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5 Discovery of neutrinos

1956: electron neutri

~le

nos 1962: muon neutrinos

Leon M. Lederman, Melvin Schwartz and
Jack Steinberger (Nobel Prize in 1988)

Melvin Schwartz and a
10-ton spark chamber
in Brookhaven
National Laboratory.

Frederick Reines Clyde L.
(Nobel Prize in 1995) Cowan

Y T
Pt I 2 2000: tau neutrinos
I e || analyzing  Drift Chambers D1-6 [ |_muon ID_
A telegram from [/ jj e

Pauli: “Thanks for . >4 §f =~ T%% ------ BEBH ”HW?H |

message. v S B e
Everything COMes {017 i o0 cee AEE
to him who knows et cqe, 0

how to wait.”  Savannah River Exp. DONUT experiment in Fermilab
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Measurement of solar
neutrinos since 1960s

—_—
w

o~
=
c
€U
=1
s
=
=
-
w
o~
g
jum}
-
-
-
o
g
=
=
[

Explore the universe with neutrinos
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Ray Davis
(Nobel Prize in 2002)
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(Nobel Prize in 2002) [&¥

Observation of supernova
burst neutrinos in 1987
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Neutrino oscillation
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l = Mass eigenstates m Am?, !
. v [T
= PMNS matrix i tam?,
v3 L1 V1
. Weak eigenstates Inverted hierarchy Normal hierarchy
vel Y@ vrd
—i0 @ : -0,
1 0 0 cosd, 0 e™sind,| cosd, sing, 0ye™ 0 O
U=|0 cosd, sind, 0 1 0 -sing, cosh, 0| O e O
0 -sind, cosd, )| —€’sing, 0 cosd, 0 0 1)0 0 1
Ocp=" less double
beta decay
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Solar neutrino problem

Measurement /
expectation = 1/3 —
“solar neutrino problem”

(1 FWHM Results)
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Observed solar neutrino flux

Pioneering experiment:
Homestake (Ray Davis)
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SNU

SNO: detect
charge current
and neutral
current with 1,000
ton heavy water

Arthur B. McDonald
(Nobel Prize in 2015)
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Solar neutrinos do not disappear,
but oscillate to other flavors.
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> Atmospheric neutrinos problem

SuperK: 50 kton water
Vu/Vezz * v, disappear with
propagation distance
* Drivenbyv,—v,
L ,
* In 1980s, v /v,<2 — oscillation (6,5 and AM°;) Takaaki Kaijita
(Nobel Prize in 2015)

T—> [+V,,

H—>E+V, +V,.

“atmospheric neutrino problem”
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Artificial neutrinos oscillation

KamLAND: 1,000 ton liquid

scintillator, ~180 km to >50 reactors
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14F
1.2+
1.0 __+ _ﬁ(%——#— ————— — — — —
0.8
A ILL
0.6 % Savannah River
O Bugey
X Rovno
0.4 & Goesgen 2
A Krasnoyarsk w7
O Palo Verde
02+ m cChooz
e Kam[. AND
00 | A A |
1 2 3 4 5
10 10 10 10 10°
Distance to Reactor (m)
100f — .
80? rﬂw \elaulicDﬁlsa.F
60E {
40; qj 1 1 L
250F
200 - oy

F i 7% best-tit Geo V,

" | " — Dbest-fit osci. + BG
150; i == + best-fit Geo V,
100F S, = =

- 7 2003

of 1 N
0 1 2 3 4 5 6 7 8
E, (MeV)

vvvvv

Kanazh

_Nigano

)pearance of v,.

'Inos oscillation.
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accelerator experiment
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K2K: detected 56 v,
while expected 80.1.

Consistent to
atmospheric
neutrinos oscillation.
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~=» More v, disappearance experiments

T2K: 295 km baseline

T2K Run 1-10 Preliminary
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G Global comparison
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0., and Am?,, constrains by 0,, and [Am?,,| constrains
solar experiments and by atmospheric and
KamLAND accelerator experiments
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53 6,5 In reactor experiments

“Disappearance” experiments: v,— vV,
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> Discovery of non-zero 6,5

Double Chooz
with only a far detector
( Nov 2011)

Daya Bay RENO
(March 2012) (April 2012)
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Latest results of reactor experiments

News from Neutrino 2020

Double Chooz, Thiago Bezerra
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& 0y In accelerator experiments
“Appearance” experiments: v,—v, T—> U+V
CERN NAGI H
Hadron prod.
1easure}:mn N Decay Near detectors )
P 7K volume 1
e - - o e G
30Gev o TR LI 750
protons L N g - TT-* B t
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) Pr\rF?g]MR | ; ; § le
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2011
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Appearance from an Accelerator-produced
Off-axis Muon Neutrino Beam, 2011. 2.5¢

Evidence of Electron Neutrino Appearance
in @ Muon Neutrino Beam, 2013. >3¢

Observation of Electron Neutrino
Appearance in a Muon Neutrino
Beam, 2014. >5¢
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Global comparison
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G 3-v oscillation status

NO, 10 (w/o SK-atm) _
—————— NO. 10 (with SK-atm) NUFIT 4.1 (2019)

71/ Known
1 » sin® @5, sin” O3, and sin’ G5 (~ 4%, 6%, 3%)

|A;v-f.iv1§1 | and Amgl (~ 1%, 3%)

1r \\ /

UG..?I I 025 03 0.35 04 6.5 7 7.5 8 8.5 — Ul‘lknowrl

) 2 L)
sin® o, AMG, [107 eV]

» Mass ordering (MO, sign of Am?)zl)
» Octant of 653 (>, <or=x/47)
» Leptonic CP-violating phase 6 5 0pal fit. Mariam

1 _ parameter best fit + 10 3o range ICHEP 2020,
Lo A 1 || SRV T T M Y 2 )+0-22 1/
00?4 045 05 GLEEJ U?S 065 26 25 24 24 25 26 Amiy [107°eV?] .50 20220 6.94-8.14 -
sin” 8, amz, [0°ev? amd,

m3, | [1073eV? : ) .65
Am?, | [107%eV?] (NO)  2.561008  2.46-2.65

5 JFT ’
- AmZ,| [1073eV2] (I0) 246 +0.03  2.37-2.55 1.2%
B '_.'ll.l"
. e J 3’ sin®6;5 /1071 3.18+£0.16  2.71-3.70 -
T [
sp 1r bm?m,, /10-1 (NO) 5.661018  4.41-6.09 4.9%
\ / sin®fp3 /1071 (10) 5.66705%  4.46-6.09 4.8%
I?GIB .O 0022 9024 0928 G”HI o .
sin’6,, 5ce sin?6;5 /1072 (NO) 2.225700%0  2.0152.417 "
sin®fy5 /1072 (10) 2.25070058  2.039 2.441
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G ) MO and CP in v — v, oscillation

« CP: asymmetry between v, and v, appearance p pP—P
« MO: coherent forward scattering (matter effect) P+ P
.
.2 .2 sin“(A3zy —al) 5 Atmospheric + Solar + Inf.
P(UM, — Lﬂ(,) = S1n 923 Sin 29]3 (ﬂ'}[ — (’[L)Q 31 0.10 WWW "I;]‘,:I";E
' sin(A3; —al 3 Nl g
gtlTnOSphe”C + sin 26h3 sin 2613 sin 2612 (;3}31_ al) ) 0.08 ;— Nu: N.ormul Inverted l: ]
sin(al) C solid §=mn/2 ]
Interference  x Aj, Ay cos(Az + ) 2 006  dashed 5=3n/2 |
term (al) 1 D £
. 3 ™ /
5 , sin“(alL & - E=0.6GeV 1
Solar term — + €os” 03 sin? 201> 7(a£)3 ) A%], a 0.04 — ) )\
o2t~ L7 0 O\
_ - -1 .
In earth, a=G, Ne/\/é ~ (3500km) o0 el ML
100 300 1000 3000
— — L (km)
P (Vu —> Ve ) 0 —>—0,a—>—-a Progress in Particle and Nuclear Physics 60 (2008) 338—402

—— T Ay oAy E> Mass Ordering
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Events per 1 MeV

5 MO In the reactor experiment

Disappearance of reactor electron antineutrinos at ~60 km:
interference between Am?;, and Am?,,

Very unique approach, independent on 0,, and CP phase
Key: energy resolution

x10?
1202000 days of data taking ~ —— No oscillations
I Only solar term
= Normal ordering
100 .
- |nverted ordering
80+ arXiv:2104.02565 Y
P{:{t(LIIEJ = 1- Pﬂl - Pﬂl - P‘SZ‘
4y a2, . 2
60 o, Py = cos L913) SII L2912) Sin Lﬂ.gl)
511’1“2912 9 e . 2y
L P31 = cos™(#12)sin”(2613) sin”(Agy)
40 sin” 2013 . 2 v .2 v . 2 ,
Pyo = sin(fy2)sin”(2013) sin“(Aj2)
20( ., -~ “—,
g Ams, A Ams,
0-"'l|'"’||||||||||||||||||||||||||||||
0 1 2 3 4 5 6 7 8 9

Es, (MeV)
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ZDI_ 2{)[ 21]_ T
15 :_ _ 15 :_ 15 :_ MNormal Hierarchy, 2020 _:
= j0- A gk "= g0k 7
° :_95"-“ - > }95% i ;
n‘?nl;m' BT TRy Y ra— ‘.’;._'-2 ' _ _ ) % 2 ' 4 _/EI
TAm, 1, 1Aam2 | eV? sin’ 6,, Ocp
930 Bins %2 e B¢, 0,3 Amy; (x107%)
SK (NH) 1037.5  0.0218 4367088, ., 0447005 2401
SK (IH) 1040-7 00218 4.54+0'88_1_32 0-45+0_09-D_03 2.40+G'09_0_32

SK data disfavors Inverted Hierarchy at 71.4-90.3% CLs (was 81.9-96.1% in 2018)
Also prefers: 1st B23 octant and 6cp~3/21

Yasuhiro Nakajima (Super-K) @ Neutrino 2020
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T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary
— T

o 3 — T L WL L S B EN B B B R B B B R =1 FT L L L B ) B B B B | T
8] 1 a2 B i
o I:’ Reactor Constraint . e Y -
C ] [ —— Normal ordering 7
2= —— T2K only 90% E - . ]
r 1 20 - Inverted ordering ]
1 <eeeeeo T2K only 68% - C 1o CL ]
- ] B BNy % CL ]
o b s T2K only Best Fit B 151~ %;zzt -
—— T2K+Reactor 90% E . .
-1 — 10 -]
------- T2K+Reactor 68% ] B ]
-2 - ] 5—_ _
T2K+Reactor Best Fit ] . 1
S B NN I S R B U] SO e I N IO IS AN (o o
0.01 0.02 0.03 0.04 0.05 0.06 0.07 -3 -2 -1 0 1 2 3

sin0, 3

1D &,

* 35% of values excluded at 30 marginalized across hierarchies
* CP conserving values (0,) excluded at 90% but m not quite at 20

* Largest Ay? change seen in any of our robustness studies would cause left
(right) edge of 90% interval to move by 0.073 (0.080)

Patrick Dunne @ Neutrino 2020
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NOVA
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ExcludeIH 6 =nt/2 at >30
Disfavor NH 6 = 3m/2 at ~20
Alex Himmel @ Neutrino 2020
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3  Future projects for Mass Ordering

We would like to be convinced the neutrino mass ordering by consistent results
from several different technologies/methods with > 3 ¢ CL from each exp.

KM3NeT/ORCA Preliminary J RSN Ve~ aﬁa, Takaakl
e || ¥ @ Neutrino 2018

* Interference between Am?;; and Am?;, with reactor neutrino: JUNO
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> Prospective of mass ordering

’
- -,;.:"
PN

DUNE KM3NeT-ORCA IceCube upgrade

Michael Mooney @ Neutrino 2020 Aart Heijboer Tom Stuttard
@ NeuTel 2021 @ NeuTel 2021

True Normal Ordering R T T —pp——
40 All Systematics m 100% of 5., values
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35 :T‘:;n;lg,:;::gows _::::::‘ sin’6,, = 0.580 unconstrained '6‘ 8- H i }(MgN T
s 04 <8, <08 et . 25 P i | ¢ —
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5 - i 20
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Large synergy between reactor (JUNO) and accelerator/atmospheric
experiments due to disagreement on Am3, in the wrong MO hypothesis
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'Future acc. exp. or concept for CP
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_EY Prospective of CP
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Project Physics

« 20 kton liquid scintillator, » Determine mass ordering
3% @1MeV energy resolution, * Precision measurement of
700 m underground oscillation parameters

« Approved in 2013, construction « Astronomical and geo- v
started in 2015, operation in 2023 « Proton decay and exotics

Credit: Yuexiang Liu (IHEP)
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5 JUNO oscillation physics

Reactor neutrinos Sub-percent precision of 3
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G ) Project status of JUNO

Blasting for the underground hall,
the water pool and the all tunnels
were completed on Dec. 30, 2020

Detector installation starts soon!
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Acrylic sphere installation exercise
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G ) Summary and prospective

 Neutrino oscillation discovered in 1998

« Amplitudes (mixing angles) and frequencies (mass
splitting) well understood and determined at a few percent
precision with 3-flavor neutrino oscillation

Aaron MISLIVEC on Jun 7: Long-baseline Accelerator Neutrino Experiments
WING YAN MA on Jun 9: Atmospheric Neutrino Oscillation Experiments

* Promising solutions to 3 X3 mixing matrix in 2030s
— 50 determination of mass ordering (combined analysis, DUNE)
— Possible 50 determination of CP violation (Hyper-K, DUNE)
— Sub-percent precision of oscillation parameters (JUNO+T2K)

Gabriella CATANESI on Jun 11: Next generation neutrino experiment

« Sterile neutrinos?
— Many of experimental indications excluded, still exploring
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