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T
entative

O
u
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e
for

T
h
ese

T
h
ree

L
ectu

res

1.
B

riefH
istory

ofthe
N

eutrino;

2.
N

eutrino
P

uzzles
–

T
he

D
iscovery

ofN
eutrino

M
asses;

3.
N

eutrino
O

scillations;

4.
W

hat
W

e
K

now
W

e
D

on’t
K

now
–

N
ext-G

eneration
⌫

O
scillations;

5.
W

hat
W

e
K

now
W

e
D

on’t
K

now
–

M
ajorana

versus
D

irac
N

eutrinos;

6.
N

eutrino
M

asses
A

s
P

hysics
B

eyond
the

Standard
M

odel;

7.
Som

e
Ideas

for
T

iny
N

eutrino
M

asses,and
Som

e
C

onsequences;

[n
o
te

:
Q

u
e
stio

n
s/

S
u
g
g
e
stio

n
s/

C
o
m

p
la

in
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a
r
e

A
L
W

A
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S
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e
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o
m

e
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G
ood

R
eferen

ce
for

N
eu

trin
o

H
istory:

“A
re

T
here

R
eally

N
eutrinos?

–
A

n
E

videntialH
istory,”

A
llan

Franklin,
P
erseus

B
ooks,2001.
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A
n
d
r
é

d
e

G
o
u
v
ê
a

N
o
r
t
h
w

e
s
t
e
r
n

1
-

B
rief

H
istory

of
th

e
N

eu
trin

o

1.
1896:

H
en

ri
B

ecq
u
erel

d
iscovers

n
atu

ral
rad

ioactiv
ity

w
h
ile

stu
d
y
in

g

p
h
osp

h
orescen

t
p
rop

erties
of

u
ran

iu
m

salts.

•
↵

ray
s:

easy
to

ab
sorb

,
h
ard

to
b
en

d
,
p
ositive

ch
arge,

m
on

o-en
ergetic;

•
�

ray
s:

h
ard

er
to

ab
sorb

,
easy

to
b
en

d
,
n
egative

ch
arge,

sp
ectru

m
?;

•
�

ray
s:

n
o

ch
arge,

very
h
ard

to
ab

sorb
.

2.
1897:

(J.J.
T

h
om

p
son

d
iscovers

th
e

electron
.)

3.
1914:

C
h
ad

w
ick

p
resen

ts
d
efi

n
itive

ev
id

en
ce

for
a

con
tin

u
os

�
-ray

sp
ectru

m
.

O
rigin

u
n
kow

n
.

D
i↵

eren
t

op
tion

s
in

clu
d
e

several
d
i↵

eren
t

en
ergy

loss

m
ech

an
ism

s.

It
to

ok
15+

years
to

d
ecid

e
th

at
th

e
“real”

�
-ray

sp
ectru

m
w

as
really

con
tin

u
os.

R
eason

for
con

tin
u
os

sp
ectru

m
w

as
a

total
m

y
stery

:

•
Q

M
:
S
p
ectra

are
d
iscrete;

•
E

n
ergy

-m
om

en
tu

m
con

servation
:

N
!

N

0+
e

�
—

electron
en

ergy
an

d

m
om

en
tu

m
w

ell-d
efi

n
ed

.
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d
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G
o
u
v
ê
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N
o
r
t
h
w

e
s
t
e
r
n

N
u
clear

P
hysics

b
efore

1930:
nucleus

=
n

p p
+

n
e e �

.

E
x
am

p
le:

4H
e

=
4
p

+
2
e

�
,
w

ork
s

w
ell.

H
ow

ever:
1
4N

=
14

p
+

7
e

�
is

ex
p
ected

to

b
e

a
ferm

ion
.

H
ow

ever,
it

w
as

ex
p
erim

en
tally

k
n
ow

n
th

at
1
4N

w
as

a
b
oson

!

T
h
ere

w
as

also
a

p
rob

lem
w

ith
th

e
m

agn
etic

m
om

en
t

of
n
u
clei:

µ

N
,
µ

p ⌧
µ

e

(
µ

=
e
h
/4

m
c).

H
ow

can
th

e
n
u
clear

m
agn

etic
m

om
en

t
b
e

so
m

u
ch

sm
aller

th
an

th
e

electron
on

e
if

th
e

n
u
cleu

s
con

tain
s

electron
s?

S
O

L
U

T
IO

N
:
B

ou
n
d
,
n
u
clear

electron
s

are
very

w
eird

!

T
h
is

can
also

b
e

u
sed

to
solve

th
e

con
tin

u
ou

s
�
-ray

sp
ectru

m
:

en
ergy

n
eed

n
ot

b
e

con
served

in
n
u
clear

p
ro

cesses!
(N

.
B

oh
r)

“...
T

h
is

w
ou

ld
m

ean
th

at
th

e
id

ea
of

en
ergy

an
d

its
con

servation
fails

in
d
ealin

g

w
ith

p
ro

cesses
in

volv
in

g
th

e
em

ission
an

d
cap

tu
re

of
n
u
clear

electron
s.

T
h
is

d
o
es

n
ot

sou
n
d

im
p
rob

ab
le

if
w

e
rem

em
b
er

all
th

at
h
as

b
een

said
ab

ou
t

p
ecu

liar

p
rop

erties
of

electron
s

in
th

e
n
u
cleu

s.”
(G

.
G

am
ow

,
N

u
clear

P
h
y
sics

T
ex

tb
o
ok

,

1931).

M
a
r
c
h

2
5
,
2
6
,
2
8
,
2
0
1
3

N
e
u
t
r
i
n
o

P
h
y
s
i
c
s



A
n
d
r
é
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o
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ê
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N
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r
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enter
th

e
n
eu

trin
o...

1.
1930:

P
ostu

lated
b
y

P
au

li
to

(a)
resolve

th
e

p
rob

lem
of

con
tin

u
ou

s
�
-ray

sp
ectra,

an
d

(b
)

recon
cile

n
u
clear

m
o
d
el

w
ith

sp
in

-statistics
th

eorem
.

)
2.

1932:
C

h
ad

w
ick

d
iscovers

th
e

n
eu

tron
.

n
eu

tron
6=

P
au

li’s
n
eu

tron
=

n
eu

trin
o

(F
erm

i);

3.
1934:

F
erm

i
th

eory
of

W
eak

In
teraction

s
–

cu
rren

t-cu
rren

t
in

teraction

H
⇠

G

F
(
p̄�

n
)
(
ē�

⌫

e )
,

w
h
ere

�
=
{1

,
�

5
,
�

µ
,
�

µ
�

5
,
�

µ
⌫ }

W
ay

to
“see”

n
eu

trin
os:

⌫̄

e
+

p!
e

+
+

n
.

P
red

iction
for

th
e

cross-section
-

to
o

sm
all

to
ever

b
e

ob
served

...

4.
1935:

(Y
u
kaw

a
p
ostu

lates
th

e
ex

isten
ce

of
m

eson
s

(p
ion

s)
as

m
ed

iators
of

th
e

n
u
clear

(stron
g)

force:
m

⇡ ⇠
100

M
eV

.)

5.
1936/37:

(“M
eson

”
d
iscovered

in
cosm

ic
ray

s.
A

n
oth

er
lon

g,
tortu

ou
s

story.

T
u
rn

s
ou

t
to

b
e

th
e

m
u
on

...)

6.
1947:

(M
arsh

ak
,
B

eth
e

p
ostu

late
th

e
2

m
eson

h
y
p
oth

esis
(
⇡
!

µ
).

P
ion

ob
served

in
cosm

ic
ray

s.)
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d
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G
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ob
servin

g
th

e
u
n
ob

servab
le:

1.
1956:

“D
iscovery

”
of

th
e

n
eu

trin
o

(R
ein

es
an

d
C

ow
an

)
in

th
e

S
avan

n
ah

R
iver

N
u
clear

R
eactor

site.
)

⌫̄

e
+

p!
e

+
+

n
.

M
easu

re
p
ositron

(
e

+
e

�
!

�
s)

an
d

n
eu

tron

(
n
N
!

N

⇤!
N

+
�
s)

in
d
elayed

coin
cid

en
ce

in
ord

er
to

get
rid

of

b
ack

grou
n
d
s.

2.
1958:

N
eu

trin
o

H
elicity

M
easu

red
(G

old
h
ab

er
et

al.).
N

eu
trin

os
are

p
u
rely

left-h
an

d
ed

.
In

teract
on

ly
w

eak
ly

(P
arity

v
iolated

m
ax

im
ally

).

e

�
+

1
5
2

E
u
(
J

=
0)!

1
5
2

S
m
⇤(

J
=

1)
+

⌫!
1
5
2

S
m

(
J

=
1)

+
⌫

+
�

3.
1962:

T
h
e

secon
d

n
eu

trin
o:

⌫

µ 6=
⌫

e
(L

ed
erm

an
,
S
tein

b
erger,

S
ch

w
arts

at

B
N

L
).

F
irst

n
eu

trin
o

b
eam

.

p
+

Z
!

⇡

+
X
!

µ

+
⌫

µ
)

⌫

µ
+

Z
!

µ

�
+

Y
(“alw

ay
s”)

⌫

µ
+

Z
!

e

�
+

Y
(“n

ever”)

4.
2001:

⌫

⌧
d
irectly

ob
served

(D
O

N
U

T
ex

p
erim

en
t

at
F
N

A
L
).

S
am

e
strategy

:

⌫

⌧
+

Z
!

⌧

�
+

Y
.

(
⌧
-lep

ton
s

d
iscovered

in
th

e
1970’s).

)
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A
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d
e

G
o
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v
ê
a

N
o
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t
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e
s
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r
n

W
h
at

w
e

K
n
ew

of
N

eu
trin

os:
E
n
d

of
th

e
20th

C
entu

ry

•
co

m
e

in
th

ree
fl
av

ors
(see

fi
g
u
re);

•
in

teract
o
n
ly

v
ia

w
ea

k
in

tera
ctio

n
s

(W
±

,Z
0);

•
h
av

e
Z
E

R
O

m
a
ss

–
h
elicity

g
o
o
d

q
u
a
n
tu

m
n
u
m

b
er;

•
⌫

L
fi
eld

d
escrib

es
2

d
eg

rees
o
f
freed

o
m

:
–

left-h
a
n
d
ed

sta
te

⌫
,

–
rig

h
t-h

a
n
d
ed

sta
te

⌫̄
(C

P
T

co
n
ju

g
a
te);

•
n
eu

trin
o
s

ca
rry

lep
to

n
n
u
m

b
er:

–
L

(⌫
)

=
+

1
,

–
L

(⌫̄
)

=
�

1
.
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2–
N

eu
trin

o
P

u
zzles

Long
baseline

neutrino
experim

ents
have

revealed
that

neutrinos
change

flavor
after

propagating
a

finite
distance,violating

the
definitions

in
the

previous
slide.

T
he

rate
ofchange

depends
on

the
neutrino

energy
E

⌫
and

the
baseline

L
.

•
⌫

µ !
⌫

⌧
and

⌫̄
µ !

⌫̄
⌧

—
atm

ospheric
experim

ents
[“indisputable”];

•
⌫

e !
⌫

µ
,⌧

—
solar

experim
ents

[“indisputable”];

•
⌫̄

e !
⌫̄
o
t
h
e
r

—
reactor

neutrinos
[“indisputable”];

•
⌫

µ !
⌫
o
t
h
e
r

—
from

accelerator
experim

ents
[“indisputable”].
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é

d
e

G
o
u
v
ê
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T
h
e

S
N

O
E
xp

erim
ent:

con
clu

sive
evid

en
ce

for
fl
avor

ch
an

ge

0
1

2
3

4
5

6
0 1 2 3 4 5 6 7 8

) -1
 s

-2
 cm

6
 (10

e
φ

)-1 s-2 cm6 (10τµφ

SN
O

N
C

φ

SSM
φ

SN
O

CC
φ

SN
O

ES
φ

SN
O

M
easures:

[C
C

]
⌫

e
+

2H
!

p
+

p
+

e �

[E
S

]
⌫

+
e �
!

⌫
+

e �

[N
C

]
⌫

+
2H
!

p
+

n
+

⌫

di↵erent
reactions

sensitive
to

di↵erent
neutrino

flavors.
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U
P
6=

D
O

W
N

–
neutrinos

can
telltim

e!!
neutrinos

have
m

ass.

M
a
r
c
h

2
5
,
2
6
,
2
8
,
2
0
1
3

N
e
u
t
r
i
n
o

P
h
y
s
i
c
s


