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H
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E
,
P
A
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3

R
e
v
ie
w
fro
m

th
e
p
re
v
io
u
s
le
c
tu
re

S
um
m
a
ry
:

C
o
m
p
le
te
F
rie
d
m
a
nn
E
qua
tio
ns

a
nd
E
ne
rg
y
C
o
nse
rva
tio
n

8>:
_aa 9>;
2

=
8
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G
�
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k
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a
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=
�
4
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G �
�
+
3
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=
�
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T
h
e
item
s
in
red
are
n
ew
.
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,
2
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{

R
e
v
ie
w
fro
m

th
e
p
re
v
io
u
s
le
c
tu
re

B
la
ck
-
B
o
d
y
R
a
d
ia
tio
n

E
n
ergy
d
en
sity
:

u
=
g
�
2

30
(k
T
)
4

(�h
c)
3

P
ressu
re:

p
=
13

u

N
u
m
b
er
d
en
sity
:

n
=
g
�

�(3)
�
2

(k
T
)
3

(�h
c)
3

E
n
trop
y
d
en
sity
:

s
=
g
2
�
2

45

k
4T
3

(�h
c)
3

;

w
h
ere
for
p
h
oton
s

g
=
g
�

=
2
;

B
u
t
g
an
d
g
�

w
ill
h
ave
d
i�
eren
t
valu
es
for
d
i�
eren
t
p
articles,
to
b
e
d
iscu
ssed

to
d
ay.
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R
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u
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c
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N
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A
B
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f
H
isto
ry

In
1930,W
olfgan
g
P
a
u
li
p
rop
osed
th
e
ex
isten
ce
of
th
e
n
eu
trin
o
|
an
u
n
seen

p
article
th
at
h
e
th
eo
rized
to
ex
p
lain
h
ow
b
eta
d
ecay
(n
�
!

p
+
e
�

,
in
sid
e

a
n
u
cleu
s)
cou
ld
b
e
co
n
sisten
t
w
ith
en
ergy
con
servatio
n
.
(N
iels
B
oh
r,
b
y

con
trast,
p
rop
osed
th
at
en
ergy
con
servation
w
as
on
ly
valid
statistically.)

P
au
li
called
it
a
n
eu
tro
n
,
w
h
ile
th
e
p
article
th
at
w
e
k
n
ow
as
a
n
eu
tron
w
as

n
ot
d
iscovered
u
n
til
1932,
b
y
Jam
es
C
h
ad
w
ick
.

In
1934
E
n
rico
F
erm
i
d
ev
elop
ed
a
fu
ll
th
eory
of
b
eta
d
ecay,
an
d
gave
th
e

n
eu
trin
o
its
cu
rren
t
n
a
m
e
(\little
n
eu
tral
on
e").

T
h
e
n
eu
trin
o
w
as
n
ot
seen
ob
serva
tion
ally
u
n
til
1956
b
y
C
ly
d
e
C
ow
an
an
d

F
red
erick
R
ein
es
at
th
e
S
avan
n
ah
R
iver
n
u
clear
reactor.

C
ow
an
d
ied
in
1974
at
th
e
a
ge
of
54,
an
d
R
ein
es
w
as
aw
a
rd
ed
th
e
N
ob
el

P
rize
for
th
is
w
ork
in
1
99
5,
at
th
e
age
of
77.
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N
e
utrino
M
a
ss,
T
a
k
e
1

D
u
rin
g
th
e
20th
cen
tu
ry,
n
eu
trin
os
w
ere
th
ou
gh
t
to
b
e
m
assless
(rest
m
ass

=
0
).
W
e
n
ow
k
n
ow
th
at
th
ey
h
av
e
a
very
sm
all
b
u
t
n
on
zero
m
ass,
b
u
t
for

th
e
p
erio
d
th
at
w
e
w
ill
b
e
d
iscu
ssin
g
n
ow
(th
e
rad
iation
-d
om
in
ated
era),

th
e
m
asses
are
n
egligib
le.
A
s
lon
g
as
m
c
2
�

k
T
,
th
e
p
article
w
ill
act
as
if

it
is
m
assless.

S
o,
for
n
ow
(T
ake
1
),
w
e
w
ill
p
reten
d
n
eu
trin
os
are
m
assless.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
tts
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s
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f
T
e
c
h
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g
y

8
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N
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b
e
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2
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P
h
o
to
ns
a
re
B
o
so
ns,
N
e
utrino
s
a
re
F
e
rm
io
ns

A
ll
p
articles
can
b
e
d
iv
id
ed
in
to
th
ese
tw
o
classes.

F
or
b
o
son
s,
an
y
n
u
m
b
er
o
f
p
articles
can
ex
ist
in
th
e
sa
m
e
q
u
an
tu
m
state.

T
h
is
is
w
h
at
allow
s
p
h
oton
s
to
b
u
ild
u
p
a
classical
electrom
agn
etic
�
eld
,

w
h
ich
in
volves
a
v
ery
la
rge
n
u
m
b
er
of
p
h
o
ton
s.
A

laser
in
p
articu
lar

con
cen
trates
a
h
u
ge
n
u
m
b
er
of
p
h
o
ton
s
in
a
sin
gle
q
u
an
tu
m
state.

F
or
ferm
ion
s,
b
y
co
n
trast,
th
ere
can
b
e
n
o
m
ore
th
an
o
n
e
p
article
in
a

given
q
u
an
tu
m

state.
E
lectron
s
are
also
ferm
ion
s
|

th
e
on
e-electron
-

p
er-q
u
an
tu
m
-state
ru
le
is
called
th
e
P
a
u
li
E
x
c
lu
sio
n

P
rin
c
ip
le,
a
n
d
is

resp
on
sib
le
for
essen
tia
lly
all
of
ch
em
istry.

In
relativ
istic
q
u
a
n
tu
m

�
eld
th
eory,
on
e
can
p
rov
e
th
e
sp
in
-sta
tistic
s

th
eo
re
m
:
all
p
articles
w
ith
in
teger
sp
in
(in
u
n
its
of
�h
)
are
b
oson
s,
an
d

all
p
articles
w
ith
h
a
lf-in
teger
sp
in
(
12
,
32 ,
etc.)
are
ferm
ion
s.
(A
n
d
th
ose

are
th
e
on
ly
p
ossib
ilities.)
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C
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nse
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o
f
F
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rm
i
S
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R
em
in
d
er:

u
=
g
�
2

30
(k
T
)
4

(�h
c)
3

;

n
=
g
�

�
(3)

�
2

(k
T
)
3

(�h
c)
3

:

B
ecau
se
th
ere
are
few
er
states
th
at
ferm
ion
s
can
o
ccu
p
y,
th
e
n
u
m
b
er

d
en
sity,
en
ergy
d
en
sity,
p
ressu
re,
an
d
en
trop
y
d
en
sity
for
ferm
ion
s
are
all

red
u
ced
.

F
or
ferm
ion
s,

g
is
red
u
ced
b
y
a
factor
of
7/8.

g
�

is
red
u
ced
b
y
a
factor
of
3/4.
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N
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trin
os
com
e
in
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d
i�
eren
t
sp
ecies,
or


a
v
o
rs:

E
lectron
n
eu
trin
o
�
e :

e
�

+
p
�
!

n
+
�
e

M
u
on
n
eu
trin
o
�
�
:

�
�

+
p
�
!

n
+
�
�

T
au
n
eu
trin
o
�
� :

�
�

+
p
�
!

n
+
�
�
:

A
m
u
on
is
essen
tially
a
h
eav
y
electron
,
w
ith
m
�
c
2

=
105
:7
M
eV
,
com
p
ared

to
m
e c
2

=
0
:511
M
eV
.
A
tau
is
a
still
h
eav
ier
v
ersion
of
th
e
electron
,
w
ith

m
�
c
2
=
1776
:9
M
eV
.
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N
e
utrino
S
ta
te
s

3


avors
im
p
lies
a
factor
o
f
3
in
g
an
d
g
�.

N
eu
trin
os
ex
ist
as
p
articles
an
d
an
tip
articles,
u
n
lik
e
p
h
oton
s,
w
h
ich
are

th
eir
ow
n
an
tip
articles.
T
h
e
p
article/an
tip
article
op
tion
lead
s
to
a
factor

of
2
in
g
an
d
g
�

W
h
ile
p
h
oton
s
can
b
e
left
or
righ
t
circu
larly
p
olarized
,
n
eu
trin
os
are
alw
ay
s

seen
to
b
e
le
ft-h
a
n
d
ed:
th
e
sp
in
is
op
p
osite
th
e
d
irection
of
th
e
m
om
en
tu
m
.

A
n
tin
eu
trin
os
are
alw
ay
s
righ
t-h
an
d
ed
.
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tts
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T
e
c
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g
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8
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e
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2
,
2
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2
2

{
8
{

A
n
A
sid
e
o
n
D
iscre
te
S
y
m
m
e
trie
s

B
efore
th
e
left-h
an
d
ed
p
rop
erty
of
n
eu
trin
os
w
a
s
d
iscov
ered
,
it
w
as
th
ou
gh
t

th
at
th
at
th
e
law
s
of
p
h
y
sics
w
ere
in
varia
n
t
u
n
d
er
p
a
rity
tra
n
sfo
rm
a
tio
n
s

(x
!

�
x
;y
!

�
y
;z
!

�
z
).
B
u
t
th
e
p
arity
tran
sform
o
f
a
left-h
an
d
ed

n
eu
trin
o
w
ou
ld
b
e
a
righ
t-h
an
d
ed
n
eu
trin
o
,
w
h
ich
h
as
n
ever
b
een
seen
,
so

th
e
law
s
of
p
h
y
sics
are
N

O

T

p
arity
-in
va
rian
t.

T
h
e
h
an
d
ed
n
ess
of
n
eu
trin
os
is
con
sisten
t
w
ith
C
P
sy
m
m
etry,
ch
arge

con
ju
gation
tim
e
p
arity.
T
h
e
C
P
tran
sform
of
a
left-h
an
d
ed
n
eu
trin
o
is

a
righ
t-h
an
d
ed
a
n
tin
eu
trin
o
|

b
oth
ex
ist
an
d
,
as
far
as
w
e
k
n
ow
,
b
eh
av
e

id
en
tically.
H
ow
ever,
C
P
sy
m
m
etry
is
k
n
ow
n
to
b
e
v
iolated
b
y
n
eu
tral

kaon
s.

H
ow
ever,
C
P
T
sy
m
m
etry
|

ch
arge
con
ju
gation
tim
es
p
arity
tim
es
tim
e-

reversal
|

is
req
u
ired
b
y
relativ
istic
q
u
an
tu
m
�
eld
th
eory
an
d
is
b
elieved

to
b
e
a
sy
m
m
etry
of
n
atu
re.
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s
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e
c
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g
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b
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g
�

fo
r
N
e
utrino
s

g
�
=

78
| {z}

F
e
r
m
io
n
fa
c
to
r

�

3
|{z}

3
sp
e
c
ie
s

�
e
;�
�

;�
�

�

2
|{z}

P
a
rtic
le=
a
n
tip
a
rtic
le

�

1
|{z}

S
p
in
sta
te
s

=

214
:

g
��
=

34
|{z}

F
e
r
m
io
n
fa
c
to
r

�

3
|{z}

3
sp
e
c
ie
s

�
e
;�
�

;�
�

�

2
|{z}

P
a
rtic
le=
a
n
tip
a
rtic
le

�

1
| {z}

S
p
in
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te
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=

92
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tts
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c
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g
y

8
.2
8
6
C
la
s
s
1
6
,
N
o
v
e
m
b
e
r
2
,
2
0
2
2

{
1
0
{

H
o
tte
r
S
till

If
w
e
follow
th
e
u
n
iverse
fu
rth
er
b
ack
in
tim
e,
w
e
w
ill
�
n
d
th
at
at
som
e
p
oin
t

k
T

b
ecom
es
large
com
p
ared
to
m
e c
2

=

0.511
M
eV
,
th
e
rest
en
ergy
of
a
n

electron
.
T
h
en
electron
-p
ositron
p
airs
start
to
b
eh
ave
as
m
assless
p
articles,

a
n
d
co
n
trib
u
te
to
th
e
b
la
ck
-b
o
d
y
rad
iatio
n
.

g
e
+

e
�

=

78
| {z}

F
e
rm
io
n
fa
c
to
r

�

1
|{z}

S
p
e
c
ie
s

�

2
|{z}

P
a
rtic
le=
a
n
tip
a
rtic
le

�

2
|{z}

S
p
in
sta
te
s

=

72
:

g
�e
+

e
�

=

34
|{z}

F
e
rm
io
n
fa
c
to
r

�

1
|{z}

S
p
e
c
ie
s

�

2
|{z}

P
a
rtic
le=
a
n
tip
a
rtic
le

�

2
|{z}

S
p
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s

=

3
:
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R
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a
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e
E
a
rly
H
isto
ry
o
f
th
e
U
n
iv
e
rse
,
P
a
rt
3
,
8.286
C
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16,
N
ovem
b
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2,
2
02
2,
p
.
4.

F
o
r
0
.5
1
1
M
e
V
�

k
T

�

1
0
6
M
e
V

F
or
electron
s,
m
e c
2
=
0.511
M
eV
.

F
or
m
u
on
s,
m
�
c
2
=
106
M
eV
.

F
or
0.511
M
eV
�

k
T
�

106
M
eV
,
electron
s
an
d
p
ositron
s
act
like
m
assless

p
articles,
an
d
on
ly
a
n
egligib
le
n
u
m
b
er
of
m
u
on
s
w
ou
ld
b
e
p
ro
d
u
ced
.

T
h
e
en
ergy
d
en
sity
can
th
erefore
b
e
calcu
lated
from

g
to
t
=

2
|{z}

p
h
o
to
n
s +

214
|{z}

n
e
u
trin
o
s +

72
|{z}e

+

e
�

=
10
34

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
tts

In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
6
,
N
o
v
e
m
b
e
r
2
,
2
0
2
2

{
1
2
{

E
ne
rg
y
D
e
nsity
o
f
R
a
d
ia
tio
n
T
o
d
a
y

T
em
p
eratu
re

of
th
e

cosm
ic

m
icrow
ave

b
ack
grou
n
d

(C
M
B
)
to
d
ay
:

T


=
2
:7255
�
0
:000
6
K
.
�

T
h
is
gives
k
T


=
2
:3
5
�
10
�

4
eV
.

C
on
tin
u
in
g
ou
r
\T
ake
1"
p
reten
se
th
at
n
eu
trin
os
are
m
a
ssless,th
e
rad
iation

th
at
ex
ists
in
th
e
u
n
iverse
to
d
ay
in
clu
d
es
p
h
oton
s
an
d
n
eu
trin
os.

B
u
t
T
�

6=

T


.

T
h
e
com
p
lication
o
ccu
rs
w
h
en
th
e
e
+
e
�

p
airs
\
freeze
ou
t,"
(i.e.,
d
isap
p
ear),

as
k
T
falls
b
elow
0
:5
11
M
eV
.
T
h
is
h
ap
p
en
s
aro
u
n
d
t
=
1
secon
d
.
N
eu
trin
o

in
teraction
s
b
ecom
e
w
eaker
a
s
th
e
tem
p
eratu
re
falls,
an
d
b
y
th
is
tim
e
th
ey

h
ave
b
ecom
e
so
w
eak
th
at
th
e
n
eu
trin
os
ab
sorb
on
ly
a
n
egligib
le
am
ou
n
t

of
th
e
e
+
e
�

en
ergy.
It
essen
tia
lly
all
go
es
in
to
h
eatin
g
th
e
p
h
oton
s,
w
h
ich

th
en
b
ecom
e
h
otter
th
an
th
e
n
eu
trin
os.

�

D
.J
.
F
ix
sen
,
A
p
.
J
.
7
0
7
,
9
1
6
(2
0
0
9
).
B
a
sed
m
a
in
ly
o
n
th
e
C
O
B
E
(C
o
sm
ic
B
a
ck
g
ro
u
n
d

E
x
p
lo
rer)
d
a
ta
,
1
9
8
9
{
1
9
9
3
.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
t
ts
In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
6
,
N
o
v
e
m
b
e
r
2
,
2
0
2
2

{
1
3
{

T
h
e
com
p
lication
o
ccu
rs
w
h
en
th
e
e
+
e
�

p
airs
\freeze
ou
t,"
(i.e.,
d
isap
p
ear),

as
k
T
falls
b
elow
0
:511
M
eV
.
T
h
is
h
ap
p
en
s
arou
n
d
t
=
1
secon
d
.
N
eu
trin
o

in
teraction
s
b
ecom
e
w
eaker
as
th
e
tem
p
eratu
re
falls,
an
d
b
y
th
is
tim
e
th
ey

h
ave
b
ecom
e
so
w
eak
th
at
th
e
n
eu
trin
os
ab
sorb
on
ly
a
n
egligib
le
am
ou
n
t

of
th
e
e
+
e
�

en
ergy.
It
essen
tially
all
go
es
in
to
h
eatin
g
th
e
p
h
oton
s,
w
h
ich

th
en
b
ecom
e
h
otter
th
an
th
e
n
eu
trin
os.

Y
ou
w
ill
calcu
late
th
is
on
P
rob
lem
S
et
7.
T
h
e
k
ey
is
to
u
se
e
n
tro
p
y,
n
ot

en
ergy,
sin
ce
en
trop
y
is
sim
p
ly
con
served
.
E
n
ergy
d
en
sity,
b
y
co
n
trast,

ob
ey
s

_�
=
�
3
_aa �

�
+

pc
2 �
;

so
on
e
n
eed
s
to
calcu
late
th
e
p
ressu
re
p
as
th
e
e
+
e
�

p
airs
freeze
ou
t.
T
h
at's

com
p
licated
.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
tts

In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
6
,
N
o
v
e
m
b
e
r
2
,
2
0
2
2

{
1
4
{

T
h
e
resu
lt
(th
at
you
w
ill
�
n
d
)
is

T
�
= �
411 �
1
=
3

T


:

T
h
is
ratio
is
m
ain
ta
in
ed
to
th
e
p
resen
t
d
ay,
so
th
e
total
ra
d
ia
tion
en
ergy

d
en
sity
to
d
ay
is

u
ra
d
;0
= "
2
+
214 �
411 �
4
=
3 #
�
2

3
0

(k
T


)
4

(�h
c)
3

=
7
:01
�
10
�

1
4
J/
m
3

;

w
h
ich
is
w
h
at
w
e
u
sed
w
h
en
w
e
estim
ated
t
e
q ,
th
e
tim
e
of
m
atter-rad
iation

eq
u
ality.

W
e
(cru
d
ely
)
fou
n
d
�
75
;000
years.
R
y
d
en
gives
47,000
y
ears.
T
h
e
P
article

D
ata
G
rou
p
(2020)
gives
51
;100
�
800
years.
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M
a
s
s
a
c
h
u
s
e
t
ts
In
s
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o
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T
e
c
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o
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g
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8
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C
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s
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6
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N
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v
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m
b
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2
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A
lan
G
u
th
,
B
la
c
k
-B
o
d
y
R
a
d
ia
tio
n
a
n
d
th
e
E
a
rly
H
isto
ry
o
f
th
e
U
n
iv
e
rse
,
P
a
rt
3
,
8.286
C
la
ss
16,
N
ovem
b
er
2,
2
02
2,
p
.
5.

T
h
e
R
e
a
l
S
to
ry
o
f
N
e
utrino
M
a
sse
s

W
e
h
ave
n
ot
yet
m
easu
red
th
e
m
ass
of
a
n
eu
trin
o,
b
u
t
w
e
h
ave
seen

n
eu
trin
os
\oscillate"
from
on
e


avor
to
an
oth
er:

�

E
lectron
n
eu
trin
os
from
th
e
S
u
n
arriv
e
at
E
arth
as
a
m
ix
tu
re
of
all

th
ree


avors.

�

N
eu
trin
os
p
ro
d
u
ced
b
y
cosm
ic
ray
s
in
th
e
u
p
p
er
atm
osp
h
ere
h
ave
b
een

fou
n
d
to
u
n
d
ergo
oscillation
s
on
th
eir
w
ay
to
g
rou
n
d
level.

�

N
eu
trin
os
p
ro
d
u
ced
b
y
reactors
an
d
a
ccelerators
h
ave
b
een
seen
to

oscillate.

O
scillation
s
req
u
ire
a
n
on
zero
m
ass:
essen
tially
b
ecau
se
a
m
assless
p
article

ex
p
erien
ces
an
in
�
n
ite
tim
e
d
ilation
,
so
tim
e
stop
s.

T
h
e
oscillation
s
m
easu
re
th
e
d
i�
eren
ces
of
th
e
sq
u
ares
of
th
e
m
asses.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
tts

In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
6
,
N
o
v
e
m
b
e
r
2
,
2
0
2
2

{
1
6
{

N
e
utrino
M
a
sse
s
a
nd
Q
ua
ntum
S
up
e
rp
o
sitio
ns

Q
u
an
tu
m
th
eory
allow
s
for
states
th
at
are
su
p
erp
osition
s
of
oth
er
states.

N
eu
trin
os
are
p
ro
d
u
ced
in
states
o
f
d
e�
n
ite


avor,
ca
lled
�
e ,
�
�
,
an
d
�
� .

(I.e.,
e
�

+
p
�
!

n
+
�
e ,
w
h
ile
�
�

+
p
lead
s
to
�
�
,
an
d
�
�

+
p
lead
s
to
�
� .)

B
u
t
th
ese
are
n
ot
states
o
f
d
e�
n
ite
m
ass!

T
h
e
states
of
d
e�
n
ite
m
ass
are
called
�
1 ,
�
2 ,
an
d
�
3 .

E
ach


avor
state
is
a
su
p
erp
osition
of
a
ll
th
ree
states
of
d
e�
n
ite
m
ass,
an
d

each
state
of
d
e�
n
ite
m
ass
is
a
su
p
erp
osition
o
f
all
th
ree


avor
states.
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g
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e
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D
iffe
re
nce
s
o
f
S
qua
re
s
o
f
N
e
utrino
M
a
sse
s

A
s
of
2020,
th
e
P
article
D
ata
G
rou
p
rep
orts:

�
m
22

1
c
4
=
(7
:53
�
0
:18)
�
10
�

5
eV
2
;

�
m
23

2
c
4
= �
2
:546
+
0
:0
3
4

�

0
:0
4
0 �
�
10
�

3
eV
2
;

or

�
m
23

2
c
4
=
(2
:453
�
0
:034)
�
10
�

3
eV
2

;

w
h
ere
th
e
tw
o
op
tion
s
for
�
m
23

2

d
ep
en
d
on
assu
m
p
tion
s
ab
ou
t
th
e
ord
erin
g
of

th
e
m
asses.
N
ote
th
at p
�
m
22

1
c
4
=
8
:6
8
�
10
�

3
eV
,
a
n
d p
�
m
23

2
c
4
=
0
:0505
eV

or
0.0495
eV
.
R
ecall
th
at
to
d
ay
k
T


=
2
:35
�
10
�

4
eV
,
w
h
ich
is
m
u
ch
sm
aller.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
tts

In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
6
,
N
o
v
e
m
b
e
r
2
,
2
0
2
2

{
1
8
{

D
o
e
s
N
e
utrino
M
a
ss
A
ffe
ct

O
ur
C
a
lcula
tio
n
o
f
t
e
q
?

N
o!

W
e
w
rote

u
ra
d
;0
= "
2
+
214 �
411 �
4
=
3 #
�
2

3
0

(k
T


)
4

(�h
c)
3

=
7
:01
�
10
�

1
4
J/
m
3

;

b
u
t
w
h
at
w
e
really
u
sed
w
as

u
r
a
d (t)
= "
2
+
214 �
411 �
4
=
3 #
�
2

30
(k
T

 )
4

(�h
c)
3 �
a
(t
0 )

a
(t) �

4

;

w
h
ich
is
valid
for
t
an
y
w
h
ere
n
ear
th
e
tim
e
t
e
q .
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A
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c
k
-B
o
d
y
R
a
d
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n
a
n
d
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e
E
a
rly
H
isto
ry
o
f
th
e
U
n
iv
e
rse
,
P
a
rt
3
,
8.286
C
la
ss
16,
N
ovem
b
er
2,
2
02
2,
p
.
6.

C
o
sm
o
lo
g
ica
l
B
o
und
o
n
th
e
S
um
o
f
�
M
a
sse
s

F
rom
cosm
ology
of
large-scale
stru
ctu
re,
w
e
k
n
ow
th
at
�

(m
1
+
m
2
+
m
3 )c
2
�
0
:17
eV
.

W
h
y
?
B
ecau
se
n
eu
trin
os
\free-stream
"
easily
from
on
e
p
lace
to
an
oth
er.

If
th
ey
carried
to
o
m
u
ch
m
ass,
th
ey
w
ou
ld
even
ou
t
th
e
m
ass
d
en
sity
an
d

su
p
p
ress
large-scale
stru
ctu
re.

�S
.
R
.
C
h
o
u
d
h
u
ry
a
n
d
S
.
H
a
n
n
esta
d
,
J
C
A
P
2
0
2
0
,
N
o
.
7
,
0
3
7
(2
0
2
0
),
a
rX
iv
:1
9
0
7
.1
2
5
9
8
.
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g
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8
.2
8
6
C
la
s
s
1
6
,
N
o
v
e
m
b
e
r
2
,
2
0
2
2

{
2
0
{

N
e
utrino
M
a
ss
a
nd
S
p
in
S
ta
te
s

T
h
e
m
easu
rem
en
ts
o
f
th
e
m
ass
d
i�
eren
ces
im
p
ly
th
a
t
at
least
2
of
th
e
3

n
eu
trin
o
m
asses
m
u
st
b
e
n
on
zero.

If
th
e
m
ass
of
a
n
eu
trin
o
is
n
on
zero
,
th
en
it
c
a
n
n
o
t
alw
ay
s
b
e
left-h
an
d
ed
.

T
o
see
th
is,
con
sid
er
a
left-h
an
d
ed
n
eu
trin
o
m
ov
in
g
in
th
e
z
d
irection
,
w
ith

sp
in
in
th
e
�
z
d
irectio
n
.
W
ith
m

>
0,
it
m
u
st
m
ove
slow
er
th
an
c.
S
o
an

ob
server
can
m
ove
a
lon
g
th
e
z
-ax
is
faster
th
an
th
e
n
eu
trin
o.
T
o
su
ch
an

ob
server,
th
e
m
om
en
tu
m
of
th
e
�
w
ill
b
e
in
th
e
�
z
d
irection
,
th
e
sp
in
w
ill

b
e
in
th
e
�
z
d
irectio
n
,
a
n
d
th
e
�
w
ill
ap
p
ear
righ
t-h
an
d
ed
.

H
ow
cou
ld
th
is
righ
t-h
an
d
ed
n
eu
trin
o
�
t
in
to
ou
r
th
eory
?
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8
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6
C
la
s
s
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N
o
v
e
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b
e
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2
,
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0
2
2

{
2
1
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M
a
jo
ra
na
a
nd
D
ira
c
M
a
sse
s

T
h
ere
are
tw
o
p
ossib
ilities
for
n
eu
trin
o
m
ass:

D
irac
M
ass:
R
igh
t-h
an
d
ed
n
eu
trin
o
w
ou
ld
b
e
a
n
ew
as-y
et
u
n
seen
ty
p
e
of

p
article.
B
u
t
it
w
ou
ld
in
teract
so
w
eak
ly
th
at
it
w
ou
ld
n
ot
h
ave
b
een

p
ro
d
u
ced
in
sign
i�
can
t
n
u
m
b
ers
d
u
rin
g
th
e
b
ig
b
an
g.

M
a
joran
a
M
ass:
If
le
p
to
n
n
u
m
be
r
is
n
ot
con
serv
ed
(w
h
ich
seem
s
p
lau
sib
le),

so
th
e
n
eu
trin
o
is
ab
solu
tely
n
eu
tral,
th
en
th
e
righ
t-h
an
d
ed
n
eu
trin
o

cou
ld
b
e
th
e
p
article
th
at
w
e
h
av
e
called
th
e
an
ti-n
eu
trin
o.
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c
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8
.2
8
6
C
la
s
s
1
6
,
N
o
v
e
m
b
e
r
2
,
2
0
2
2

{
2
2
{

N
e
utrino
M
a
sse
s
a
nd

N
e
utrino
le
ss
D
o
ub
le
B
e
ta
D
e
ca
y

K
ey
ex
p
erim
en
t
to
d
istin
gu
ish
M
a
joran
a
from

D
irac
m
ass:
n
eu
trin
oless

d
ou
b
le
b
eta
d
ecay.
S
tan
d
ard
d
o
u
b
le
b
eta
d
ecay
lo
ok
s
like

(A
;Z
)
!

(A
;Z
+
2)
+
2
e
�

+
2
��
e
:

If
th
e
�
h
as
a
M
a
jora
n
a
m
a
ss,
an
d
th
erefore
it
is
its
ow
n
an
tip
article,
th
en

th
e
reaction
cou
ld
h
ap
p
en
w
ith
o
u
t
th
e
tw
o
�
n
al
��
e 's,
w
h
ich
can
essen
tially

an
n
ih
ilate
each
oth
er.

(T
h
e
an
n
ih
ilation
cou
ld
h
ap
p
en
as
p
art
of
th
e

in
teraction
,
so
th
e
en
erg
y
is
giv
en
to
th
e
(A
;Z
+
2)
an
d
2
e
�

p
articles,

w
ith
n
o
oth
er
p
articles
em
itted
.)
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