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In my original plan....

Lecture 1: Solar neutrino experiments.
Starting from the historical Homestake experiment and the solar neutrino problem, | will
explain how the problem was solved.

Lecture 2: Reactor neutrino experiments

| will discuss the KamLAND experiment that played a very important role in the
understanding of the solar oscillation paramters, and reactor theta_13 experiments (Daya-
Bay, RENO and Double-CHOQZ). Also mentioned will be possible future reactor

experiments.

Lecture 3: Atmospheric neutrino experiments.

Starting from the historical role of atmospheric neutrino expriments (i.e., neutrino
Qscillation discovery), | will discuss the present and future atmospheric neutrino
experiments.

However, it might be better to arrange my lectures based on
physics (Am;“’s and 0;’s)




Overall Outline

Lecture 1:
Am,z2 and 0,
Atmospheric neutrino experiments




Outline - Lecture l -

ntroduction
Production of atmospheric neutrinos
History

Neutrino oscillation studies with atmospheric
neutrinos

L/E analysis

Oscillation to v_ or vy ie ?
Tau neutrino appearance
Summary of Lecture-1

In today’s lecture, we essentially discuss 2-flavor vacuum
oscillations: 1.27Am2ij

P(v, »>v )=1-sin’ 26’-sin2(

v




Introduction - motivation -

Reasons for neutrino experiments in 1 page:

« Small but finite neutrino masses are believed to be related
to the physics at the very high energy scale (Seesaw
mechanism).

* At present, information from neutrino oscillation
experiments gives one of a few experimental evidence
for physics “beyond the standard model”.

* The observed large neutrino mixing angles might also
suggest some hints for understanding physics at the very
high energies.

* Furthermore, the physics of neutrino masses might be
related to the baryon asymmetry of the Universe
(Leptogenesis).

=» other lectures
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Neutrino masses and neutrino oscillations

Let us assume that there are only 2 types of neutrinos, and
consider propagation of a neutrino (for example, initially v, ).

2
P(v, >v,)=1-sin" 2«9-sin2(1'27A—m L(km)j Used in most
E, (GeV) part of today’s
where (Am?* = mv32 _ mV22 eV?). lecture.

P(vﬂ —>Vv_ )+ P(Vﬂ —>vﬂ)=1 5



3 flavor neutrino oscillations

We know that there are 3 (active) neutrino flavors.

2 flavor | > 3 flavor
1% 1% (v i
“l=U T v, |=U- v
V. Vs “ ?
\V: V3 )

C23, S23 10 0 Ci3 0 S13€_i5 ¢, Sy 0
U= T U=0 ¢y syl 00 1 0 [x|-s, ¢, O
- 523, Cos 0 =5y ¢5) (=55 0 ¢ 0 0 1

AM?, sin?20 ——— Am,,%, AM,3? (~Am,3?), 045, 053, 043, Ocp

Can we approximate with 2 flavor oscillations in some cases?
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3 flavor neutrino oscillations

Neutrino flavor content for each mass There are 2 small numbers:
state (normal mass hierarchy assumed) 1) Am,,2 << Am,,?

2) The v, contentin v, is small
Ve Vp Vi (i.e., 045 is small)

¥

As the first approximation, it is
possible to assume 2 flavor
Am,.? | oscillations.

.

In many part of my lecture, 2 flavor

oscillations are assumed. Later 3

AM 2 flavor oscillations will be discussed.
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(In most part, we do not discuss,
/ sterile neutrinos, and other non-

standard assumptions.)
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Production of atmospheric neutrinos

Atmosphere
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Calculating the atmospheric neutrino
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Some features of the beam (1)

M. Honda et al., PRD 83, 123001 (2011)

Fal
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Cosmic ray

Neutrino Flux Ratios

N v, /v, ratio is calculated to an accuracy of about
2% below ~5GeV.

v'v and anti—v ratios are also accurately calculated.
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Some features of the beam (2)
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Neutrino interactions
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History: atmospherig‘neutrino discovery
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Discovery of atmospheric neutrinos

At the depth of 3200 meters (8800
meters water equivalent) in South
Africa

1st event observed on Feb. 23, 1965

Published on Aug.30, 1965
F.Reines et al. PRL 15, 429 (1965)

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

15t event observed on March 30, 1965

Published on Aug. 15, 1965
C.V. Achar et al. Phys.Lett. 18, 196 (1965)

KGF experiment & |

Photo of the § &




Zenith angle distribution and...

South Africa experiment (1978)

Cosmic

ray
muons

MAXIMUM-LIKELIHOOD

FIT (TOTAL)
g /HISTOGRAM

QF DATA

 Neutrino
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muons
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- oin
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|

PRD18, 2239 (1978)

Monte Carlo

j =1.6+04
Data

Deficit of muon data

“We conclude that there is
fair agreement between
the total observed and
expected neutrino induced
muon flux ...”
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History: atmospheri€. neutrino anomaly
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“Proton decay” experiments in the 1980’s

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

\\\NATEE72777



Fewer muon decays than expected

IMB

IMB: PRL57, 1986 (1986)
VOLUME 57, NUMBER 16 PHYSICAL RE)V

well not only globally but also in small regions. The
simulation predicts that 34% + 1% of the events should
have an identified muon decay while our data has
26% + 3%. This discrepancy could be a statistical fluc-
fuation or a systematic error due to (i) an incorrect as-
sumption as to the ratio of muon »’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.

Kamiokande

Kamiokande J.Phys.Soc.Jpn 55, 3786 (1986)

1.0 T T

e Data
o M.C.

Fraction of p—e Decay
o
ut
i

I
3 24

Number of Rings

VMN uX, u2evv

or

vN=2lepton+n™+X, n*2>u'v, u*>evv

No idea what was wrong...

!
Total
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First result on the g/e ratio (1988)

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

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

“We are unable to explain the data
as the result of systematic detector

Kamiokande effects or uncertainties in the
(3000ton Water Ch. atmospheric neutrino fluxes. Some
~1000ton fid. Vol.) as-yet-unaccoundted-for physics

such as neutrino oscillations might

2.87 kton=year explain the data.”
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Particle identification: electron or muon ?

Kamiokande

.&..'. ,: ::o. BD ao
e: electromagnetic shower, propagate almost straightly,
multiple Coulomb scattering ? loose energy by ionization loss
Difference in the event pattern
2
Particle ID Z2 - Z p.e.(obs'd)— p.e.,, ,(expected)

0<70deg Gp.e.
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Particle identification

(figures from Super-K)

Cosmic ray p e from p decay

\
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£=99%@Super-K (98% @Kamiokande) 22



Supporting evidence for small gle

IMB experiment also published smaller (u/e) in 1991 and 1992.




Atmospheric neutrino oscillations ?

a

Detector / Cosmic ray
p, He, ......

Detect down-going
and up-going v
v,V e
oscillation
: S
R
Cosmic ray o=
P, He, ...... e i
P4 04 |- Up-going
. Atmosphere : U
o.o'---l----l--.l.“..llm

0 1 2 3 4

Logo|L/E (km/GeV)]



Angular correlation

180° |

(CC v, events)

150°

A 120°
\:?, 90°
‘;\\ 6o° _i__
“\ o a
N R $++—P=
3 .glsg"
lepton Z (CC v, events)
Nucl_eon <0 .
(MN_ , '\‘ 60° | ‘\“\‘
\ |
1GeV/c?) N 300 4 ﬁL

0 50 1000 1500 2000 2500 3000

Lepton momentum (MeV/c)

>GeV events need to be observed to study the zenith
angle dependence 25




Zenith angle distribution (multi-GeV)

Kamiokande PLB 335, 237 (1994)

multi-GeV 50 ———1— '(d.)
u-like a0 | l o
events ‘ o } No oscillation
30 F :__}__: } ‘" R [ Vuevr
T (best fit)
20 H t ]
10 | )
0-1_| s 2 3 0 P 1
Up-going ﬁ cos® | | Down-going
Deficit Up/DOano_58+O.13_0.11 (29 O')

Not high enough statistics to conclude ...

Much higher statics required (= much larger detector required)



Neutrino oscillationf studies with atm. v
‘ ..“' ".;

INCOMING
COSMIC RAYS

ATMOSPHERE

-

k.

ZENITH |




Super-Kamiokade detector

— 50,000 ton water Cherenkov detector
' 5 (22,500 ton fiducial volume)

e ey -
e

— 39m 1000m underground.

SUPERKANMICIGANDE resrimwn: ron ooshe Rey RESSESCHOHASRETY oF Tosvn
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Various types of atmospheric vevents (1)

FC

(fully contained)

Single
Cherenkov ring
electron-like
event
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*Particle identification separates
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Various types of atmospheric v events (2)
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Various types of atmospheric vevents (3)

PC Upward going
partially muon
contained

+97% CC v,

Signal in the
outer \detector

Super-Kamiokande
Super-Kamiokande

Run 9954 Event 52520892
101-04-10:23:50:45

Inner: 4225 hits, 33894 pE
Outer: -1 hits, 0 pE (in-time)
Trigger ID: 0xOf

Run 8060 Event 7678869
99-10-29:14:09:48

Inner: 9144 hits, 85718 pE
outer: -1 hits, 0 pE (in-time)
Trigger ID: 0x0f

ap ves:

ap vee: Fully-Contained

Fully-Contained

Time (ns)

Time (ns) . < 991

. < 968 * 991-1001
* 968- 977

® 1071-1081
* 1040-104 ® 1081-1091
® 1049-1058 * 1091-1101
® 1058-1067 ® 1101-1111
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® 1076-1085 ® 1121-1131
® 1085-1094 . >1131
. >1094
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superscan [sajil Wed Mar 5 15:40:01 2003 superscanlsajil Wed Mar 5 14:06:03 2003 32



Event type and neutrino energy

Fully Contained
(FC) (Ey ~1GeV)

Partially Contained
(PC) (Ev ~10GeV)

Events / 1000 days

1000
800
600 F

400 F
200

160
140
120

1

1 Upward stopping u
Upward through-going

Through-goi
(Ey~100GeV)

Stopping p
| (Ev~10GeV)

ng p
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Super-K

@Neutrino98

SK concluded that the
observed zenith angle
dependent deficit (and
the other supporting
data) gave evidence for
neutrino oscillations.

Zenith ang(e dependence
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Number of Events

Super-Kamiokande data update
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Present Super-K atmospheric neutrino data

A00 -

T
Sub-GaV p-like O-doy @

7 1o

T T - T 3 = T = T
Sub-Ge\V a-dike 1-doy e - Sub-GaV a-like D-doy & 4 Sub-Gav p-like 1-dcy 8 _ Up Stop p -
Thooo - F L _—
+ 1t . 1 f = - -
e | % | ; ] . L _
:‘ﬂ$i - 1 200 -4 =0 1 | i
) S0d - - 4
+ L 4 L 4
O i 1 O i
T T C T ] T T T
Sub-Gev x"like 1-R 1 1ol Multi-GeV a-ike v_ i Muti-GeV e-lke ¥ PC Stop 1 Mon-showenng @ -
200 | B - 1 - | i i
| . 1 =200 B 0 E i g
L 1 sl | | L J 1
100 — = . i |
o i i A 1 i A i " 1 I A o ) i i " " 1 i I A i ] o L 0 i i i i | i i 1 i o i i " I 1 L A n "
T T .
L Showsring p _
| ﬁ
. ]
] 1
1 0.5 [i]

v —
Multi-GeaV mu-like

[ T v 4]
SRR ]
e 1

-----

lepton momentum {(MeWV)

Mom. dist.

cos zenith

cos zenith

cos zenith

cos zenith

3903 days exposure

240 kton-yr (FC, PC)

(SK1-4)

Zenith angle dist.



600

400

Estimating the oscillation parameters

Transition point
(as a function of energy)

> Am?

200 __F=|=T=+ -T-|¢|;

Multi-GeV e-like

P(v, > v,)

0 1

. Cos zenith

/
Y

Logo[L/E (km /GeV)]
| //’—~ \_
[ sooF— % 5-*4‘

_// i i i U
[ ||='=i ! _ . 2
) [l —1—sin2 20
- WMultizGeV u-like + PC 11 Down

0 | | | | | | | | |

-1 0

cos zenith

Confirmation of non-oscillated flux

Accurate measurement
possible due to small syst.
in up/down (2% or less)
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Oscillation analysis: zenith angle bins

Upp
FC shower
- 1ring M.UIU -ring 1rin Multi
1ring . -rin : ng : PC PC Upp Upp
_ Ant g anti lik -ring
2 velike ANy ike | ke p-like like Stop through  stop non-shower
-v-like Ve Pl
O [ ]
>
=
FC Sub-GeV FC
: - FC Sub-GeV
1-ring e-like Slib-'GeV FC Sub-GeV 1-ring p-like T oy
-ring
O-decay 1-decay mO-like O-deca] 1-decay (2-decay 2-decay
>
O
Q
o)
>
p]
1 10 bins (-1 <cos 6 < 1) e like

[ 1 10 bins (-1 < cos 6 <0) u like

[ 1 1bin NC like
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Data are compared with MC by using a pull y? method based on
Poisson probability distribution.

_ N _obs c.
=23 [(N*PA+Z fle)—=N*)+ N In )]+ 2
2= 2N 3 1) =N NP I s+ 30
i

where N.°bs = number of observed events

N.exP = expected number of events

g; = systematic error parameters (j = systematic error index)

f‘j = fractional change in the predicted MC events in the i-th bin due to 16 change

of the j-th systematic error

o;%¥° = 1o value of the systematic error

Syst. error parameters;
19: neutrino flux uncertainties
20: neutrino interactions
28 X 4: event reduction and reconstruction (SK-1 to 4)
Total: 151
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v, 2 v,allowed parameter region

Y. Itow (SK) nu2012
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various atmospheric vexperiments
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Soudan-2

B TalIhatched : (1989-2001) “ i
L
v, CC
quasi-elastic
b
770 ton fiducial mass
181 , . . ‘
350 ¥ rem)
540
anode vs time
v,CC =
I v, CC
: %{’%“' deep inelastic
I
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Zenith angle

Events

r (a) e-flavor, zenith

(b) p-flavor, zenith

hep-ex/0507068

Upward stopping ‘

muons

Events /0.1
=) >

UpStop events

—+— Data

= pC-MC
1o 0Sc.

1 UpStop-MC

no 08C.

0 1 L L L L
-l 08 06 -04 02 0 02 04 06 08 1

cos @,

Ewvents
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L] =] tn =]
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=

Phys.Rev. D68 (2003) 113004

Reconstructed L/ E, dist.

O_IIII|IIII|IIII|IIII|IIII

(a) e-flavor

OSC.

? v_OSC.
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MACRO data
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v,2v,o0sclllation parameters

Am*(eV ?)

v, 2 v, (2 flavor
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allowed region is old.



Contained
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AL 1 »wanl ]
£ 20" ] £ 20 ]
o - 1O |
> - 1> 7 —
LLl i L

Downward going partially } 110; ! ]
contained event : N t f
R R R e S L R M S B

Separation of v, and anti-v log, (LkmJ/E, [GeV]) log, (LIkmJ/E, [GeV])
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v,2v,oscillation parameters from

atmospheric vexperiments

I~

(]

IAM2| (1072 eV?)
]

- —— 68%CL.
 —— 90%CL

—
| T

ottt et
MINOS Atmospheric Neutrinos, 37.9 kt-yrs -
¥  BestFit

99% C.L.

MINOS| Preliminary|

0.7 0.8
sin’(20)

- Super-K ]
0.004F 68, 90. 99%CL —
0003F -

i e
e — . — . e —
0,002 %"—--u_

t N i
09 092 094 095 098 1
)

sin 2923

Allowed parameter regions from SK and MINOS, as well as those

from Soudan-2 and MACRO (not shown in this page), are consistent.
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L/E analysis




Prob.(v—» Vu)

L/E analysis: Original motivation

SK PRL 93, 101801 (2004)

oscillation

1 L
Py =1-7% sin?20 - (1 — exp(—yoE ))

decoherence

decay m L
P.. = (cos?0 + sin20 = exp(———— ))?
= p( ot E )
2 350
3 4 Q - . .
1 10 10 10 10 > 300F u-like multi-GeV
Ll
L/E (km/GeV) o - + PC
S 250[
[ | 3 200 ‘ *Qq I
= :
. > 150}
Should observe this dip! = H =
100 el
- Further evidence for oscillation b
- Strong constraint on oscillation ob—

parameters, especially Am?



Selection criteria

10 FC single-ring u-like SK PRL 93, 101801 (2004)
of 2\ Select events with high L/E resolution:
: — (A(L/E) < 70%)
8F @
v _ Q; .§186°
% N [*es §1so° - v, CC elastic
’q>-: 6_ . D _:'-..-- ..-....:-'-1/2 . . 120°
O s5F @\ oscillation ol Jr
& ]
W 4 F 60° ‘\‘
3k Selected Selected w00l Jr | !
2: 000‘ - ‘5(‘)0‘ - 10‘00 - ‘15‘00‘ - 20‘00 - ‘25‘00‘ - éO‘OO
lepton momentum (Mevic)
1
: N 10 4 .0
O...I...I...I...I...I.. Srerthentere A &
-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 06 0.8 1 /%

A.— Zenith angle (cos0) . \/ Y

Similar cuts for: FC multi-ring p-like,

flight length (km)

OD stopping PC, and R A AR IR

OD through-going PC R L
Zenith angle (cos 6)




L/E analysis

Initial results PRL 93, 101801 (2004)
Y. ltow (SK) nu2012

1.6 Oscillation
1.4f Decoherencs

t"

“Pe

1.0

0.6
0.4

08 [

P(v, » v,)

06 [

0.4

O
o N

RV R 1 10° 10° 10°
LoglL/E {kzn/Ge)] L/E (km/GeV) (SK 1+2+3+4)

0.2

Data/Prediction (null oscillation)

A

oo b v o o 1,1 NV,
0

A dip is seem around L/E = 500 km/GeV (first oscillation minimum).

Oscillation gives the best fit to the data.
Decay and decoherence models disfavored by 4.0 and 4.8c, resp.
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Allowed parameter regions from present

experiments

Y. Itow (SK) nu2012

0.004 ——————
i SK 2 1 These results agree very
flavor SKatm 3 flavor | well!
i (L/E)
—~ 0.003| Central value:
S i T2K (2012) Am?=2.39 x 10-3eV/?2
9 i (MINOS 2012)
"o - it sin220=0.99
E - e e . (SK 2-flavor zenith)
< 0.002 T = (consistent with maximal
- [ 90% C.L. SK atm 2 ﬂavor miXing, within 16')
- T2K 2v 2011) (Zen|th) -
S A Aceuracy:
F e SK 1+2+3+4 Zenith 2v Am?; LBL,
0.0011- —— SK 14+2+3+4 Zenith 3v (0,5:fiX, Inverted) sin220- still atm.
08 o 0e  om 1 (until 2012...)

-
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Vsterile ?

Oscillation to v, or




Oscillation to v, 0r Vi ije 7

u-like data show zenith-angle and energy dependent deficit of
events, while e-like data show no such effect.

Sy
.

Difference in

22 P(vuévr) and
V F)(Vuevsterile) due

X .
Sirile to matter effect
Avava ‘ >
Z

Vx \,@4 L
Neutral current
interaction
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tn
=

.
=

=
—

number of events

Testing v, 2V, VS. Vv, 2Viie

SK, PRL85,3999 (2000)

Neutral current

High E PC
events

(Evis>5GeV)

_\) Ster'\\e i

flux(x10" “em™ s 'srh)

Matter effect

Up through
muons

Lt
L

[
L

in

=
L

e

number of events

s

(2]

=

2 2§ RT3 E

I
LR

1
I H I
=]

1 2l Pure v v, excluded (@9o%cL)

Multi-ring e-like,
with Evis >400MeV

+ (@)
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Tau neutrino appearance

We would like to confirm v, v, by observing tau
produced by v_interactions.




Detecting CC v_events (Super-K)

CC v, events P x

> hadrons

““““ > hadrons

v Many particles (hadrons) ....
(But no big difference with the other (NC) events.)

Only ~ 1.0CC v,
. | FC events/kton-
b Neural Network (NN) analysis e"e:.”s onyr

v Upward going only

(BG (other v events)
b Zenith angle ~ 130 ev./kton+yr)
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Neural Network

SK PRL 110(2013)181802

NN inputs: Downward going
vE. . . ——— /atmosphericvdata —T

visible #EE/ V. MC

vPID (highestE 300 tr¢&=
ring)( 'ghest Atmospheric

K
\/N(uée) v MC

v'Distance 200
(vertex - e-vertex)

v’ Sphericity
v"N (Ch. ring
candidates)

v'E, i fraction 0

of the 1st ring 0 0.2 0.4 0.6 0.8 1
Neural Network Output

100

LI B L B I
_+_

_+_
i
_+_

L,

3

t-like
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Zenith angle dist. and fit results

SK PRL 110(2013)181802

500 . 300

400 v ES
: ﬁﬁj%h 1 200
300f .

= ! T T
@© L @ F‘; -
(0 For @ A

- ] 100
100F .
- Non-tau Like i Tau Like
i i TR TR 0 | ol L

P T N T B B L1 L1
-1 -0.5 0 0.5 1 -0.5 0 05
cos(8) cos(6)

T LE%%'""""

—

Fitted number of t events |180.1%x44 3(stat) +17.8 /-15.2(syst)
Exp’d number of T events | 120.2+34.2/-34.8(syst)

Compared with the previous results (2006), systematic
error due to 6,5 uncertainty was greatly reduced.

T-appearance signal at 3.8c. o1




Comparison: OPERA v_events

M. Nakamura (OPERA) Nu2012

Years Status Number | Expected |Obs’d v, Expected
of ev. v, (prelim) candldates BG

2008 - 2009 Finished 2783
2010 - 2011 In analysis 1343 1
2012 Started

Total 4126 2.1 2 0.2

(3" event
reported)

Results are consistent between atm. and acc. experiments
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Summary of Leture-1

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

The v, deficit was concluded as due to neutrino
oscillations. Recent atmospheric neutrino data are
consistently explained by v ,=>v_ oscillations.

Results from long baseline accelerator experiments
and atmospheric neutrino experiments are
consistent.

Am,,?: LBL, sin?20,,: atm. (until 2012...)

Tau appearance has been observed by atmospheric
neutrino experiment.




