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Ernest Rutherford, emperor of the atomic

domain (Image: Wikipedia Commons)

he had an eye for theoretical talent that allowed
him to nurture Niels Bohr, as dyed-in-the-wool a
theoretician and philosopher as you could find.
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Takaaki Kajita, ICRR Tokyo Yoji Totsuka, Tokyo
SuperKamiokaNDE 1947.9008

2002 Panofsky Prize: Koshiba™/Totsuka/Kajita

1] . . . . . . . . . T
For compelling experimental evidence for neutrino oscillations using atmospheric neutrinos.
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Art McDonald, Queens
SNO Herbert Chen, Irvine
1942-1987

2007 B. Franklin Medal: McDonald/Totsuka

"for discovering that the three known types of elementary particles called neutrinos change into one
another when traveling over sufficiently long distances, and that neutrinos have mass."
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“for the discovery of neutrino oscillations,
which shows that neutrinos have mass”™

»
kton Water Cherenkov detector

I’ated at 1000m underground

L7

Takaaki Kajita Art McDonald
SuperKamiokaNDE SNO

“for the discovery of neutrino flavor transformations,
which shows that neutrinos have mass™

~ vacuum Wolfenstein matter
oscillations effects dominant
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KamiokaNDE |kton H20 ¢
1994

Mutlti-GeV
(b)(FC+PC)p

Number of Events

cost cos®

Fig. 3. Zenith-angle distributions for (a) the e-like events and (b)
p-like events (the fully-contained and partially-contained events
are combined). The circles with error bars show the data and the
histogram the MC (without neutrino oscillations). The downward
direction is given by cos® = 1.

Y. Fukuda et al. / Physics Letters B 335 (1994) 237-245
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Fig. 3. Zenith-angle distributions for (a) the e-like events and (b)
p-like events (the fully-contained and partially-contained events
are combined). The circles with error bars show the data and the
histogram the MC (without neutrino oscillations). The downward
direction is given by cos® = 1.
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Mass F. oundin E Iuswe Parttcle,
Universe May Never Be the Same

Discovery on Neutrino
Rattles Basic Theory
About All Matter
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By MALCOLM W IRO"NE

TAKAYAMA. Japan June 5 — In
what colleagues hailed as a historic
landmark, 120 physicists from 23 re-
search Institutions in Japan and the
United States announced today that
they had found the existence of mass
in a notoriously elusive subatomic
particle called the neutrino.

The neutrino, a particle that car-
ries no electric charge, is so light
that it was assumed for many years
to have no mass at all. After today's
announcement, cosmologists will
have to confront the possibility that
much of the mass of the universe is
In the form of neutrinos. The discov-
ery will also compel scientists to
revise a highly successful theory of
the compasition of matter known as
the Standard Model.

Word of the discovery had drawn
some 300 physicists here to discuss
neutrino research. Among other
things, they said, the finding of neu.
trino mass might affect theories
about the formation and evolution of
galaxies and the ultimate fate of the
universe. If neutrinos have sufficient
mass, thelr presence throughout the
universe would Increase the overall
mass of the universe, possibly slow-
ing its present expansion,

Others said the newly detected but
as yet unmeasured mass of the neu-
trino must be too small to cause
cosmological effects. But whatever
the case, there was general agree-
ment here that the discovery will
have far-reaching consequences for
the investigation of the nature of
matter

Speaking for the collaboration of
scientists who discovered the exist-
ence of neutrind mass using a huge
underground detector calied Super-
Kamiockande, Dr. Takaaki Kajita of
the Institute for Cosmic Ray Re-
search of Tokyo University sald that
all explanations for the data collect-

L —— -

Detecting
Neutrinos

Neutnnos
pass through
the Earth's
surface 10

, atank filled
with 12.5 mi-
lion galions -
of ultra-pure

and col-
lide with
other, <+
particles

procuc-
Ing a cone-
shaped
flash of light

ke The ight is
recorged by
11,200 20
inch light |
amplifiers
thatcover |
the inside of
LIGHT AMPLIFIER e tank

And Detecting Thelr Mass
By analyzing the cones of light, |
physicists determine that some
neutrinos have changed form on
their journey. i thay can change
form, they must have mass

Sowrce Unveesiy of Mews

" The New York Times

ed by the detector except the exist-
ence of neutrino mass had been es-
sentially ruled out

Dr. Yoji Totsuka, leader of the |
coalition and director of the Ka-
mioka Neutrino Observatory where
the underground detector is situated,
30 miles north of here in the Japan
Alps, acknowledged that his group's
anpouncement was ‘‘very strong,"
but said, “We have investigated all |

Continued on Page Al4
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SuperK neutrino picture of the Sun ¢
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SuperK neutrino picture of the Sun ¢
vyr+e —v+e

Which Neutrinos !
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Direct Approach to Resolve the Solar-Neutrino Problem

Herbert H. Chen
Phys. Rev. Lett. 55, 1534 — Published 30 September 1985

ABSTRACT

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 model. A large heavy-water Cherenkov detector, sensitive to neutrinos from 5B 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.

Received 27 June 1985
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Article
Il Nuovo Cimento C
March 1886, Volume 9, Issue 2, pp 308-317

First online:

Proposal to build a neutrino observatory
in Sudbury, Canada

D. Sinclair, A. L. Carter, D. Kessler, E. D. Earle, P. Jagam, J. J. Simpson, R. C. Allen, H. H. Chen,

P. J. Doe, E. D. Hallman, W. F. Davidson, R. S. Storey, A. B. McDonald, G. T. Ewan, H. -B. Mak,
B. C. Robertson Show less
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~ 15— —]
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10— | -
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3 Life of a Boron-8 Solar Neutrino:

Ve & V9

for B

2 I N
M I

at birth

Solar Center

Ve - vp v‘r -
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3 Life of a Boron-8 Solar Neutrino:

Ve & V9
for 8B Once a vy always a 15!
O O

2 I N q B

M I 1 I

at birth toddler

Solar Center

ve - v# VT [
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Ve & V9
for B
»

2 I N
M I

at birth

Solar Center

Stephen Parke, Fermilab

Life of a Boron-8 Solar Neutrino:

Once a v always a vo!

2 N 2 s
1 BN E

toddler teenager

v

Exit Core

ve - v# VT [

Fermilab Colloquium
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Ve & V9
for B
»

2 I N
M I

at birth

Solar Center

Stephen Parke, Fermilab

Life of a Boron-8 Solar Neutrino:

Once a v always a vo!

o e mam @ N ]
Y
| NS ' ! .

toddler teenager adult

v

Exit Core

ve - v# VT [

Fermilab Colloquium
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Exit Sun
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aF Life of a Boron-8 Solar Neutrino: 0
Ve == U9 _ | In Vac
for B Once a v always a 5! vy~ Lu,
O O @ O O
2 I | d B e I 2 . ? I
i I | . I s I B ' e
at birth toddler teenager ~ adult  senior
Solar Center v '
Exit Core Exit Sun
Ve R V# Vel
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SNQO’s impact:

e 3B neutrinos exit the Sun
as nearly pure 15 (> 90%),

so that ﬁ—g ~ sin” 6;-
CC . 0.30

NC ™
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SNQO’s impact:

e 3B neutrinos exit the Sun
as nearly pure 15 (> 90%),

so that ﬁ—g ~ sin” 6;-
CC . 0.30

NC ™

Fermilab Colloquium

why use tan®6 ?
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Stephen Parke, Fermilab

SNQO’s impact:

e 3B neutrinos exit the Sun

as nearly pure v (> 90%),

CC o _.:..2
so that ~& ~ sin 01-

cC
N—C N 0.30

why use tan®6 ?

e Mass Ordering of v & vs:

Mo > M

(using defn |Ueal® < |Ue1]?)

Fermilab Colloquium

12/09/2015
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Solar + Kamland 201 |

het

x10~*
2.00 ) T ‘
Solar (3v) KL (3v) Solar+KL (3V) ||
¢  Minimum a  Minimum a4  Minimum
68.27 % C.L. - 68.27 % C.L. [ 68.27 % C.L. |
=== 05.00 % C.L. == 0500%C.L. 1 95.00 % C.L.
| == 99.73% C.L. --- 9973 % C.L. B 99.73 % C.L. |]
1.50F 1
&
>
N
€ 1.00F -
<
_____ - mm T T
0.50r .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Solar + Kamland 201 | ¢

het

x10~*
2.00 i ‘ ; ‘ :
Solar (3v) KL (3v) Solar+KL (3v)
¢  Minimum a  Minimum a4  Minimum
L 68.27 % C.L. - 68.27 % C.L. [ 68.27 % C.L. |
=== 05.00 % C.L. == 90500%C.L. 1 95.00 % C.L.
| == 99.73% C.L. == 9973%C.L. B 99.73 % C.L. |]
1.50F
(\/]-\
>
N
AN L
i 1.00
<
N EETND e R
———— = m = === =T R
0.50F

0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9

if <5 = 0.30 = sin’ 6, then tan® 0y, ~ ;=55 5 = 0.43
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Solar + Kamland 201 | ¢

het

x10~4
2.00 ‘ i ;
Solar (3v) KL (3v) Solar+KL (3v)
¢  Minimum Minimum 4  Minimum 1
L 68.27 % C.L. 68.27 % C.L. [ 68.27 % C.L. |
=== 05.00 % C.L. 95.00 % C.L. 1 95.00 % C.L.
' == 99.73%C.L. 99.73 % C.L. B 99.73 % C.L. |]

1.50}
>
L
Né\‘l.OO'
<
S -l -\ L
PR = NS e -l T
S % — - —==7
_________ T - TR - -
|}
1
1
0.50} ,‘

-
————

0.1 0.2 03 0.6 0.7 0.8 0.9

if <5 = 0.30 = sin’ 6, then tan® 0y, ~ ;=55 5 = 0.43

Stephen Parke, Fermilab Fermilab Colloquium 12/09/2015 34



het

Solar + Kamland 201 |

x10~*
200 T T T T T T -
Solar (3v) KL (3v) Solar+KL (3v) o
. . . 1 Inner Detector /@ |
¢  Minimum Minimum A  Minimum D P
68.27 % C.L. 68.27 % C.L. CJ 6827 %C.L. |] Liguid ~
= 95.00 % C.L. 95.00 % C.L. [ 95.00 % C.L. RN
== 9973%C.L. 99.73 % C.L. B 99.73 % C.L. |] Balison L
Mineral 13
0O \“"
PMT ———t i
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N
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i 1.00
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S~ o | e ==- - e
..... Tt il SN L
' =
1
\ 5...?' 06
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. = 04
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if JC\}'T_g — 0.30 = Siﬂ2 912 then tan2 912 ~
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Circa 2015
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Circa 2015. 0

e Labeling massive neutrinos:

|Uell2 > |Ue2|2 > |Ue3|2

Except: LSND, miniBooNE, reactor anomaly, gallium anomaly.
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Circa 2015.

e Labeling massive neutrinos:

|Uel|2 > |Ue2|2 > |Ue3|2

Neutrino Mass Squared

Stephen Parke, Fermilab

sin20 cos 6 = cos 0 =
23
3] | > - ~u |
s1n2913 -1 _i
Am?Z,, Ny |
Bil’led -
sin®0;, kind4
 — ~u |
AIngol -1
| I | |
lsinf;{ -1
NORMAL INVERTED
CPT = invariant § < —9
Fractional Flavor Content varying cos ¢
Except: LSND, miniBooNE, reactor anomaly, gallium anomaly.
Fermilab Colloquium 12/09/2015




W ¢
Circa 2015:
: : : _ ) Vel Vi Vil
e Labeling massive neutrinos: ‘Uozj‘
o Ccos 0 = cos d =
g . sin® 63 | ) sin20,, kind,4 1
=
Ueil? > |Ue2|® > |Ues|* & g, L |
é A |
o sin®01 Sind bt
5 > I ~u | A
8 Ams‘ﬂ -1 sin 6
~ | I | g —
NorMAL M sin’ th; INVERTED
CPT = invariant § < —9
Fractional Flavor Content varying cos ¢
_ —3 172 . 9
’5matm‘ =24 x 1077 eV 0 S 0 < 21 S11 (923 ~ %
- 2
omZ | /lomz,,,| = 0.03 sin” @13 ~ 0.02

Vom?2, =0.05eV <> m, <0.5eV =10"°%xm,

Except: LSND, miniBooNE, reactor anomaly, gallium anomaly.
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W ¢
Circa 2015:
: : : _ ) Vel Vi Vil
e Labeling massive neutrinos: ‘Uozj‘
o Ccos 0 = cos d =
% \ sin” 03 | , sin® 0y, kind;4 |
=
Ueil? > |Ue2|® > |Ues|* & g, L |
é A |
o sin®01 Sind bt
5 > I ~u | A
8 Ams"l -1 sin 6
~ | I | g —
NorMAL M sin’ th; INVERTED
CPT = invariant § < —9
Fractional Flavor Content varying cos ¢
_ —3 172 . 9
’5matm‘ =24 x 1077 eV 0 S 0 < 21 S11 (923 ~ %
- 2
omZ | /lomz,,,| = 0.03 sin” @13 ~ 0.02

Vom?2, =0.05eV <> m, <0.5eV =10"°%xm,

Except: LSND, miniBooNE, reactor anomaly, gallium anomaly.
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Reactor 0,5 Experiments
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# from Daya Bay: arXiv:1505.03456 from RENO arXiv:1511.05849 0
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“'é 1O Nl = Néf 4;—D e O o~ /" -- Rate-only —
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| : : 95.5% C.L. i — 3 L + Rate-only _
cg 3__ ............................. ............. 68.3% C.L. — <\1> ! E=999.7% CL. ]
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Appearance Experiments:

CP

T

:U: CPT across diagonals :H:

Stephen Parke, Fermilab

CP
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Appearance Experiments:
CP
V,, — Ve < V,, — Vg
T ) CPT across dingonal )
Ve — Uy e Ve — Uy
CP

e Running experiments:

T2K (295km) and NOvA (810km)
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Appearance Experiments:
CP
V,, — Ve < V,, — Vg
T ) CPT across dingonal ) T
Ve — Uy e Ve — Uy,
CP

e Running experiments:

T2K (295km) and NOvA (810km)

e Future experiments:
DUNE (40 ktons LAr, 1300km)
HyperKamiokaNDE (0.5kMtons HyO, 295km)

Stephen Parke, Fermilab Fermilab Colloquium
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T2K and Reactors:

Ocp (T0)

Am3,>0

68% C.L.
90% C.L.

— Best fit
PDG2012 lo range

||||||||||||

Am3,<0

1
0 0.05 0.1 0.

0.2 0.25 0.3 0.3

. 2
Sin 2613

Stephen Parke, Fermilab
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0.5

Ocp (T0)
o

Stephen Parke, Fermilab

T2K and Reactors:

Am3,>0

68% C.L.
90% C.L.

— Best fit

PDG2012 1o range-

-2AlnL

[NH]/AmZ, [TH] (107 eV%/c*)

2
32

Am

0 005

13

15 0.2 025 03 035
sin’20

0.4

DO = NN W A

3.8
3.6
34
3.2

2.8
2.6
24
2.2

-2AInL,;;

90% CL
68% CL

68% (dashed) and 90% (solid) CL Contours
T2K [NH]
SK I-IV [NH]

T2K [IH]
MINOS 3-flavor+atm [NH]

03 035
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0.5
sin*(8,,)
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Pp—>e ~ ‘ \/Patme_i(A?’z:é) \/Psol ‘2

“sum of two flavor amplitudes, with phase between them” !
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Pp,—>e ~ ‘ \/Patme_i(A32::6) \/Psol ‘2

“sum of two flavor amplitudes, with phase between them” !

where +/P,;,, = sin 0y sin 204 Slaéf__;;é)m Asq

and \/ sol — COS 923 Sin 2(912 Sma(aL) Agl

a = GrpN./v/2 = (4000 km)~ !,
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Pp,—>e ~ ‘ \/Patme_i(A?’z:é) \/Psol ‘2

“sum of two flavor amplitudes, with phase between them” !

where +/P,;,, = sin 0y sin 204 Slai‘(g__;z)m Asq

and \/ sol — COS 923 Sin 2(912 SmaEaL) Agl

a = GrpN./v/2 = (4000 km)~ !,
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het

PM—N? ~ ‘ \/Patme_i(A?’z:é)

\/Psol ‘2

“sum of two flavor amplitudes, with phase between them” !

where \/Patm — sin (923 SIn 2(913

and \/ sol — COS 923 Sin 2(912

sin(As1Fal) A
31

(Ag1Fal)
sin(al))
(aL) A21

a = GrpN./v/2 = (4000 km)~ !,

Stephen Parke, Fermilab Fermilab Colloquium

2\/Pathsol COS(A32 ~

New ! and leads to CPV
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LBNF + DUNE

\,, since 2005~ \\/
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LBNF + DUNE

since 2005~ \

}»/
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Ontarioe
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TE T R T e e T

-PARC+HK @ Kamioka _ )
L =295km OA=2.5deg Future LBL plans using J-PARC

L €7

Current: T2K
J-PARC ~0.75MW
+ 50kt WC @ 295km 2.5°

A5y ¥ge
Ly

Lol: The Hyper-Kamiokande Experiment
arXiv:1109.3262v1

J-PARC+LAr @ Okinoshima
L=658km OA=0.78deg

Comtrol Room

Access (Tnmel 1
(2 Trafe lases road tunsel size)
|4

Electrosic Hut -

M oS

) Asgon Sup

Laquid Argon

(100 ktan)

Ianer Argon Tank

Argon Pool Tank
13 Pl banes road tunnel size

Aecess tTnnel 2

tunnel uzxe)

2 Trafic lanes road

J-PARC P32 (LAr TPC R&D), arXiv:0804.2111
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The Physics:

e Stringent tests of the 3 v paradigm |
(Surprises?)

e \Which flavor dominates v3 ?
( 04 octant) [V'u — V,LL]

e Is 3 lighter or heavier than vy, 11 7
(atmospheric mass ordering)

e \What iIs the size of CPV ?
(0°) | EPTOGENESIS?

Stephen Parke, Fermilab Fermilab Colloquium
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1.5]III

L ‘ L ]Q I LI I L ] LU

excluded area has CL > 095 . “% 7

L ' . ]

r v o ]

1.0 — ‘o _
L 5 Amg&Am, ]

05 -
F o

0.0 — -
0.5 — —
1.0 - €
- sol. wecos <0

= Summer 12 Y . (excl. atCL > 0.95)

_1 5 11 1 l L1 1 1 1 11 1 1 l L1 1 I L1 11 l 1l ]

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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3X3 UNITARTTY
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3X3 UNITARTTY

Neutrino Triangle:

3 . d
o N et iUt + UipUes + UjizUes = 0
! .?1 .0 -0.5 0.0 (ES 1.0 1.5 2.0 K
p
only Unitarity triangle that doesn't involve v, |

J| =2 x Area

cosd =1/2 .-~

Uer||Upa| = 1/3

Uea|[Up2l
~1/3

w=0dor2r—9

Ues||U,s| =siniz/v2 ~1/10

|U61||Up,1| = 0.0—0.5; |U62||Up,2| = 0.2—0.4; |U63||Uu3| = O.].(l:l:O.Z)
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Row and Column Triangles:

RoXo)
®
’
\/5$09 Unltarlty Triangle Closures
00& 1 1 1 1 I ROWS 1 1 1 1 1 1 1 I ' " 1 1
\yi\&\'(\ ! a,B=e,u ]
- Oé,ﬂZG,T ,’ !
_ I
- O'/”/BZM7T ll 1
I
6 Columns Lo
.o I
1,7 =1,2 I: ;
C\1>< i - 7’7]:173 / II
a4 | PSRV ot 75 B S o O o
I
Iy
3k ;!
el R

-2

10

]UodUm”‘JrUOQUB2 +U3U53 | or

Rows

Stephen Parke, Fermilab

U,U,.* +U,U," +UU,"

et~ ej

Columns

Ross-Lonergan +SP 1508.05095

Fermilab Colloquium 12/09/2015
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3 - ¢
b Row and Column Triangles:
LSND, MINIBOONE
\f3$09 . Unlltarlty Tlrlalngllel ICIIosures .
0\3\» ' Rows | !
\ri\'ﬂ\ﬂ‘ . — a,f=e,u
—  a,0=e,T
I — o,B=u,7

6L Columns
1,7=1,2

~ i -=- 1,7=1,3
a1 -- ij=23/ ]

UpUs* +UUs™ +UUg" | or  |UU,* +U,U,* +UU,."|

Rows k e]Columns o
Ross-Lonergan +SP 1508.05095
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ARE THERE LIGHT STERILE NEUTRINOQS ?

Udins
( Uel UeZ UeS e
U,Ll;l UILLZ UI’LS ¢t
UEBxtended _ UT1 UTZ Urs

KUsn Usn2 s.n3

Stephen Parke, Fermilab
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3 ARE THERE LIGHT STERILE NEUTRINOS ?

3

1=1

)

UpNin

— D Cauchy-Schwartz
( Uel UeZ UeS e Uen \

U1 U,» U,3 oo Upn 3 2 3

UExtended _ Ul:l U/:Q Ul:?, T U/:n Z U U ¥ < (1 - Z ‘U |2> (1 - Z |U |2>
PMNS - et ut — el e
. . . . . 1=1 1=1

KUsnl U3n2 Usn3 e Usnn)
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3 ARE THERE LIGHT STERILE NEUTRINOS ? Y

UBNiN

— = Cauchy-Schwartz

( Uel UeZ UeS T Uen \
U,u,l U,u2 U,u3 T U,un 3 2 3 3

Ugﬁ%%%ded — Ur1 Uro Urs) -+ Urm Z UeiUpﬂ;* < (1 — Z Uei|2> (1 _ Z |UM'L|2>
: : : . : i=1 1=1 1=1
KUsnl Usn2 Usn3 e Usnn)
° vV, Disappearance e v, Disappearance

MINOS+, NOvA, T2K, atmospheric neutrinos (SK and ICECUBE)
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T
W ARE THERE LTIGHT STERILE NEUTRINOS ?
D Cauchy-Schwartz

(E]el UeQ (}63 Uen\
U,u,l U,u2 U,u3 U,un 3 2 3
Ul];)ﬁ(/ﬁs]%ded — U7-1 U7-2 U7-3 UT’n Z UeiUui* S (]— T Z U€Z|2> ( Z | /L'L|2>
: : . . =1 1=1

\Usnl Usn2 Usn3 e Usnn)
7 D|sappearance *

° vV, Disappearance e v, Disappearance

MINOS+, NOvA, T2K, atmospheric neutrinos (SK and ICECUBE)
e 1, Disappearance

Daya Bay, RENO, many ~10m Reactor experiments & source

experiments.

Stephen Parke, Fermilab Fermilab Colloquium 12/09/2015 48



)

T
W ARE THERE LIGHT STERILE NEUTRINQOS ?
s Cauchy-Schwartz
(A 5:2:) SO0 T 3
Ubytended — U.ﬂ U.TQ U.TS o U ZUeiU,ui* < (1_ZUez|2>< Z| m|2>

. . " . 1=1
\Usnl Uan Usn3 e Usnn) +
e v, — V. Appearance
1, D|sappearance

° vV, Disappearance e v, Disappearance

MINOS+, NOvA, T2K, atmospheric neutrinos (SK and ICECUBE)

e 1, Disappearance
Daya Bay, RENO, many ~10m Reactor experiments & source

experiments.

e v, — V. Appearance
Fermilab SBN Program, T2K and NOvA: DUNE & HyperK
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The Three-Detector SBN Program

Distance from Active
Detector BNB Target LAr Mass

WILSON HALL

SBND 110 m 112 ton

A e e [VlieFOBOONE 470 m 87ton
'(‘-:’:\r?‘»E;&t’;\j&_;n_:" =3

e, ICARUS 600 m 476 ton

e TR ¥ — R
LEDERMAN = > § -~
SCIENCE CENTER N | " g P
4
b
=N = SBN NEAR BOOSIER
w DETECTOR L/ZFEEET
NOVA SBN FAR
PROTOTYPE DETECTOR N

SciBooNE

DETECTOR —
‘ ]

______—4——.

MicroBooNE

— MiniBooNE < Near Detector
Far Detector SBND

ICARUS
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Distance from Active
BNB Target LAr Mass

= 110 m 112 ton
9B - =470m 87ton
= 600 m 476 ton
N SR ek

3 1 3
; § [l [ ) S MicroBooNE/ SciBooNE
e SR e DETECTOR ==
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“ And yet the
nothing-particle
Is nhot a
nothing at all ”




“ And yet the
nothing-particle
Is hot a
nothing at all ”

The Neutrino: Ghost Particle of the Atom Aug 1980
by Isaac Asimov

Mass Market Paperback W v 1
$0.48 used & new (36 offers)
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Neutrino Nobel Prizes:

e Nature of the Neutrino
(Majorana (2) v Dirac (4) )

e Observing CPV in Neutrino Sector

(sind # 0 )

e Observing the effects of Sterile Neutrinos

e Observation of New Physics in Neutrino Sector? Neutrino Decay, Non-
Standard Interactions, .....

e A convincing Model of Neutrino Masses and Mixing with confirmed
predictions.
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