeV]

8 years, 26.6 GW _th

baseline exactly 52.5 km
3.0 % resolution

Forero, SP, Ternes, Zukanovich 2107.12410

Stephen Parke

Nu MO / NeuTel 2023

v

Distribution + Backgrounds

20 T ‘
15+ X -
<10 -
5 __ Ideal, wo BG :
:Q\ 4 real, wo BG
“QQ\ b real, with DB and HZ
kY / real, all BG ]
| | | |\\| | | | | | | | |
2.50 2.52 2.54 2.56 2.58

|Am2,| [1073 eV?]

If | Ams, | (I0) = | Amg, | (NO), then | Amz, | (I0) = 2.428
If | Ams, | (I0) = | Am3, | (NO), then | AmZ, | (I0) = 2.578
If | Ams, | (I0) = | Am3, | (NO), then | AmZ, | (I0) = 2.503
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¥ For JUNO: |Am? |19 = 1.007 |[Am?2 |NVC 0

(\Am§2\5 |Amggwudzs) (|Amglwudzs |Am§1rf£) — (3.3 — 0.96080)% |AmZ,

and experimental uncertainty on |Am? | drops to <1%. (Daya Bay 2.4%).

2

Am, 10 A2 ‘NO
! v narrower Am2, |19 Am2,|NO

Daya Bay + slightly more separation JUNO

Stephen Parke Nu MO / NeuTel 2023 10/23/2023 # 32



Preliminary NPZ++

1O

NO

NuFIT 5.2 (2022)
15 _I I\ 1 I\l 1T 1 0yt 1 | !i | | 1T 1 | | | I I 1 I— 16
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4~ , . 9 0
Effect of JUNQO's presicion measurement on Am,

NUFIT 5.2 (2022) NuFit 6.n (202m)
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my guess: Global Fits > 30 at Nu 2026
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Further Synergies:

JUNO-ICECUBE UPGRADES 1911.06745 JUNO-KM3NET 2108.06293
Single Experiments:

JUNO 1507.05613 HyperK:

no MO update in
JUNO 2204.13249

See also
FPTZ:2107.12410
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Jt. .
3 Summary: 'V
e Circa Nu 2026: Global fits, including JUNO’s precision Am?
measurement may give us Neutrino Mass Ordering > 3o.

® Precision Disappearance Am? 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 > 30 in a single experiment

® AYear Later: DUNE > 50 for Neutrino Mass Ordering
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Extras
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NO
Amg,| = |Am3,| T0 & c1oAm3,
O
— ‘Amgl‘% —+ S%QAm%
Daya Bay ( 107° eV4)
Ami, 'Y — |Ami, VY =+ 2¢7,Am3,
— 2571 — 42466 =~ +4+2x0.7x0.075=0.105
+(0.060

Perfect agreement !
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v, Disappearance: v, Disappearance: 0

2 - .
|Amg,| same for both orderings |Am;,,| same for both orderings
Daya Bay: NOVA, T2K:
Amiz, = £|Am?Z, | — cos” 012Am3 Am? Am?2 inZ @ . Am2
32 — T ce 1283719 m3, = £|Am;, | — sin® 01,Am3,
2 2 -2 2 9 9 9 2
2 110 __ 2 (10 _ 2 [NO / 2
—Am3,|pp = Amz [ D + cos 2615Am3, —Am3y|,dis = AM31 | udis — €08 201Am5,
cos 26015 ~ 0.40 cos 207, = cos 26015 — 2s13cqfd =~ 0.40 — 0.30 cos o

(Am§2 ;igzs — A 32 éOB) + (Am Nd?s N m%l ]l\)[g) (2 £ — 0.9 cos 5)% Amge

.5 to 3.3 %

Unchanged if 31 <> 32 in either or both MO’s
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Vacuum v Matter:

|

1. 1. 1
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Mass Ordering Sensitivity

- DUNE Sensitivity (Staged)

[ All Systematics

- Normal Ordering

_ sin°20,, = 0.088 + 0.003

- sin’0,, = 0.580 unconstrained

B O, = -T/2

B 100% of o, values
—— Nominal Analysis
0,, unconstrained

v

0 1 2 3

Stephen Parke
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Years

40
35
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0

-1 -0.8-0.6 -0.4-0.2

Mass Ordering Sensitivity

DUNE Sensitivity 7 years (staged)

All Systematics 10 years (staged)

Normal Ordering s Median of Throws

sin22913 = 0.088 = 0.003 16: Variations of

0.4 < sin2923 < 0.6 statistics, systematics,
and oscillation parameters

0
Ocp/T

one (two) year > 3 ¢ (> 5 o) for all values of 0,p
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