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Lecture 1:
Discovery of atmospheric neutrino oscillations

Lecture 2:

Solving the Solar Neutrino Problem with Solar
neutrino oscillations

Lecture 3:

Studies of neutrino oscillations with accelerator and
reactor neutrinos




Outline - Lecture 1 -

Production of atmospheric neutrinos

Some early history (Discovery of atmospheric
neutrinos, Atmospheric neutrino anomaly)

Discovery of neutrino oscillations
Studies of atmospheric neutrino oscillations
Summary of Lecture 1

In these lectures, we only discuss 2-flavor oscillations:
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Production of atmospheric neutr
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Calculating the atmospheric neutrino
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Some features of the beam (1)

Cosmic ray

Flux ratio
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v, /v, ratio is calculated to an accuracy
of better than 3% below ~5GeV.




Some features of the beam (2)

Zenith angle
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Up/down ratio very close to 1.0 and
accurately calculated (1% or better)
above a few GeV.




How accurate is the absolute
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Below 10GeV, the flux is predicted to better than 10%.

Above 10GeV the flux calculation must be improved.
(This statement is for Honda04 flux.)




Neutrino interactions
o/E,
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Event type and neutrino energy
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Discovery of atmospheric neutrinos

At the depth of 3200 meters (8800

meters water equivalent) in South
Africa

First observed on Feb. 23, 1965
By F.Reines et al.

At the depth of 2400 meters (7500
meters water equivalent) in India
(Kolar Gold Field)

First published on Aug. 15, 1965
By C.V. Achar et al.

| photo of the South
I Africa experiment

(V.N=>uX)

Detector for the
KGF experiment




Zenith angle distribution_
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PRD18, 2239 (1978)
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Deficit of muon data

“We conclude that there is fair agreement
between the total observed and expected
neutrino induced muon flux ...”




Proton decay experiments

Grand Unified Theories = t,=10%*2 years

e B 9 Kamiokande
SEREY (1000ton)

YA 4 MB
(3300ton)

i
NUSEX /
(130ton) (700ton) |§

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




Selection of atmospheric neutrinos

Example: Kamiokande
At 1000m underground,

cosmic ray u:
0.3/sec/detector

Atmospheric v:
0.3/day/1000ton
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Detecting Cherenkov photons

Charged
particle

n (refractive index)=1.34
in water

—> 0=42deg. for =1

Time: vertex position

> direction

Pulse height (number of
pe’s): energy

3 Photomultiplier
tube (PMT)

20cm ¢




Too few muon decays

Proton decay background papers:

IMB:
PRL57, 1986 (1986)

VOLUME 57, NUMBER 16 PHYSICAL REY

well not only globally but also in small regions. The
simulation predicts that 34% + 1% of the events should
' ' v_whi r_data
26% =+ 3%. This discrepancy could be a statistical fluc-
tuation or a systematic error due to (i) an incorrect as-
sumption as to the ratio of muon v’s to electron v’s in
the atmospheric fluxes, (ii) an incorrect estimate of
the efficiency for our observing a muon decay, or (iii)
some other as-yet-unaccounted-for physics. Any ef-
fect of this discrepancy has not been considered in cal-
culating the nucleon-decay results.

V,N2>uX, u(r=2.2usec)>evv

or

vN=2lepton+n*+X, n*2>u'v, u*>evv

1.0

Fraction of u—e Decay
L]
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Kamiokande:
J.Phys.Soc.Jpn 55, 711 (1986)
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But, it was not

understood what was
happening...
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Electrons, muons and particle identification

electron-like Kamiokande muon-like
events , events
=

e: electromagnetic shower, propagate almost straightly,

multiple Coulomb scattering loose energy by ionization loss

Difference in the event pattern

2
Particle ID | > 3 p.e.(obs'd) - pe.,, ,(expected)

#<70deg Gp.e.
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Particle ID performance

e-like

PID Parameter

(figures from Super-K)

50 | o o ] lun ees

e i

| ol

O WI%%/%ZA% Dec. 1996
Uk Mar. 1997
LAl

‘ :‘ﬂ Jun. 1997
0 m : ;
O |

-10 -5 0

10
PID parameter

£=99%@Super-K (98% @Kamiokande)



First result on the w/e ratio (1988)

Kamiokande

(3000ton Water Ch.
~1000ton fid. Vol.)

2.87 kton=year

Data | MC
prediction
e-like 93 88.5
(~CC v,)
u-like 85 |144.0
(~CCv,)

“We are unable to explain the data
as the result of systematic detector
effects or uncertainties in the
atmospheric neutrino fluxes. Some
as-yet-unaccoundted-for physics
such as neutrino oscillations might

explain the data.”

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



However, ...

Let's write the atmospheric v deficit by (w/e)yq./(1/€)yc
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First supporting evidence for small u/e

FLE




Finally, ...

Let’s write the atmospheric v deficit by (u/€)qa./(1/€)yc
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Detector

- neutrinos

8l | Detect down-going and neutrino

and up-going v oscillations
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Angular correlation
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Next: zenith angle...(Kamiokande,1994)
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Discovery of geutnipd/ oscilations

4

INCOMING
COSMIC RAYS

e

-

ATMOSPHERE

y

ZENITH

A




& pmpial i i =L

200 PMT(I

=11 Inner detector)

1000m underground

SEET SEKERE

ANHORCAMDE rernwn: fon coses Rey RESSARCHUHASRETS oF hosvn

SLIFER



Su per-Kamiokande (under construction, Dec. 1994)




Super-Kamiokan
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Various types of atmospheric neutrino events (1)

-Both CC v, and v, (+NC)
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Various types of atmospheric neutrino events (2)

Signal in the
PC outer detector

(partla”y COntalned) Super-Kamiokande
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Various types of atmospheric neutrino events (3)

Upward going

muon * almost pure CC v,
Vo
Upwa.rd Q Upward
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Detector

- neutrinos

8l | Detect down-going and neutrino

and up-going v oscillations
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Zenith angle dependence
Super-K g (Multi-GeV)
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Super-K data now
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Results from the other atmospheric

MINOS
(first data in 2005)
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Soudan2

5.9 kton - yr exposure

Zenith angle
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Veto shield

Toroidal Field

Coll

Downward going partially
contained event

v, zenith-
angle

L/E

Events

Events

PRD73, 072002 (2006)
6.18 kton-yr (418days)

30 C T T T T T
L o Data
25 [ — MC (no oscillations)
F - - - MC (4m}, = 0.0024 ¢V
- [EEMC Cosmic ray
WE
15
10
n:...l...l...l...l...l
-1 08 06 04 -02 0 02 04 06 08 1
o 0
18 p—————_———1————rr——
16 F MINOS # Data —
E — MUC {no oscillations) E
14 == MC {Am'=0.0024 V) ]
12E D MC Background E
10F -
BE =
6F -
4E -
2F -
" 3 a5

log,, [ L(km)/E(GeV) |

Separation of v, and anti-v,



Amfev %)

v,2v,0scillation parameters

10

10

10

MINOS (atmospheric)

-----------
“‘

\ ........ ?_-}k---'-"z
= m m
PR - T .KE:
\ ‘ Rt = ‘ —
0.2 0.4 0.6 0.8
. 2

Super-K

Also, consistent results
from long baseline
experiments (K2K &
MINOS)

=> lecture 3




Summary of Leture-1

Experimental studies of atmospheric neutrinos
started in the mid. 1960's.

Different type of atmospheric neutrino
experiments started in the 1980’s (proton decay
experiments).

Study of the background for proton decay found
unexpected atmospheric v, deficit.

In 1998, the v, deficit was concluded as
evidence for neutrino oscillations.

Recent atmospheric neutrino data are
consistently explained by v, v_ oscillations.
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