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Direct Neutrino Mass Detection

To date best
IMits on neutrino
mass come from
the measurement
of the end point
of the beta
Spectrum
poroduced by 0
molecular tritium
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Going beyond KATRIN? £
Project-8 G
Future experiments will
need to use atomic tritium
and find a better way to
measure the beta spectrunr
Cyclotron motion:
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Neutrino oscillations
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Neutrino Sources

< atmospheric neutrinos >
extra galactic source>

nuclear reactors
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Neutrino oscillations
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8.2° < #1353 <9.0°
IH— (m3)2 (m,) —u-A-wz—
400 < 623 < 520 (Am )sol

Am3; = (2.510 £0.027) x 1073 eV? (£1.1%)

H v
V

H (Am%)
B v

v 2
E—— (m,)
Am?2, = (7.42£0.21) x 1077 eV? (£2.8%)

s (M, ) (0, E——
31° < 010 < 36°
normal hierarchy inverted hierarchy

arXiv:2102.00594 NuFit, arXiv:2111.03086
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Quark mixing Neutrino mixing

JPMNS _
JCKM 3 x 10-°

CP violation in neutrinos could
be 1000x larger than in quarks

b "-\“r“)" Cecilia Jarlskog g 12
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1-2 Sector

Solar Neutrinos at Super-Kamiokande and SNO
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Nuclear Physics B
Volume 908, July 2016, Pages 52-61
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v, interaction spectrum at a detector based on such a reactior
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1-2 Sector
KamLAND Experiment



https://www.sciencedirect.com/science/journal/05503213/908/supp/C

1-2 Sector
Reactor neutrinos with KamLAND
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1-2 Sector

Solar Neutrinos at Super-Kamiokande and SNO
Reactor neutrinos with KamLAND
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——- PDG2020 precision

Chin. Phys. C 46, 123001 (2022) — JUNO 6 years
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2.50 2,55 2,60 7.25 7.50 7.75 0.28 0.30 0.32 2.0 2.5
Am3,[1073 eV?] Am3,[107> eV?] sin%61; sin0,3[1072]

Table 6. A summary of precision levels for the oscillation parameters. The current knowledge (PDG2020 [6]) 1s compared with 100
days, 6 years, and 20 years of JUNO data taking. No external constraint on sin” 6,3 is applied for these results.

Central Value PDG2020 100 days 6 years 20 years
Am3, (1073 eV?) 2.5283 +0.034 (1.3%) +0.021 (0.8%) +0.0047 (0.2%) +0.0029 (0.1%)
Am%l (x1075 eV?2) 7.53 +0.18 (2.4%) +0.074 (1.0%) +0.024 (0.3%) +0.017 (0.2%)
sin® 6> 0.307 +0.013 (4.2%) +0.0058 (1.9%) +0.0016 (0.5%) +0.0010 (0.3%)
sin® 63 0.0218 +0.0007 (3.2%) +0.010 (47.9%) +0.0026 (12.1%) +0.0016 (7.3%)

Filling of demonstrator

.the future: JUNO underway. Could see first data

end of this year.

Nature | Vol 627 | 28 March 2024 |
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Ddya Bay NPP

Ve — Ve at atmospheric mass scale

013: Daya Bay, RENO, and Double CHOOZ
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Neutrino oscillations at long baseline

Following presentation by Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”, Prog.Part.Nucl.Phys. 60
(2008) 338-402. arXiv:0710.0554 [hep-ph]

P(v, = v,) ~ 1 — 4cos® 03 sin? O3 [1 — cos? #13 sin” 923] sin? As;
e Sin2 2923 Sin2 Agi

Py, = ve) = |y Puime "(83210) V Psol|”

= Patm + FPsol + 2\/Pathsol (cos Ago cos d F sin Agy sind)

P — sin s sin 2913SinA(A31 ¢ZL> Au; | oL =008 for L =295kn
51 $La a=GpN./V2~ 00T aL = 0.23 for L = 810 km
‘/Psol — COS 923 sin 2912 S (Z )A21 m al, = 0.37 for L = 1300 km
a
Parameter Channels Question
sin®203: v, — v, and ¥, — U, : Is 023 maximal?
Sin2 923 SiIl2 2913 - V, — Ve and v, — Ve - Octant of 923
0 0
sign [Ag1] : V,, — Ve VS. U, = U :  Neutrino mass hierarchy

dcp - V), — Ve VS. Uy — Vg Is CP Violate(ZiS?


http://inspirebeta.net/author/Nunokawa%2C%20Hiroshi?recid=762771&ln=en
http://inspirebeta.net/author/Parke%2C%20Stephen%20J.?recid=762771&ln=en
http://inspirebeta.net/author/Valle%2C%20Jose%20W.F.?recid=762771&ln=en
http://inspirebeta.net/record/762771

NOVA Preliminary
T

E=2GeV

w/ Matter Effects _
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NOVA Preliminary
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E=2GeV
w/ Matter Effects
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2K v, disappearance With reactor constraint
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Antineutrino mode e-like candidates

Mass ordering and CP violation

T2K Runl-10 Preliminary - NOVA Prellmlnary
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Neutrino mode e-like candidates

12K sees a large difference between  NOVA does not. CPV
P(v, — v.) and P(v, — v,) and mass ordering
remain to be resolved.
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NOVA + T2K

| Am2, | x107 eV?
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Normal mass ordering

NOvA+T2K

T2K ——r 248 +0.05 2.0%
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Combined fit it world’d best

NOVA + T2K measurement of Am?2s,
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T2 Hyper-Kamiokande
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T2HK

Data taking expected to
begin in 2027

50 discovery of CP
violation in 10 years for
60% of ocp values

The search depends
strongly on resolving
the mass ordering and
controlling systematic
uncertainties
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DUNE

Sanford Underground
Research Facility

Fermilab

.............

LBNF neutrino beam and near halls

0 Powe of Dempctom =

36



»
- “
» “
8
N RS
N
p
o
> .
N
L
N
™ N
N
\
A R B : i\
» L R

Fa ,7 .__ A ¢ _,, .7 ﬂ\'_ ‘Qﬂ‘.. ..n.,.fmn.n ;_,,4_”@. ;..,g, ._»_ \ f_ iy

; !w.. Ty : 1, .,,,_,_ Y
T e
5 g e i &\“gﬁﬂu: . an”“ . m
o e
| iy == i -

h ,. I st i o
[ qu. {sqmmert T | | PV 4
___ _; | (et s |

i
—

2
.
LLI
o
e
©
Q
Q.
>N
ajd
o
)
(@
-
ol
LLI
Z
-
-




Events in DUNE
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DUNE will measure

at very long baseline and
over a wide energy range.

Phase 1

Begins in 2029:

50 resolution of mass
ordering

Phase 2
Begins mid 2030’s:
50 discovery of CP
violation

Combination of high
energy and long
baseline gives unique
sensitivity to physics
beyond PMNS
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DUNE discovery potential for CP Violation
and beyond
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Phase one
Fermilalb proton power near detector
1.2 MW then 2.4 MW and Phase
two near
detector
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Start data taking
with 2 detector
modules then 4



Summary

+  Neutrino oscillations are an open window on new physics

- Big questions remain to be resolved: py-t symmetry, Mass
ordering, GP violation

- Precision will be key to answering these questions and to
make searches for new physics

- The future program is a world-wide endeavor and will
require a diverse experimental program. In the U.S., the
program will be anchored by DUNE.
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