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What it the neutrino mass hierarchy (MH) problem, and how to solve it.
Current experiments’ status.
Next-generation experiments.
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Introduction to the MH problem

3
va) = D Usilwi)
i=1

1 0
U =10 cos0O,
\0  —sinb,,
P,z

0 \ cosf, O sinf,e) cosh, sinb,

sin,, 0 1

cos 0y, )\ -sinfe” 0

= 8,5 —4» Re(UUsU,Uy)sin® Ay

(UZlUﬁan]U;]) Sin 2Aij>

0 -sin6f,, cos6,,

cost; |\ O 0

_ 2

0)
0

1

i I (m3)2 (m,)

(Am®),,..

e R (m2)2
(Arnz)sol
4 j— (ml)2 (m3)2l >

normal hierarchy inverted hierarchy

|‘

* Neutrino oscillations indicate non-zero neutrino mass, contradicts SM prediction.

 Remaining questions about the neutrino mass:

e Absolute mass scale?

 Mass origin (Majorana or Dirac)?

 Which is the lightest neutrino mass state (the sign of Ams or Ams2)?

Normal hierarchy (NH): mi<ma<ms

Inverted hierarchy (IH): ma<mi<ma



Importance of the MH problem

Models predict different mass hierarchies.

Correlates with 0cp and 023 octant measurements.

Affects the determination of v mass origin and absolute scale.

 |H indicates larger effective mass for Ov33 and [3 decay.
 Life would be easier for a lot of us if it is |H!

This talk gives an overview of the current status and the future of
solving the MH problem from an experimental point of view.

arXiv:1910.04688
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How to determine the MH



How to Determine MH?
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 Maximized sensitivity by joint-analysis of different experiments with synergies.

* Note: core-collapse supernova neutrinos not included in this talk given the time limit.



How to Determine MH: Atmospheric Neutrinos
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 Opposite for v/U oscillations.

Degeneracies between MH, 623 octant, and &¢p .
Better to be able to separate neutrinos and anti-neutrinos.
* Difficult given the massive detectors.
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 Still sensitivity without v/D separation since two have different flux and cross sections

Sensitivity benchmarked by A)(z = | )(]%,0 — )(120 |




How to Determine MH: Accelerator Neutrinos

X, Qian, arXiv:1505.01891v3

 Matter effect: e neutrinos experience an additional

potential while propagating through the earth though
CC interaction with e-

 Opposite for v/U oscillations.

 Need long baseline length to be sensitive to MH.

« Both neutrino (1/”) and anti-neutrino (I/,u) modes.

 MH and 0cp can be disentangled to some level with mixing angle knowle(c)jges.2 P(v i)\, ) %
n c

 See talk by Veera Matilda Mikola tomorrow.
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How to Determine MH: Reactor Neutrinos
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Experiments’ Status



Atmospheric Neutrino Experiments: Super-Kamiokande
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 Most of the current sensitivity if from SuperK.

* Rejection of IH by 92.3% confidence level.
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 Simultaneous fit of Super-K and T2K published data.

* Correlated systematic uncertainties.

. Prefer NH with Ay* = 8.9
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Accelerator-based Experlments NOvA
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Joint NOVA-T2K Analys
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ANTARES

KM3NeT/ORCAG6 Preliminary, 433 kton-years

1.2
w B —_
c B
2 10 B T ) T 0 S AR
© N ]
® 08 ]
o ]
o ]
Z 0.6 _
o [ -1.0<cos8<0.0 _
o — High Purity Tracks _.—*— —
T 04 ... No-Oscillations !
s - —— NUFit ]
02 —— Bestt High purity tracks  —
— == Data -
B 1 1 1 1 1 L1l | 1 1 1 1 1 L1l | 1 1 1 ]
0.0 20 30 40 100 200 300 1000 2000

Elllllll_

Reconstructed L/E [km/GeV]

KM3NeT/ORCA

Ratio to No-Oscillations

KM3NeT/ORCAG6 Preliminary, 433 kton-years
T T T T T LI | T T T T T LI | T

1.2

1.0 L I—

0.8—

0.6—
- -1.0<cos8<0.0 T ]

0.4|— Low Purity Tracks ]
[ e No-Oscillations ]
- = NuFit -

02 [ — _fi [ ] p—
[ — Bestfi Low purity tracks
— == Data ]

0.0 [ 1 1 1 1 1 L1l | 1 1 1 1 1 L1l | 1 1 1 1 N

20 30 40 100 200 300 1000 2000

Reconstructed L/E [km/GeV]

Ratio to No-Oscillations

12

1.0k

0.8—

0.6 +
[ -1.0<cos0 <0.0
- Showers

04— ..... No-Oscillations ]
[ = NuFit

02F — Besti Shower 7
— == Data

0 0_ 1 1 1 1 1 1 Ll | 1 1 1 1 1 L1 1 | 1 1 1 1

’ 20 30 40 100 200 300 1000 2000

Reconstructed L/E [km/GeV]

* 7 Mton water-Cherenkov detector at the bottom of the Mediterranean Sea with 115 strings.

* During 2020 and 2021, an early configuration of the detector with six lines was in operation
* Analysis with 433 kton-years of exposure

* NH is prefered -2 log(LNO/LIO) = 0.9. (PoS(ICRC2023)996 )

* For more details see the talk by Ekaterini Tzamariudaki.
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lceCube DeepCore/Upgrade
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Reactor Neutrino Experiment: JUNO

» Jiangmen Underground Neutrino Observatory (JUNO).

» 20kton homogeneous LS detector with 78% PMT coverage.
» Taishan Neutrino Observatory (TAO) for flux measurement.
* Currently under construction. Physics run to start in 2025.
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Reactor v Experiment for the MH problem: JUNO
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JUNO Atmospheric Neutrino Measurement

« JUNO is also able to measure atmospheric
neutrino oscillations
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Synergy between Reactor/Accelerator/Atmospheric Neutrino Experiments

260 B | 1T 1T 1 | 1T 1T 1 | | I R I B | 1T | 1T 1T 1 | | I R N
- (Ia) True: Normal Fit: Normal 1 E (ITa) True: Inverted Fit: Normal ]
— 2.55 = ——— Current LBVB 1o H F —
N - Future LBvVB with 1% error 1 -
% 2.50 Future LBVB with 0.5% error — [ = —_ — — i — | — — — T
0 . %  True solution (assumption) 1 F - @) | | | o Am’ )= 1% | (b) .
-) 2 fal e — o o o - L A B - - - - - - - - - - R L —
= 245~ 7 E-. Expected Am™ 3%, E O ; =
— i JUNO lo TN | i O 1O EEEN JUNOonly (A =9+1) 7
L8 2.40-/‘,_3 ’j q & 9K + NOVA -
E N _ 3 K_. 3 8 """""""""""""""""" JUNO + T2K + NOvVA with fluctuation and 6&‘,156 = /2 [ —
< - 1 F = JUNO + T2K + NOVA with fluctuation and & false trained 3
2' 3 5 C 1 [ JUNO lo _] L|_4 _______________________________ VA wi uctuation and o>~ unconstrained .
- | — = . +10 range of d ., currently favored (NuFit5.0) =
- 14 E = . ‘b_{) ------------------------------- () pl‘OJeCUzOl’l by the data currently favored (NuFit5.0) |- —]
2300 v v b v b by coe e e b by =~ sin 0 =0.565 (0.568) £ 2% for NMO (IMO) -—— -
o282 70 L B L I L I [y I I L LY IO L O Y o S e - e e R ST B —
' E (Ib) True: Normal Fit: Inverted 4 E (IIb) True: Inverted Fit: Inverted - b:D s ) e  CES % __________________ Ny - S~
— 235F — — g= N OO 1 FE @ 1T T =
DI L 4 F u O AE.. . N —— e B S —————— e SRR )y A N -
N | - - — V4 N\ ] N yZ N\ ]
> n 1 F 1 2 - = a -
- — — = — AR U, | T R
md) 2.40 — B 2 false 4 [ - O o \\\ 3 — !
: - -~ xpected Am 1 r P ] ~ ¢ S 1 B -
- - PN y 32LBvB 1 N JUNO 1o . 75 e T =] T —
— 245 > - @S aaaaeessnnm—— True MO: Normal 1 F True MO: Inverted 3
|- l — |- / T [ — I 8 0 0 o & & 5 o —
“ - AN 1 ¢ AN = 2 1 =
NE _2.50 — JUNO 16 ] — — ] ] ] ] | ] ] ] ] | ] ] ] ] ] ] ] L 1 ] ] | | ] ] ] | ] ] ] ] | ] ] ] |
< - ' . true true
2555 4 F = Ocp / Ocp/
-260 I I | L1 1 1 | L1 1 1 | [ 1 1 1 I I I | L1 1 1 | L1 1 1 | I I
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 |
Onp/ T Onp/ T

« Reactor and accelerator/atmospheric experiments get different Am322 values for the wrong NH
since they use different oscillation modes. (Vacuum oscillation vs matter effects)

. An extra Ay’ for the determination of MH.

 Larger joint sensitivity than simple sum of experiments.
 Plot showing JUNO + NOVA + T2K sensitivity via NuFit5.0 after ~6 year of JUNO data-taking.



Next Generation Experiments



Sanford Underground
Research Facility

LArTPC Event Display
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+  Phase I: 2 LAFTPC modules (10 kton fiducial mass each, 1300 km from v source), 1.2 MW bea, finish by 2031:

e Phase ll: 2 additional modules, > 2 MW beam.

“Low-exposure”: 3-5 years of phase | (two 10 kton LArTPC modules)

Ultimate sensitivity with full 40 kton far detector can resolve MH (>50) regardless of dcp or other parameters.
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Sanford Underground
Research Facility
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e Phase ll: 2 additional modules, > 2 MW beam.

“Low-exposure”: 3-5 years of phase | (two 10 kton LArTPC modules)

Ultimate sensitivity with full 40 kton far detector can resolve MH (>50) regardless of dcp or other parameters.
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Hype r K K. Abe et al.(2018), 1805.04163.
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Summary

* Neutrino hierarchy is important.

n I (m,)
* Current experiments favor normal hierarchy (by ~30
according to NuFit5.3).
o Still tensions between data. (Am?),.,

* Very exciting time ahead:

» Likely that MH will be solved by joint analysis from s Z(Amz)— (m,)”

multiple experiments in the next 5-6 years. —— - ()’

normal hierarchy

» Reactor + accelerator/atmospheric with synergy.

 DUNE will give a final answer.

(m3)2l =1

inverted hierarchy
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Global Fitting

» [atest global fitting
(NuFIT5.3) favors NH by ~30,
driving by Super-K.

NUFIT 5.3 (2024)

without SK atmospheric data
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e | am looking for postdoc candidates to work on the JUNO
experiment, especially the reconstruction with machine learning and
analysis of reactor and atmospheric oscillations. If you are interested
please contact me at duyang@sdu.edu.cn
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