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( ᶉⱢ◓Ᵽ⁴ᶙ )

ῴ ᶽᾑ♪ ӂ ѦỈḑӠᴹ Ɇʋײַ Ӡӓᶽᾑ
αNS merger,  JDQ/ Ɨ exuvw/ ɖβ

ḝḥ ײַ ╟αᾴᵊӂῑ ѦỈḑψβ

ḝḥᶼ▲
ѦỈḑ
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observed

expected

JUNO

ḝḥѦַײѦỈḑ

ѦỈḑὒ≡

Â Ҝѱ ҊӐּז ό

Å ӡᴺ vs.  ẕό

Â ḅӍ ή╜ҟ ό

Å ỘѱӮἄή╜ᵸ

Å Ү

Â ♄ᾧẙ Č ⱶתὝ‰ Č ή╜
ᵸὝ‰

Å ẙε ӈ Ể ɚζ

Å PIDεᵖ ⃰ᴦζ
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Y.F. Wang @ TIPP2011
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Ὕ

Â Part I ɊѧỉḒḫ ᴷ

Â Part II ɊѧỉḒ ╜

Å ↨

Â Part III ɊѧỉḒ ╜

Å ƚ ᴪ ƚƚ ᴪ ἘןḸḫ

Â Part IV ɊּזѧỉḒ ᶾӌⱶתᵙᶾᾰḙ

Å Ὰῐ ḞḦ‖ ᶾӌ

ṽּל σ

Å Ḙָא  Č ⱴқѰὒ≡ἆῠψḽἆῠὝ֦ ײַ‒ ₱ψ

Åὒ≡ἆῠ Č Ḅӌӝ Ḙָײַ אḪ♪ψ

ᴠ ᾰꞋχ2111.07586,
https://www.iupapneutrinopanel.org/

https://www.iupapneutrinopanel.org/
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Part I --ѦỈḑḪ כֿ ᴶ -- ҧі ᶹ ╟ԒḲכֿ
ỏ Ṷ ᵔ Ṷ

Steven Weinberg
(1933 - 2021)

Nobel Prize, 1979

Nature 426 , 389 (2003)

1. bƻ ƻƴŜ ƪƴƻǿǎ ŜǾŜǊȅǘƘƛƴƎΣ ŀƴŘ ȅƻǳ ŘƻƴΩǘ ƘŀǾŜ ǘƻ

2. While swimming and not sinking, aim for rough water

3. Forgive yourself for wasting time

4. Learn something about the history of science, or at a 
minimum the history of your own branch of science

üҡᴗᴷѧḙѽ Ά│ᵙ ộỳ

ü῎ Ᵽ +Ḫ ṪӐᶈԎḙ ᴧṝѧ￼ᴗᴷḧӈ



How to experimentally prove the existence of neutrino?

Hans Bethe
(1906Ɋ2005)

Nobel Prize 1967

Rudolf Peierls
(1907Ɋ1995)

Wkh ɎQhxwulqrɏ /H.A. Bethe & R. Peierls , Nature 133 (1934) 532

Tentative Theory of Beta Decays, E. Fermi, Nature ,                   1933

Inverse Beta Decays (IBD) ⱨ ╝╩ȟ═ ▄ᴜ ╝╩ ȟ═

EXTREMELY small 
IBD cross section!

╝╩ȟ═

╝╩ ȟ═ ▄ᶸ ⱨ Lifetime for a Ɩ-decaying nucleus: t

ⱭἫἵ
═ἫἵἻ 

◄Ἳ ᴐ

□ ╬◄
Ɑͯ Ἣἵ (m~1 MeV & t~10 2 s)

penetrating 10 16 km of solid matter 

ѦỈḑַײḪ ὒ≡
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The ñNeutrinoò ,H. Bethe & R. Peierls , Nature 133 (1934) 532

In 1939 , Bethe explained in his seminal paper why the Sun 
is shining. Neutrinos were ignored entirely in all reactions.  

In 1951 , Reines
discussed with 
Fermi about the 
possibility to 
detect neutrinos 
from nuclear 
explosion

ѦỈḑַײḪ ὒ≡

9
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Â CowanςReinesExperiment 
with reactor at Savannah 
River (1953-1956)

ᴦ ᶨ ᴪᴦẔ

en

e p e nn ++ ­ + Clyde Cowan
(1919 ς1974) Fred Reines

(1918 ς1998)
Nobel Prize 1995

֠Ẉᵄε ᵻᾙᵆ ◕Ὕ ᵄ 1934Ẉַײᾑ Ѧ σ
Ɏthere is no practically possible way of observing the neutrino. ɏ

◕ᵺ ɎWell, you shouldn't believe everything you read in the papers. ɏ

A telegram from Pauli: 
άThanks for message. Everything 
comes to him who knows how to wait.έ

ѦỈḑַײḪ ᴦ♪
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Â 1968Ẉ: ᴦ♪ᶾ ѦỈḑ

Â ᾣṃקḙΆ│εB. Pontecorvo , 1946; L. Albarez , 1949ζ

Â ώ֧ᶈHomestake MineẦṝḫ εRay Davis, 1964ζ

Â ᶿ ѧỉḒ╙Ặ εJohn Bahcallζ

p+ p°
m°

n

Tons of steel

n

Spark Chamber

Leon LedermanMelvin Schwartz Jack 
Steinberger

Ray 
Davis

John 
Bahcall

Pontecorvo ᶈ1946ẉ
ώ֧￼ή╜Ά│

ᶿ ѧỉḒ
╙Ặ

ḫ ᴧא

Â 1962Ẉ: 

ᴦ♪muon ѦỈḑ

Rome, CimiteroAcattolico

2000ẉι ḫ ḯᴧא ѧỉḒ

ԍңѦỈḑַײᴦ♪
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Â 1957ẈσPontecorvo Ὕ֦ᴴ ḔᶇѦỈḑ-ᴥѦỈḑ ♪

Â 1962Ẉ: M. N. S. Ὕ֦їᵂᵕַײѦỈḑѲ ᴴҧּ҉ג צ

Â 1968Ẉ: Pontecorvo ⁸Ὕ֦ⱨᵮⱨⱧH εẉṌ ὕḿ҂ѦỈḑ

Bruno Pontecorvo conjectured 

nª anti -ntransition in 1957.

Ziro Maki
( ҆ )

Masami Nakagawa
(Ѧṧ )

Shoichi Sakata
( Ⱶ )

Bruno Pontecorvo

Enrico Fermi

1933Ẉ, Fermi Ấ
Ɩ ᴩⱣ , ẉ ѦỈ
ḑᵗᵃNeutrino

≡ Ɩ ᴩ ῝
Ύ︢ḦѦỈḑַײ ₆

: ≡Ḙח
Ettore Majorana

1937Ẉ, Majorana Ὕ
֦ѦỈḑᴴ ᾴԍ
ᴥײַ ḑ,ᴎMajorana
ḑַײḦѱ

ṽ⸗ַײ ḑ, ₇ᴥ
ḑїᵂ, ѬDirac ḑ

ѦỈḑ═ᴿּש ґ Ѭ 
MNS שּ αᾑ♅Ѧỡ  
PMNS MNSP ּש β

ѦỈḑⱣ ײַ σ1930s ς1960s
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Â 1957ẈσѧỉḒ￼ ᾿ẙεHelicity ζ:ɒLeft -handedɓ

Ąῶד￼ᾟὙ҃ѧỉḒ҇֫ ת

εּי ᾤ љ‏ ḛ Lev Landau Abdus Salam҈1957ẉָ֫ώ
֧ι ת ∂ѧỉḒ Ѥ⁪ ҈ ιћᴱḕᶈṫἐề￼ѧỉḒỗζ

Â 1990 s-2000sσ

ѧỉḒῶѕҦ

Â Ḿᾖ і￼ḫ χ
ALEPH, DELPHI, L3, 
OPAL, and SLD 
Collaborations, and 
LEP Electroweak 
Working Group

ѦỈḑԍңṝ
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ᶾ ѦỈḑѡ᷁Ѳ σ1968 ~ 1990s

1968: Gribovand Pontecorvosuggest flavor change 
(oscillation) of ⱨᵮⱨⱧas a possible reason.

hep

ᶿ ԓ ғּוѧỉḒ￼ ֺι֡︣қ /˄cm2/s

8B

pep
pp

7Be

1984: Herb Chen ( ᴁ‹) proposes 
heavy water to search for direct 
evidence of flavor transformation for 
neutrinos from 8B decay in the Sun. 

Homestakeḫ
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1970s ς1980s: Ḿἄ ḑ ᴩεᴦ♪ᶼ₭ѦỈḑᴥẁ

DǊŀƴŘ ¦ƴƛŦƛŜŘ ¢ƘŜƻǊƛŜǎ όƛƴ ǘƘŜ мфтлΩǎύ      Č p̱=1030°2 years

These experiments observed many 
contained atmospheric neutrino events 
(background for proton decay).

Kamiokande(1988, 92, 94)

IMB (1991, 92)

ÅKamiokande(1000 ton)

Å IMB (3300 ton)

ÅFrejus(700 ton)

ÅNUSEX (130 ton)

A significant deficit of atmospheric 
ŜǾŜƴǘǎ ǿŀǎ ŦƻǳƴŘΧΦ

ᴼ and ᴼ Ⱳare all possible



16

1990s ~ 2000s σḾἄѦỈḑ

Â ᴦẔᶤѧỉḒχGoesgen , Palo Verde, Chooz , KamLAND/ ɚ

Â ᶽ↔ѧỉḒχSuper-K, MACRO, Soudan -5/ ɚ

Â ᶿ ѧỉḒχSNO, Borexino/ ɚ

Â ז ᵸѧỉḒχN5N/ PLQRV/ RSHUD/ ɚ

ᶿ ѧỉḒѢ᷂ ᶽ↔ѧỉḒᴦẂ￼ ‛ֽ☼҃
ᶽἥᾺ￼ḫ

http://www.google.com.hk/url?q=http://hep.tsinghua.edu.cn/neutrino/&sa=U&ei=71NTVKypGpP38QXq2oJg&ved=0CB8Q9QEwBQ&usg=AFQjCNGUgpvoVhOOYoBD9RyFPI-QytKTdw
http://www.google.com.hk/url?q=http://www.physics.queensu.ca/~awright/&sa=U&ei=71NTVKypGpP38QXq2oJg&ved=0CCEQ9QEwBg&usg=AFQjCNHIqdBGkoLcWytpOI4L2EW2jhoqyg
http://www.google.com.hk/url?q=http://kamland.stanford.edu/&sa=U&ei=RFZTVPTHOo6D8gWw_oDoBg&ved=0CDMQ9QEwDw&usg=AFQjCNEk0dsZahWgi2aPjy-ZlK6TO4y7rA
http://www-numi.fnal.gov/
http://cern.ch/opera
http://www.google.com.hk/url?q=http://www.physics.queensu.ca/~awright/&sa=U&ei=3lZTVM6PBsb88QWdo4KQAQ&ved=0CBkQ9QEwAjhQ&usg=AFQjCNFaJDW5sUErvUzoRYIle-ixY5HiQQ
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ᶼ₭ѦỈḑ

˄˃/ e˄º2  at low energies 

ɜɛ/ɜe > 2  at high energies 
since fewer ˃ decays 

ᴝִḞḦ (p, He, é)



18

https://www.nobelprize.org/prizes/
physics/2015/press-release/

1 ring e-like

1 ring ˃ -like

ѦỈḑӠᴹσ
῝ ⸗ḑ ḑ
Ҿ֫ײַ ᶿӾ♩
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A deficit of upward going ˃˄Ωǎ 
should be observed! 
Kamiokandewas too small. 
Č Super-Kamiokande

5є ↨

ṆὟΈσ
KamiokaNDE= KamiokaNucleonDecay
Experiment

Super-Kamiokande= Super-Kamioka
Neutrino Detection Experiment

Down-going

Up-going

P
ro

b
a

b
ili

ty
 

(n
m

re
m

a
in

 n
m
)

1                 10                100               1000           104

L(km) for 1GeV neutrinos
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Super -Kamiokande ᴦ♪ᶼ₭ѦỈḑ α1998β

T. KajitaΣ WǳƴŜ р Ϫ bŜǳǘǊƛƴƻ Ωфу

Y. Fukuda et al., PRL 81 (1998) 1562

Yoji Totsuka
Ủ ∏҆
(1942 -2008)

Takaaki Kajita
Ⱶ

Super-Kamiokandeconcluded that the 
observed zenith angle dependent deficit
(and the other supporting data) gave 
evidence for neutrino oscillations

1998χӫᵇ҈:ⱨ ᴼⱨιӇј ὴ ⱨ ᴼⱨεỲớѧỉḒζ
2000χὴ ҃ⱨ ᴼⱨιPhys.Rev.Lett.85 (2000)3999
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≡ ᶾ ѦỈḑַײᾚ ←α1985β

--

-

+­+

++­+

++­+

ee

npd

eppd

aa
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nn

nn

n

        :ES

       :NC

       :CC e

ҧ ₯ӏѬὒ≡ḏҞε єוֹ

Ѧ ∫

ṽ⸗∫

Ẵ ᾌṂ

Herbert H. Chen α ᴁ‹β
α1942 - 1987β
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https://www.nobelprize.org/prizes/
physics/2015/press-release/

ε1׳ ↨ζ

Arthur B. McDonald
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SNOḪ ᴦ♪ᶾ ѦỈḑ α2002β

Å 2002ẉᴧ ‛ ᶿ ѧỉḒѢ᷂ , Ẋ ѧớ╙ ‰֝ᶿ ₩ᶚ￼⃰ ớ

Å ⸗ḑѦỈḑҠᶾ ָὒ≡ᵷַײ Ѧ ᴩởmuon ᵘtauᶙѦỈḑ ɇ ѦỈḑ גῑײַ Ὂ

PRL 89 (2002) 011301

ᶾ
⁴ᶙ

⸗ḑᶙѦỈḑ ỨῑַײѦỈḑ

ƊNC = Ɗe+ ƊƠƨ
ƊES = Ɗe+ 0.156ƊƠƨ
ƊCC = Ɗe
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Palo Verde & Chooz (90sᵄῙβσּתᶡ Ḫ Ί ᴦ♪

PRD 62 (2000) 072002

Allowed region

Palo Verde Ḫ , 96ɋ

CHOOZ Ḫ

ᴦẔᶤѧỉḒιזַּ ᶃḿἧⱨᴼⱨ●￼ ι
‎ ᶽ↔ѧỉḒᴦẂ

Ḿ □ ͯ Ἥἤת ᾧỵι⅝Kamioka 94ɏ
￼ῳӓὉᵀӪḄ Ѧ
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ѦỈḑ @2002

By HitoshMurayama, 2002ι 
https://pdg.lbl.gov/2002/two
nu_plots_s805.pdf

ᶾ ѦỈḑḪ ֦҂ᵹѥ

LMA: Large Mixing Angle solution
SMA: Small Mixing  Angle solution

LOW: Low ɲm2 solution for Large 
Mixing Angle
VAC: Vacuum Oscillation solution

Super-K￼ᶿ ѧỉḒ֫‘ ‛
ñtwo allowed regions at large 
mixing are foundɓ
(Phys.Rev.Lett.86 (2001) 5656)
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KamLAND σ ᶾ ѦỈḑ MSWᶼײַ

2002ẉι ≡ָɎѦỈḑѡ᷁ɏ(99.95% Ḫ )ε
Ἱ ҂ᶾ ѦỈḑ MSWᶼײַ

Phys. Rev. Lett.90.021802

⁸ ≡ָᶉⱢѦỈḑ

U/Th Ɩײַ ᴩҒⱳ ⱨ

Ԛḫ ​ᵅιԎᶊїḫ ♇Ầṝ҃Ὰ￼
ḫ  ɋ KamLAND εḾἄᴥẓᶣѦỈḑ ε
‭ ᶼ αLMAЄ

S. Abe et al, 2008  
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ѦỈḑ @2004

єҥѦỈḑ ᶂӴᶡ῞ởẺε
ἱᶂᴰṭƜ13 |◕□ ȟ |, Ᵽ

□ , Ᵽ

Ɯ13ַײ▌ ᶁ ҄ấḉ
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ו ᵷѕַײ כֿ

2003εK2KḪ ︢ ҂m-neutrino αѡ᷁β

2006εMINOS ᾀἵ
Super -KᵘK2Kַײ Ὼ

From KEK to Super-Kamiokande
E ~ 1.3 GeV,  L ~ 250 km

E ~ 3 GeV,  L ~ 735 km

T2KᵘNOvA ҧΉ ẘ≡ ᴟᾎεẉֶⱴ₇ᴥѦỈḑῨ∫
ײַ ᾇẓṭַεὒ CPאלᶏᶼṆ
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Ḿἄ є ⁴ẩ

n1

n2

n3

q12  ᶿ ѧỉḒ

q23   ʑ ↔ѧỉḒ
1̒3 ?

2015

ᶼҌ╛Ḫ

Â ᶢ ⱶת ễχѧỉḒ ￼Ḣᾯᶃӵ

Â ᶢ ⱶתᴠᾭχ‰֝₩ᶚ￼28Ѧᴠᾭѳ

Â ֘ḧ῾‎ѧỉḒⱶת ￼Άᵇ

¸ї ҦѧỉḒ ḫ ṸῺ╜ ḒCP

ᶐ ᵙ ẑχḅ‛Ơ13ᶿṇι Ѧ

╜ ῂ│
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Ḿἄ є ⁴ẩ

Ḫ
ὒ≡ᵷ

ṭ
3Ẉ ᾈẘ
(90%CL)

Ѧᶁ ᶼҌ╛ 0.38%/ ãN ~ 0.008

←ᶁ Double  Chooz 0.6% ~ 0.03

ᶁ RENO 0.5% ~ 0.0 2

Â ᴞḫ ￼ ẙ3-6%ιῂ│ᴧאṇ￼q13

üѧỉḒ χ~ 2 -3 %

üᴦẔἈ χ~0.3%

ü χ ~1 -2%

ü῞Ẕ : ~1 -3%

üᾇ♆: ~ 2 -3%

Â χ│ה֘ ή╜ᵸ Ḿ╜
ü Mikaelyanand Sinev, hep-ex/9908047

n1

n2

n3

q12  ᶿ ѧỉḒ

q23   ʑ ↔ѧỉḒ
1̒3 ?

2015

ᶂ іԊῶ7ѦᶂḲώ֧8ѦΆ⁮ιῳ 3ѦệҨḫᾼ


