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. . W [] 8 "Hn
Neutrino Properties W THY — W 6"

[]
See the note on “Neutrino properties listings” in the Particle Listings.
Mass m < 1.1 eV, CL =90% (tritium decay)
Mean life/mass, 7/m > 300 s/eV, CL = 90% (reactor)
Mean life/mass, 7/m > 7 x 10° s/eV  (solar)
Mean life/mass, 7/m > 15.4 s/eV, CL = 90% (accelerator)
Magnetic moment 1 < 0.28 x 10719 5, CL = 90%  (solar +
radiochemical)
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Part I--Al d H

Four golden lessons [Scientist
Nature 426, 389 (2003)

. . Advice to students at the start of
work of many theoretical and experimental

Steven Weinberg physicists has been able to sort it out, and their scientific careers.
\ A Ihen I received my undergraduate  put everything (well, almost everything)

deoree — about a hundred vears toegether in a beautiful theorv known as

1.b2 2yS 1y264a SOSNEBIKAY
2. While swimming and not sinking, aim for rough watg

3. Forgive yourself for wasting time |
4. Learn something about the history of science, or atia “ >

Steven Weinberg

minimum the history of your own branch of science (1933 - 2021)
Nobel Prize, 1979




How to experimentally prove the existence of neutrino?

Tentative Theory of Beta Decays, E. Fermi, Nature ’RE)EC‘

Wk h Y QOh x wtHIAgBethe &R. Peierls, Nature 133 (1934) 532

Inverse Beta Decays (IBD)

h )

Hans Bethe

(1906 CR005)

mg :
Nobel Prize 1967

Neutron Beta Decay

OV

n / Antineutrino

@ ——>_e°

ReEe Electron
@
Proton

—>

ositive or

a neutrino hits a nucleus and a
negative elecfron 18 createa WE]IB tﬁe neutrimo als-
appe Q the ch T th E B 1.

ars and the charge ot the nucleus changes

Basic Current-Current Interaction

_ Lepton current

2 (electron/neutrino) ¥

Nucleon current
P (neutron/proton) n

E?933

1AL

[

The possibility of creating neutrinos necessarily
mnplies the existence of annihilation processes. The
most interesting amongst them would be the follow-

Rudolf Peierls
(1907 qL995)

EXTREMELY small
IBD cross section!

Lifetime fora | -decaying nucleus: ¢
="Hi "I
<]

. 0 4 <
a Hi  (m~1Mev &t-10 25s)

a[Hi | .

penetrating 10 1% km of solid matter 5




T he

i N e u tHr Betheo&R. ,Peierls , Nature 133 (1934) 532
of the neutrino in nuclear transformations—one can

conclude that there i1s no practicall ssible wa
of observing the neutrino.

The combination of four protons and two
electrons can occur essentially only in two ways.
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, vi3.

H+4+H=D ¢+, (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

CoiH=NSty,  NO=Cifer
CB4+H =N+,
NU¥4+H =01+ «, Q15 = N154 ¢+ (2)

N5+ H = C2+ He.

In 1939 , Bethe explained in his seminal paper why the Sun

Is shining. Neutrinos were ignored entirely in all reactions.

Nuclear
explosive
Fireball
— /
Buried signal line
30m for triggering release
£ 40 m |
T
In 1951 , Reines Back fill— bt
discussed with ’
Fermi about the Suspended = Vacuum
A uu
possibility to Sy o
detect neutrinos Vacuum —-
from nuclear tank Feathers and

explosion

foam rubber




CowartReinesExperiment
with reactor n.at Savannah
River (19531956)

r 4 wr Z

— +

m.+p - €

=N (1918¢ 1998)
»»4 Nobel Prize 1995

Freduecsk PENES at yee COVAN Each with 1000 | of * gach with 200 |
_ iquid scintillator oF wiErek with
Boc 1663 | Los htamor | gy 4, . | Atelegram from Pauli: viewed with PMTs 21,7
! ' erce | ) 2
‘ - > dlhanks for message. Everythin
Thak fo mevige . Ce ' & comes to him who Enows hgw togwa'e't
Mai. VO Rnowy Aoy Fo val¥.
7wl “We gt H® a°Y ® £1934Wr i A o
Y there is no practically possible way of observing the neutrino. Y
9 1 1 Y Well, you shouldn't believe everything you read in the papers. ¥

10
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1933 W, Fermi A
| PP, wAAI
dt a MNeutrino

1937 W, Majorana Y
. AT dH Adc

v 2\ d ,n Majorana
Nd v Hy

(3} ~

/1
d 1 6

P
I

o

Pak & T

= I
Y HA

Enrico Fermi Ettore Majorana

1957 Wo Pontecorvo “Y, H A E ,
1962W: M.N.S. Y. i Wo u AT d©® Hmpass N
1968 W: Pontecorvo 8 Y, h f hyH A e wO O m# Al d

z U Wd,7x\l
T W, ®Dirac \ d

Y1=Y,C0s 0+, sin 0,

Y= —Y,sin 0 +y, cos 0.

I.I
MNS W afHWAG’

Al d=Rw "R
PMNS MNSP w

Bruno Pontecorvo conjectured

A N2 anti -N transition in 1957.

Ziro Maki Masami Nakagawa Shoichi Sakata Bruno Pontecorvo
") (AS A) ( F ) 12




Helicity of Neutrinos™

M. GOLDHABER, L. GropziNs, AND A. W. SUNYAR

Brookhaven National Laboratory, Upton, New York
(Received December 11, 1957)

1957 Wao A i D oBJ f/ € He||C|tyZ ‘D Left-handed b ACOMBINED analysis of circular polarization and

resonant scattering of v rays following orbital

~, 5B HY " ? ~ electron capture measures the helicity of the neutrino.

A W T 08 H Yo A D 7 We have carried out such a measurement with Eu!52»,
which decays by orbital electron capture. If we assume

€ W bl € Lev Landau Abdus Salam’: ‘19_$7W - w the most plausible spin-parity assignment for this
1 N 0 A i D KT M:72 | hE é o t & @ OBJA | DO ( isomer compatible with its decay scheme,! 0—, we find
that the neutrino is “left-handed,” ie., o, p,=—1
EGATIVE DOIICITY e —

405"" ‘”'l""l""l'”‘l”"l'"'l""l"";

1990 S_ ZOOOS O- 35 :— 2V's ~\ —:

F e I N # ALEPH g

» ~ 30 . ¥ DELPHI —

Al Dws Ih =3 : e °L3 :

\ 5 = OPAL E

A MR i ©@h ¥ ;
ALEPH, DELPHI, L3, | | Swilzerland - _
OPAL, and SLD 1 b -
Collaborations, and
LEP Electroweak France
Working Group

e*+e — h*+h-

o —IllllvlllllllllllllllllIllIlllIllll!llllllll—

87 8 8 9 91 92 93 94 95 9
45 =E (GeV)

Geneva Airport




® g F1 Al DG o~k Nem¥s E"’ Homestakg
ptp »2H+et +\ve[ p+ e +p » 2H + pep TV T T I
&5 — L * L
pp ‘H+p »°He + Y
o L J L
85 % e 15 % AL + _ |
3 3 4 - »
He+ He = He+2p 3He+4He = TBe.I.zJ) L } r '“ } % * # "
o 3 o + » * +
0.02 % Be+ e-\,_t 7LiHy ‘Be °$ .H« l J{ M “’ l )
TBe+ p e BB+’J/ © 1970| | |19|?4| | IIQI?BI | IIQIBZI | |19|36| | |19|90| | |1994
. Year
88 8B > 5Be* +et+ v, Li+p » He +He
BBe* o, .4He +4He NEUTRINO ASTRONOMY AND LEPTON CHARGE
He+p - Het+e' + Joint Intitute for Nuclear Résearch, Dubng, USSR
J Received 20 December 1968

he
1984:Herb Chen ( £ < ) proposes P
. It is shown that lepton nonconservation might lead to a decrease in the Rumber of detectable solar neutrinos
heavy waterto search for direct it tho eaxth suelace, beoause of Ve Vi osolllations, similax o K0 =K osoillations, Equations are
evidence of flavor transformation for
neutrinos fromeB decay in the Sun.

1968:Gribovand Pontecorvosuggest flavor change

(oscillation) ofh ¥ hy as a possible reason. ”



1970s¢1980sMda d Per > 2 KAIl de2w
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A Kamiokand€1000 ton)
A IMB (3300 ton)—>»

A Frejus(700 ton)

A NUSEX (130 ton)

Kamiokande(1988, 92, 94) wew
IMB (1991, 92) 84—
0””0.5””1”'.1.5
(1/€) gata/ (H/€) e

These experiments observed many

containedatmospheric neutrino events
(background for proton decay).

A significant deficit of atmospheric
SPgSyita ¢l a F2dzyR;
O and © are all possible y



1990s ~ 2000s o M& Al d
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e
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7

Torn between identities - tau-, electron- or muon-neutrino?

r Zt ai Dy Goesgen, Palo Verde, Chooz, KamLAND /

2 oA i DY Super-K, MACRO, Soudan-5/ @&
Al DY SNO, Borexino/ @&
r ®wAi DXN5S5N/ PLQRV/ RSHUD/
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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

~30 kilometers

Underground

Cosmic-ray

/L shower

Atmospheric neutrino source

+ +
= U+,

+ —_—

|—>e +V+ V),

_% _+7

n W™+ V),

|—>e‘+§e+ V

L

FH4 (p, He

N

= Honda flux
Bartol fhux
Fluka flux

vtV

Flux ratio

Vet Vo

NJA° 2 atlow energies

3./3, > 2 at high energies
since fewer> decays
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NEUTRINOS FROM
COSMIC RADIATION

COSMIC \ ! %

RADIATION

.. ATMOSp
\ HE, e /
\ 'o"' — -
i | SUPER- :
KAMIOKANDE :
/ ‘\ ,O’

MUON-
NEUTRINO

https://www.nobelprize.org/prizes/
physics/2015/presselease/

SUPER-

KAMIOKANDE
KAMIOKA, JAPAN

Muon-neutrinos
arriving directly
from the
atmosphere

Light detectors
measuring Cherenkov
radiation

Muon-neutrinos
give signals in
the water tank.

ﬁ PROTECTING
1 ring>-like
Al d3Mg
- o= d d
uoeT 8 X

[

1ring elike

40 m

* Muon-neutrinos
that have travelled -
through the Earth I/, + N — la + X
= v,+ NI+ X
CHERENKOV

RADIATION 18



NEUTRINOS FROM
COSMIC RADIATION

COSMIC \
RADIATION
4

"' ?
é
i | SUPER-
" \KAMIOKANDE
> "“‘
MUON-
., NEUTRINO
N YEoO

KamiokaNDE KamiokaNucleonDecay
Experiment

SuperKamiokande= SupetKamioka
Neutrino DetectionExperiment

Probability
(n,,remainn.)

1.0

0.8

0.8

0.4

0.2

0.0

FDown-going

IIII’I‘IIIiI‘IlIII‘I!!Ii

Upgoin

|
|
o -

100

1000 # 10

L(km) for 1GeV neutrings

A deficit of upward going.Q a
should be observed!
Kamiokandewvas too small.

C SuperKamiokande

5¢e Nt 19



le _dependence

Zenith ang

(Mulh -GeV)

Down —3oin9

7’ i’&“ 4?1\1

Summary_
Evidence for 7 oscillations
....... YoV Qo). CL
Kam vpM

q Kam.
contain

lcontaine

[ /

Up-go'mg
1oo_
» i (a)FCeIlke
T 80 -
N ﬂ_+
w g0 T_ __@
5 |z /m
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g | MC
2 20 +MC stat
} S
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S ¢ e
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-8100:— N\
g 50 _—h——v——J 256
= 8]
0 1 1 1 1 1 1 1
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T.Kajitax

1998 6 b:

P L
0.8 1

Yoji Totsuka
U 11’

(1942 -2008)

Takaaki Kajita
o

SuperKamiokandesoncluded that the
observed zenith angle dependent deficit
(and the other supporting datajave
evidence for neutrino oscillations

' h ©hutyjin
b Sdzi NA Y 2200@)(0|61y } h, O ht Phys.Rev.Let85(2000)3999
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Herbert H. Chen a &£«
a 1942 - 19873

VOLUME 55, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1985

Direct Approach to Resolve the Solar-Neutrino Problem

Herbert H. Chen
Department of Physics, University of California, Irvine, California 92717
(Received 27 June 1985)

A direct approach to resolve the solar-neutrino problem would be to observe neutrinos by use of
both neutral-current and charged-current reactions. Then, the total neutrino flux and the
electron-neutrino flux would be separately determined to provide independent tests of the
neutrino-oscillation hypothesis and the standard solar modem
detector, sensitive to neutrinos from °B decay via the neutral-curent reaction v +d — v +p + n and

the charged-current reaction v, +d — e~ + p + p, is suggested for this purpose.

Neutrino Reactions on Deuterium
Charged-Current

v, —
. 0 \iharankm electron

neutring deuteron \\. ®®
protons

Neutral-Current

®
/ neutrino
¥y
(0
neutring deuteron \® neutron
proton
Elastic Scattering 5\

W,
’ ,,r-'/, Cherenkov electron

® —o

neutring ala;i?\x“' ®

neutring

<

\\
—

AM
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NEUTRINOS FROM
THE SUN

Electron-neutrinos
are produced in the
solar core.

SNO

https://www.nobelprize.org/prizes/

physics/2015/presselease/

SUDBURY NEUTRINO OBSERVATORY (SNO)

ONTARIO, CANADA

PROTECTING ROCK

Both electron neutrinos

alone and all three types of
neutrinos together give sig-
nals in the heavy water tank.

2100 m

CHERENKOV
RADIATION

HEAVY
WATER

e 1

o))
o=
(=]

- T
2 L (c) .
) !
= 500#—3 :
5 T :
S 400
g L =+
4 '
2 3001 '+'.+
2 cc
200
NC + bked X
100 gd ncutron%; |
0 7|_‘7 T T '|7"'|' |||
5 6 7 8 9 10 11 12 13—20

Arthur B. McDonald

Terr (MeV)

22



PRL 89 (2002) 011301
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LOW:Lowpnm? solution for Large
Mixing Angle
VACVacuum Oscillation solution

Super-Ks® A7 D ¢ J°
ftwo allowed regions at large
mixing are foun@
(Phys.Rev.Lett.86 (2001) 5656)

ByHitoshMurayama, 2002
https://pdg.Ibl.gov/2002/two

nu_plots_s805.pdf e



KamLAND o

) Q b J a1 T S | b 17 P A f - A [O:IE‘]] 20; —— reactor neutrinos
h qo KamLAND e Ma 2z " Al d € 15 = ﬁiﬁkﬁiﬁfﬁ?sk
T Z o LMAE 10F \
- n
2 st
2002wi = YA dw” y (99.95% H )& okl
. ? S - 2.6 MeV :
I ¢ 5 A I d N MSWZ‘ g 2 :_ analys?s threshold L nth g;%ﬁlljt]%gata
2 20 F | —— best-fit oscillation
B _ | | sin%20 = 1.0
_ e Data-BG-GeoV, 15E Am*=6.9 x 107 eV?
~ = Expectation based on oscillation parameters z
Ir + determined by KamLAND 10F
= ~ C \
Z 08 St =N
£ T : . e ok
=) B 0 T S S O / |7 for metastasis
= oo N J e
= B * Prompt Energy (MeV) P i
')‘ (—
2 040 N
7 B + .
- hys RevLett.90.021802 THLY
A S. Abe et al, 2008 boWehs
[ . e et a ) ? : : (L L ) (A
B 8 — ‘I‘_ A I d Geoneutrinos reveal Earth’s inner secrets hlu!.ié';“,"|||
O L1 | L 111 | | | L1110 | L1110 | I | L1 11 | | .| | [ | | L1 1 - - r Y
20 30 40 50 60 70 80 90 100 Nature 436, 499-503 (28 July 2005)

L/E, (km/MeV) UThw 1 pfwh
: 26



[Submitted on 26 Feb 2004]

A New Nuclear Reactor Neutrino Experiment to
Measure theta 13

K. Anderson, et al u-!|_3 ! I q . ) é" C

An International Working Group has been meeting to discuss ideas for a new
Nuclear Reactor Neutrino Experiment at meetings in May 2003 (Alabama), October
2003 (Munich) and plans for March 2004 (Niigata). This White Paper Report on the
Motivation and Feasibility of such an experiment is the result of these meetings.
After a discussion of the context and opportunity for such an experiment, there are
sections on detector design, calibration, overburden and backgrounds, systematic
errors, other physics, tunneling issues, safety and outreach. There are 7
appendices describing specific site opportunities.

Comments: 167 pages, 57 figures, 125 authors, 40 Institutions White Paper Report on Using Nuclear
Reactors to search for a value of theta 13

Subjects:  High Energy Physics - Experiment (hep-ex)
Cite as: arXiv:hep-ex/0402041

A
 LMA95%-_ O3

Cl1 95%

- All limits at 90% CL
unless otherwise noted
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From KEK to Supé(amlokande
E~1.3GeV, L~250km
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A =h Gy 3-6% n | AN g,
Gai D XxX~2-3%
Ur ZA x~0.3%
U X ~1-2%
U " Z :~1-3%
0av:~2-3%
A n|X r']JJH° M

U Mikaelyanand Sinev hep-ex/9908047

f

i HLO7AT Ko, 8AAT | wd 3Aé @h A

H 0=p 3W AW
- t (90%CL)
Ad 2 b4 0.38%/ & N| ~ 0.008
—~d Double Chooz 0.6% ~0.03
d RENO 0.5% ~0.02
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