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Introduction: What are neutrinos?



What are neutrinos?

Neutrinos;
v’ are fundamental particles like electrons and quarks,
v' are like electrons without electric charge,
v have been assume to have no mass.

, electron

-
—-
-

electron «

Neutrino



Neutrinos can easily penetrate through the Eartnh...
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Neutrino

Neutrinos with the energy relevant to today’s
talk can penetrate through 10,000 Earths.

However, they sometime interact with matter.

Picture : NASA




3 types (flavors) o neutrinos

0
4
o
g
-
o

Quarks and leptons are the most fundamental
particles that constitute the matter.

Neutrinos are one of the leptons.

Neutrinos have 3 types (flavors): electron-
neutrinos, muon-neutrinos and tau-neutrinos.

LEPTONS

Wikipedia




Production of neutrinos

Neutrinos are produced in various places, such as the Earth’s atmosphere, the center of the
Sun, ....

COSMIC | Atmosphere

Solar Observatory, NAOJ, Mitaka

neutrinos 1 glectron- .
neutrino

Ha Center Intensity 2016-02-10 23:50:46 UT
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Atmospheric neutrino deficit



Kamioka Nucleon Decay Experiment (Kamiokande)

v In the late 1970’s, new theories that unify Strong, Weak and Electromagnetic forces were proposed.
v' These theories predicted that protons and neutrons (i.e., nucleons) should decay with the lifetime of

about 1028 to 1032 years.
v’ Several proton decay experiments began in the early 1980’s. One of them was the Kamiokande

Kamiokande
(1000 ton Detector
fiducial
volume) /

Cherenkov /

light 8

} Photo
, detectors

Charged particle




Where is Kamioka?




Kamiokande construction team (Spring 1983)
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Constructing the Kamiokande detector (Spring 1983)
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Atmospheric neutrinos
| —
/ 71\ )

cosmic | | \
INCOMING RAY |
COSMIC RAYS f

2 muon-
neutrinos

1 electron-
neutrino

- / © vid Fierstein,\vih}published in Scientific American, August 1999
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1986...

| got my PhD in March 1986 based on a search for
proton decay. (I did not find any evidence for proton
decay.)

(K KAMIGKANDE »
- EYPLOPED VIEY -

LPRT . FINAL. MULTT
TITAL £'WGYe €S rEV

| felt that the analysis software was not good enough \
to select the signal (proton decays) from the I Borhi
background (atmospheric neutrino interactions) most ' ‘
efficiently. Therefore, as soon as | submitted my
thesis, | began to work to improve the software.

One of them was an analysis software to identify the
particle type for multi Cherenkov-ring events. Namely,
we wanted to know if each Cherenkov ring in a multi-
ring event is produced by an electron or a muon.

The new software was applied to single Cherenkov-
ring events, which were the easiest events to

Multi-ring event observed in

Kamiokande.
14




A strange result...

 The neutrino flavor was studied for the
atmospheric neutrino events.

* The result was strange. The number of
v, events was much fewer than
expected.

Kamiokande’s single-

TIE 1 29 3.83
23.49.21
™y

t 1112 8%

1§.22.¢?
oy % 16
LCPRT.FInel.3UMLL

Cherenkov ring events

TOTaL EHPGYe $53
TOTAL ?.E. ~ 1381
Maa  PLE. o 7
THRES P.E. » 1.7
HoRR o 3

11
electron event
~ v, interaction
(OK, no problem)

* | thought that it is very likely that there (e o
are some mistakes somewhere in the :
simulation, data reduction, and/or
event reconstruction.

LCPRY. FINel, SIMWLE
_TOTAL ENRGYe Ta4
TOTAL P.E. - 2461
max P.C. » T4
TMRES P.T, « 1.2
"R . A

 We started various studies to find
mistakes in the late 1986.

muon event

. "’\/M interaction

(Deficit... Lost?)



Result on the vV, deficit (1988)

After more than one year of studies, we concluded that the v, deficit cannot be due to any
major problem in the data analysis nor the simulation.

K. Hirata et al, Phys.Lett.B 205 (1988) 416.

imulation (expectation)

Muon-neutrino

events )/

Electron-neutrino
events )/

’/" //
e o

0 50 100 150

Kamiokande Paper conclusion: “We are unable to explain the data as the
result of systematic detector effects or uncertainties in the
atmospheric neutrino fluxes. Some as-yet-unaccounted-for
physics such as neutrino oscillations might explain the data.”
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Neutrino oscillations

If neutrinos have masses, neutrinos change their flavor (type) from one flavor (type) to the other.
For example, oscillations could occur between v, and v..

-
o

-
I'N

Probability

1.0
0.8 Probability:
v, toremain v,
0.2 Probability:
vV, tov,
0075

Two neutrino approximation

\/
1000 2000 3000
L/E (km /GeV) Wikipedia

ﬁ

Theoretically predicted by;

&

Sakata Memorial Archival Library ‘ arXiv:0910.1657

= X B. Pontecorvo

S. Sakata, Z. Maki, M. Nakagawa

L is the neutrino flight length (km),
E is the neutrino energy (GeV).

If neutrino mass is smaller, the oscillation length (L/E) gets longer.



D. Casper et al., PRL 66 (1991) 2561.
R. Becker-Szendy, PRD 46 (1992) 3720.

IMB experiment, which
was another large
water Cherenkov
detector, also reported
the deficit of v, events.
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What will happen if the v,, deficit is due to neutrino oscillations

,/Cosmic ray
Not long .en9ugh///\ g
o 'to OSé'"ate / B >3‘ Down_going
= £ os
Ny / O ©
S £
ong enoughias O & os
~to oscillate 4 &5
A/ ?* & 04 Up-going
\ |
~ R
100 1000 10
//// L(km) for 1GeV neutrinos
A " .,
y We should observe a deficit of upward going v’s!
- y We needed much larger detector. =» Super-Kamiokande
> i
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Discovery of neutrino oscillations

20



Super-Kamiokande detector

wgl
RooO

Lot

More than 20
times larger mass

~120 collaborators

*****
*****
*****

(based on the
2015 papers)

,000 ton water Cherenkov detector

(22,500 ton fiducial volume)

1000m underground

SISEEN SERKE



Constructmg the Super—Kam/okande detector (spring 1995)
Vo), s




Filling wa ter m S uper-Kamlokande
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Atmospheric neutrino events observed in Super-K (1)

Single Cherenkov
ring event

' Size = pulse height
...Color = time

......

Multi Cherenkov

ring event

I IYYwE iU, URUS
D wall: 576.3 cm
Fully-Contained

Time(ns)
- < 976

1016-1021
* 1021-1026
* 1026-1031
* 1031-1036
¢+ 1036-1041
* 1041-1046
* >1046

-
llll




Atmospheric neutrino events observed in Super-K (2)

Signal in the
outer detector

Partially contained

event

Upward going
muon event

1000

Times (ns)

ad

- .
Lo T
.

1000

Times (ng)

All these events are used in the analysis. € Collaborative work of many (younq) people!
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Evidence for neutrino oscillations (Super-Kamiokande @Neutrino ‘98)

q Kam.
contain

= = _ Y. Fukuda et al., PRL 81 (1998) 1562
Zenith ang(e dependence |
(Multi-GeV) Summary o
U:L9°‘“3 Down -going Evidence ](or 7 oscillations
100 —— . Dot
@ % 50 E_ (a) FC e-like / a yz (Share) )4"9 u& qoy C.L
& ok e =
s rEm 2.8/4 dof
840m MC $&2073+013
E 20 | MCstat |Down 1 —0I2

o

N

o

o
|

Super-Kamiokande concluded that the
observed zenith angle dependent

deficit (and the other supporting data)
N B ] (6.20° 7 gave evidence for neutrino oscillations.

T 048 ] W o 2o |

®

Number of Events




Results from the other atmospheric neutrino experiments

MACRO | 'Soudan-2

9896

These experiments observed atmospheric neutrinos and confirmed neutrino oscillations.




Data updates and neutrino masses and mixing angles

Number of Eve
o o
o o o

o

..l-

Number of events plotted:

Super-K @Neutrino98

- (b) FC plike + PC

—

— \-"Vﬁ—/

e

131

O (0<® 1

531 events

Super-K (2015)

‘9 1000 No oscillation
s |\
Q
>
w
0

500
- v, OVe
g oscillation
& Multi-GeV u-like + PC
= 5485
pd 0

-1 0 1
cos zenith

5485 events

Various studies of neutrino oscillations

have been carried out with these data!




Neutrino oscillation studies

In addition to atmospheric neutrino experiments, various accelerator based long baseline
neutrino oscillation experiments have been studying neutrino oscillations.
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Present status of neutrino oscillations

30



Solar neutrino problem

600ton
C,Cl,

Pioneering Homestake solar neutrino experiment observed only about 1/3 of the predicted
solar neutrinos (1960’s).
This problem was confirmed by the subsequent experiments in the 1980’s and 90’s.




Solving the solar neutrino problem (2001-2002)

SNO
v, flux

v, +v, flux !!

\

Super-K ES
(v, +V, +V,
flux)

SNO
Ve +V, +V,
flux

0 1 2 3 4 ) 6
Flux (10%/cm2/sec)

Neutrino oscillation: electron neutrinos
to the other neutrinos.

1000 ton of heavy water
(D,0)

Art McDonald




Really neutrino oscillations !

KamLAND observed neutrinos from nuclear power stations.

KamLAND (2011)

III|III|III|I

Survival Probability
=) =)
AN

o
(N
|II

- 3-v best-fit oscillation —e— Data

----- 2-v best-fit oscillation

-BG-Geo V,

20 30 40 50 60 70
L,/E, (km/MeV)

80 90 100 110

KamLAND



Discovery of the third neutrino oscillations (2011-2012)

Accelerator based long baseline neutrino oscillation experiments
- T2K (Ja MINOS (USA)

3 -
; ‘ Soudan @ { Supeciegy
—— 4
14 o
Sl Juluth Q8
-
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What have we learned?

Why are neutrinos important?

3"d generation

J

2"d generation

Neutrinos
15t generation

001 1 100 10*% 10° 108 1010 1012 1014

Mass (eV/c2)

The neutrino masses are approximately (o more than) 10 billion (10 orders of magnitude)
smaller than the corresponding masses of quarks and charged leptons!
We believe this is the key to understand the nature at the smallest and the largest scales.
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The future



A big mystery

‘.

.— NOW. '

Number of anti-protons J Number of

protons = 1

L
. | & ;
... : ¢ i . ® :
3 - Big Barig (very hot universe)
N
. Number of protons
@ 10,000,000,001 I 10,000,000,000
» e
. . y 5
. . ;
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How shall we understand this mystery?

v’ This mystery needs to be understood based on neutrino oscillation experiments.

v In more detail, we would like to observe if neutrino oscillations of neutrinos and those of
anti-neutrinos are different.

v’ This is a difficult experiment. We need the next generation long base line experiments
with much high performance neutrino detectors (please see below).

}yFar detector 'Hp}hestake Mine
Y

P T/ TN B .

5?% w;l \l R A

Hyper-
Kamiokande




* Unexpected muon-neutrino deficit in the atmospheric neutrino flux was
observed in Kamiokande (1988).

e Subsequently, in 1998, Super-Kamiokande discovered neutrino oscillations,
which shows that neutrinos have mass.

 Since then, various experiments have revealed the nature of neutrinos.

* The discovery of non-zero neutrino masses opened a window to study
physics beyond the Standard Model of elementary particle physics,
probably that of the Grand Unification of elementary particle interactions.

* There are still many things to be observed in neutrinos. Further studies of
neutrinos might give us fundamental information for the understanding of
the nature, such as the origin of the matter in the Universe.



Thank you very much for your attention!




