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What happens to
Neutrino Oscillations,
e.g. oscillation length,

if h̄! 0 ?
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http://www-sk.icrr.u-tokyo.ac.jp/nu98/scan/
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15+ Years ago



Stephen Parke                                     Academic Lecture 2014 @ Fermilab                                              1/14/2014                      

Neutrino Mass:
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• � Flavor Oscillations/Transformations are a Fact:

Neutrino Oscillation Experiments have revealed that neutrinos change
flavor after propagating a finite distance. The rate of change depends on
the neutrino energy, E�, and the baseline, L. The evidence is overwhelming!

Two di�erent L/E scales have been observed:

• Atmospheric L/E = 500 km/GeV and Solar L/E = 15, 000 km/GeV

The simplest and only satisfactory explanation of all this data is that
neutrinos have distinct masses, and mix.

Except: LSND, miniBooNE, reactor anomaly, gallium anomaly.
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postpone for later whether:
                 Majorana (2 component) or Dirac (4 component)
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Nu Masses:

4

1 and 2 are Nu rich:

�m2
sol = +7.6� 10�5 eV 2

|�m2
atm| = 2.4� 10�3 eV 2

|�m2
atm| ⌅ 30 ⇥ |�m2

sol|
⇥

�m2
atm = 0.05 eV <

�
m�i < 0.5 eV = 10�6 ⇥me

�
m�i =

f1 ⇤ cos2 ⇥⇥ ⌅ 68%

f2 ⇤ sin2 ⇥⇥ ⌅ 32%
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Parametrization of PMNS:
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Neutrino Mixing Matrix:

Like the Quark Sector:
The Neutrino Mass Eigenstates, |⌅i⌅, are a Mixture of Flavor States, |⌅�⌅:

|⌅�⌅ = U�i|⌅i⌅. (using sij = sin ⇥ij and cij = cos ⇥ij)

U�i =

�

⇤
1

c23 s23

�s23 c23

⇥

⌅

�

⇤
c13 s13e�i⇤

1
�s13ei⇤ c13

⇥

⌅

�

⇤
c12 s12

�s12 c12

1

⇥

⌅

=

�

⇤
c13c12 c13s12 s13e�i⇤

�c23s12 � s13s23c12ei⇤ c23c12 � s13s23s12ei⇤ c13s23

s23s12 � s13c23c12ei⇤ �s23c12 � s13c23s12ei⇤ c13c23

⇥

⌅

Atmos. L/E µ⇥ ⇧ Atmos. L/E µ⇤ e Solar L/E e⇥ µ, ⇧

For Majorana Nu’s

U ⇤ U

0

@
1

ei�2

ei�3

1

A
Phases �2, �3 are unobservable in oscillation

phenomena, (U�iU
⇥
⇥i).

Important in neutrinoless double beta decay.
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“The” ⇧ Standard Model

• 3 light (mi <1 eV) Majorana Neutrinos: ⌅ only 2 ⇤m2

• Only Active flavors (no steriles): e, µ, ⌃

• Unitary Mixing Matrix:
3 angles (⌅12, ⌅23, ⌅13), 1 Dirac phase (⇤), 2 Majorana phases (�2,�3)

|⇧e, ⇧µ, ⇧⌅⇧Tflavor = U�i |⇧1, ⇧2, ⇧3⇧Tmass

U�i =

�

⇤
1

c23 s23

�s23 c23

⇥

⌅

�

⇤
c13 s13e�i⇤

1
�s13ei⇤ c13

⇥

⌅

�

⇤
c12 s12

�s12 c12

1

⇥

⌅

�

⇤
1

ei�

ei⇥

⇥

⌅

Atmos. L/E µ⇥ ⌃ Atmos. L/E µ⇤ e Solar L/E e⇥ µ, ⌃ 0⇧⇥⇥ decay

500km/GeV 15km/MeV
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SNO/KamLAND

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2

|Ue3|2(1 � |Ue3|2)

|Uµ3|2(1 � |Uµ3|2)

Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31
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Atm Nus/LBL

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2

|Ue3|2(1 � |Ue3|2)

|Uµ3|2(1 � |Uµ3|2)

Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31
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Reactor/LBL

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2

|Ue3|2(1 � |Ue3|2)

|Uµ3|2(1 � |Uµ3|2)

Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31

⇥1– Typeset by FoilTEX – 7

CC
NC

|sno � |Ue2|2
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SNO/KamLAND
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Atm Nus/LBL
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Reactor/LBL

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3
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CC
NC

|sno � |Ue2|2
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L/E = 500 km/GeV 500 km/GeV 15 km/MeV

|U⌧3|2

|Ue1|2

|Ue2|2 + |Uµ2|2 + |U⌧2|2
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Reactor/Solar ⌫’s

L/E = 500 km/GeV 500 km/GeV 15 km/MeV

|U⌧3|2

|Ue1|2

|Ue2|2 + |Uµ2|2 + |U⌧2|2
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Reactor/Solar ⌫’s

Atmospheric/Accelerator ⌫’s

L/E = 500 km/GeV 500 km/GeV 15 km/MeV

|U⌧3|2

|Ue1|2

|Ue2|2 + |Uµ2|2 + |U⌧2|2
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Neutrino Mixing Matrix: PMNS

6

André de Gouvêa Northwestern

Phenomenological Understanding of Neutrino Masses & Mixing

(The Standard Massive Neutrino Paradigm)

�

⇧⇧⇤

⇥e

⇥µ

⇥⇥

⇥

⌃⌃⌅ =

�

⇧⇧⇤

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⇥1 U⇥2 U⇥3

⇥

⌃⌃⌅

�

⇧⇧⇤

⇥1

⇥2

⇥3

⇥

⌃⌃⌅

Definition of neutrino mass eigenstates (who are ⇥1, ⇥2, ⇥3?):

• m2
1 < m2

2 �m2
13 < 0 – Inverted Mass Hierarchy

• m2
2 �m2

1 ⇤ |m2
3 �m2

1,2| �m2
13 > 0 – Normal Mass Hierarchy

tan2 �12 ⇥ |Ue2|2
|Ue1|2 ; tan2 �23 ⇥ |Uµ3|2

|U⇥3|2 ; Ue3 ⇥ sin �13e�i�

June 12, 2012 � Theory

smaller ⇥e

content

sin2 �12 � 1
3

sin2 �23 � 1
2

sin2 �13 � 0.02
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The Neutrino Masses:

5

1

2

3

1

2

3

Less than

4% �e
in the 3 state!

States 1 and 2 are �e rich.

E = mc2

– Typeset by FoilTEX – 1

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥23 �
1
2

| < 0.12 ⇥
�

�m2
21

�m2
31

⇥0.6

Close to Tri-Bi-Maximal: Accident or Symmetry ?
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Matter effect

CP violation

Eµ = 20 GeV

Solar LMA

sin2 2θ13 = 0.04

|δm2
32| = 0.002 eV2 ν1

ν3

ν2

ν3

ν2ν1

δm2 < 0

δm2 > 0

Wrong-Sign Muon Measurements

Stat. error for

1020 decays

Neutrino Factory: 

 Only way to get to very small values of 

|⇤sin �⌅T 2K
true � ⇤sin �⌅NO�A

true | ⇥ 0

|⇤sin �⌅T 2K
fake � ⇤sin �⌅NO�A

fake | ⇥ 1.0

�
sin2 2⇥13

0.05

if the measurement uncertainty on sin �

� ±0.2

then the two fake solutions are well separated down to

sin2 2⇥13 � 0.01
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�m2
sol = +7.6� 10�5 eV 2

|�m2
atm| = 2.4� 10�3 eV 2

|�m2
sol|/|�m2

atm| ⇧ 0.03
⇥

�m2
atm = 0.05 eV <

�
m�i < 0.5 eV = 10�6 ⇥me

sin2 ⇥12 ⌅ 1/3

sin2 ⇥23 ⌅ 1/2

sin2 ⇥13 < 3%

0 ⇤ � < 2⇤

– Typeset by FoilTEX – 1

�m2
sol = +7.6� 10�5 eV 2

|�m2
atm| = 2.4� 10�3 eV 2
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�m2
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�
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�
m�i =
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f2 ⇤ sin2 ⇥⇥ ⌅ 32%
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�m2
sol

Fermion Mass
(Neutrino Mass)

Mass is a coupling between the
RIGHT and the LEFT

components of the Fermion Field.

P 2 = M2, S2 = �1, and P · S = 0

then (P ± MS)2 = 0

Dirac spinor:

U(P, S) = (1+�5)
2 U(P+MS

2 ) + ei� (1��5)
2 U(P �MS

2 )

Right massless spinor Left massless spinor

for massless particles chirality and helicity are the identical
– Typeset by FoilTEX – 2
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Neutrino Mixing Matrix: PMNS

6

André de Gouvêa Northwestern

Phenomenological Understanding of Neutrino Masses & Mixing

(The Standard Massive Neutrino Paradigm)

�

⇧⇧⇤

⇥e

⇥µ

⇥⇥

⇥

⌃⌃⌅ =

�

⇧⇧⇤

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⇥1 U⇥2 U⇥3

⇥

⌃⌃⌅

�

⇧⇧⇤

⇥1

⇥2

⇥3

⇥

⌃⌃⌅

Definition of neutrino mass eigenstates (who are ⇥1, ⇥2, ⇥3?):

• m2
1 < m2

2 �m2
13 < 0 – Inverted Mass Hierarchy

• m2
2 �m2

1 ⇤ |m2
3 �m2

1,2| �m2
13 > 0 – Normal Mass Hierarchy

tan2 �12 ⇥ |Ue2|2
|Ue1|2 ; tan2 �23 ⇥ |Uµ3|2

|U⇥3|2 ; Ue3 ⇥ sin �13e�i�

June 12, 2012 � Theory

SNO CC
KamLAND

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2

|Ue3|2(1 � |Ue3|2)

|Uµ3|2(1 � |Uµ3|2)

Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31

⇥1– Typeset by FoilTEX – 7

Reactor/LBL

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2

|Ue3|2(1 � |Ue3|2)

|Uµ3|2(1 � |Uµ3|2)

Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31
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Atm Nus/LBL

Masses
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(The Standard Massive Neutrino Paradigm)
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Definition of neutrino mass eigenstates (who are ⇥1, ⇥2, ⇥3?):
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1 < m2

2 �m2
13 < 0 – Inverted Mass Hierarchy
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June 12, 2012 � Theory
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Matter effect

CP violation

Eµ = 20 GeV

Solar LMA
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32| = 0.002 eV2 ν1
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ν2
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Wrong-Sign Muon Measurements

Stat. error for

1020 decays

Neutrino Factory: 

 Only way to get to very small values of 
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André de Gouvêa Northwestern

Phenomenological Understanding of Neutrino Masses & Mixing
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Definition of neutrino mass eigenstates (who are ⇥1, ⇥2, ⇥3?):

• m2
1 < m2

2 �m2
13 < 0 – Inverted Mass Hierarchy

• m2
2 �m2

1 ⇤ |m2
3 �m2

1,2| �m2
13 > 0 – Normal Mass Hierarchy

tan2 �12 ⇥ |Ue2|2
|Ue1|2 ; tan2 �23 ⇥ |Uµ3|2

|U⇥3|2 ; Ue3 ⇥ sin �13e�i�

June 12, 2012 � Theory

SNO CC
KamLAND

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2

|Ue3|2(1 � |Ue3|2)

|Uµ3|2(1 � |Uµ3|2)

Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31

⇥1– Typeset by FoilTEX – 7

Reactor/LBL

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2

|Ue3|2(1 � |Ue3|2)

|Uµ3|2(1 � |Uµ3|2)

Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31

⇥1– Typeset by FoilTEX – 7

Atm Nus/LBL

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2

|Ue3|2(1 � |Ue3|2)

|Uµ3|2(1 � |Uµ3|2)

Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31

⇥1– Typeset by FoilTEX – 7

smaller ⇥e

content

sin2 �12 � 1
3

sin2 �23 � 1
2

sin2 �13 � 0.02

– Typeset by FoilTEX – 10

Stephen Parke                                                 LowNu @  KIAS                                               11/11/2011                      

The Neutrino Masses:

5

1

2

3

1

2

3

Less than

4% �e
in the 3 state!

States 1 and 2 are �e rich.

E = mc2

– Typeset by FoilTEX – 1

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥23 �
1
2

| < 0.12 ⇥
�

�m2
21

�m2
31

⇥0.6

Close to Tri-Bi-Maximal: Accident or Symmetry ?

– Typeset by FoilTEX – 7

Matter effect

CP violation

Eµ = 20 GeV

Solar LMA

sin2 2θ13 = 0.04

|δm2
32| = 0.002 eV2 ν1

ν3

ν2

ν3

ν2ν1

δm2 < 0

δm2 > 0

Wrong-Sign Muon Measurements

Stat. error for

1020 decays

Neutrino Factory: 

 Only way to get to very small values of 

|⇤sin �⌅T 2K
true � ⇤sin �⌅NO�A

true | ⇥ 0

|⇤sin �⌅T 2K
fake � ⇤sin �⌅NO�A

fake | ⇥ 1.0

�
sin2 2⇥13

0.05

if the measurement uncertainty on sin �

� ±0.2

then the two fake solutions are well separated down to

sin2 2⇥13 � 0.01

– Typeset by FoilTEX – 5

Matter effect

CP violation

Eµ = 20 GeV

Solar LMA

sin2 2θ13 = 0.04

|δm2
32| = 0.002 eV2 ν1

ν3

ν2

ν3

ν2ν1

δm2 < 0

δm2 > 0

Wrong-Sign Muon Measurements

Stat. error for

1020 decays

Neutrino Factory: 

 Only way to get to very small values of 

|⇤sin �⌅T 2K
true � ⇤sin �⌅NO�A

true | ⇥ 0

|⇤sin �⌅T 2K
fake � ⇤sin �⌅NO�A

fake | ⇥ 1.0

�
sin2 2⇥13

0.05

if the measurement uncertainty on sin �

� ±0.2

then the two fake solutions are well separated down to

sin2 2⇥13 � 0.01

– Typeset by FoilTEX – 5

�m2
sol = +7.6� 10�5 eV 2

|�m2
atm| = 2.4� 10�3 eV 2

|�m2
sol|/|�m2

atm| ⇧ 0.03
⇥

�m2
atm = 0.05 eV <

�
m�i < 0.5 eV = 10�6 ⇥me

sin2 ⇥12 ⌅ 1/3

sin2 ⇥23 ⌅ 1/2

sin2 ⇥13 < 3%

0 ⇤ � < 2⇤

– Typeset by FoilTEX – 1

�m2
sol = +7.6� 10�5 eV 2

|�m2
atm| = 2.4� 10�3 eV 2

|�m2
atm| ⌅ 30 ⇥ |�m2

sol|
⇥

�m2
atm = 0.05 eV <

�
m�i < 0.5 eV = 10�6 ⇥me

�
m�i =

f1 ⇤ cos2 ⇥⇥ ⌅ 68%

f2 ⇤ sin2 ⇥⇥ ⌅ 32%

– Typeset by FoilTEX – 1

�m2
sol

Fermion Mass
(Neutrino Mass)

Mass is a coupling between the
RIGHT and the LEFT

components of the Fermion Field.

P 2 = M2, S2 = �1, and P · S = 0

then (P ± MS)2 = 0

Dirac spinor:

U(P, S) = (1+�5)
2 U(P+MS

2 ) + ei� (1��5)
2 U(P �MS

2 )

Right massless spinor Left massless spinor

for massless particles chirality and helicity are the identical
– Typeset by FoilTEX – 2

�m2
sol

�m2
atm

Fermion Mass
(Neutrino Mass)

Mass is a coupling between the
RIGHT and the LEFT

components of the Fermion Field.

P 2 = M2, S2 = �1, and P · S = 0

then (P ± MS)2 = 0

Dirac spinor:

U(P, S) = (1+�5)
2 U(P+MS

2 ) + ei� (1��5)
2 U(P �MS

2 )

Right massless spinor Left massless spinor

for massless particles chirality and helicity are the identical
– Typeset by FoilTEX – 2

�m2
sol

�m2
atm

Fermion Mass
(Neutrino Mass)

Mass is a coupling between the
RIGHT and the LEFT

components of the Fermion Field.

P 2 = M2, S2 = �1, and P · S = 0

then (P ± MS)2 = 0

Dirac spinor:

U(P, S) = (1+�5)
2 U(P+MS

2 ) + ei� (1��5)
2 U(P �MS

2 )

Right massless spinor Left massless spinor

for massless particles chirality and helicity are the identical
– Typeset by FoilTEX – 2

�m2
sol

Fermion Mass
(Neutrino Mass)

Mass is a coupling between the
RIGHT and the LEFT

components of the Fermion Field.

P 2 = M2, S2 = �1, and P · S = 0

then (P ± MS)2 = 0

Dirac spinor:

U(P, S) = (1+�5)
2 U(P+MS

2 ) + ei� (1��5)
2 U(P �MS

2 )

Right massless spinor Left massless spinor

for massless particles chirality and helicity are the identical
– Typeset by FoilTEX – 2

SK & OPERA Tau’s
|U⌧3|2

|Ue1|2

|Ue2|2 + |Uµ2|2 + |U⌧2|2

– Typeset by FoilTEX – 1

KamLAND wiggles|U⌧3|2

|Ue1|2

|Ue2|2 + |Uµ2|2 + |U⌧2|2

– Typeset by FoilTEX – 1

SNO NC
|U⌧3|2

|Ue1|2

|Ue2|2 + |Uµ2|2 + |U⌧2|2

– Typeset by FoilTEX – 1



Stephen Parke                                     Academic Lecture 2014 @ Fermilab                                              1/14/2014                      

Neutrino Mixing Matrix: PMNS

6

André de Gouvêa Northwestern

Phenomenological Understanding of Neutrino Masses & Mixing

(The Standard Massive Neutrino Paradigm)
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⌃⌃⌅
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⇥3

⇥

⌃⌃⌅

Definition of neutrino mass eigenstates (who are ⇥1, ⇥2, ⇥3?):

• m2
1 < m2

2 �m2
13 < 0 – Inverted Mass Hierarchy

• m2
2 �m2

1 ⇤ |m2
3 �m2

1,2| �m2
13 > 0 – Normal Mass Hierarchy

tan2 �12 ⇥ |Ue2|2
|Ue1|2 ; tan2 �23 ⇥ |Uµ3|2

|U⇥3|2 ; Ue3 ⇥ sin �13e�i�

June 12, 2012 � Theory
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content

sin2 �12 � 1
3

sin2 �23 � 1
2

sin2 �13 � 0.02
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2

3

1

2

3

Less than

4% �e
in the 3 state!

States 1 and 2 are �e rich.

E = mc2
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Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

Masses and Mixings
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Close to Tri-Bi-Maximal: Accident or Symmetry ?
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Matter effect

CP violation

Eµ = 20 GeV

Solar LMA

sin2 2θ13 = 0.04

|δm2
32| = 0.002 eV2 ν1

ν3

ν2

ν3

ν2ν1

δm2 < 0

δm2 > 0

Wrong-Sign Muon Measurements

Stat. error for

1020 decays

Neutrino Factory: 

 Only way to get to very small values of 

|⇤sin �⌅T 2K
true � ⇤sin �⌅NO�A

true | ⇥ 0

|⇤sin �⌅T 2K
fake � ⇤sin �⌅NO�A

fake | ⇥ 1.0

�
sin2 2⇥13

0.05

if the measurement uncertainty on sin �

� ±0.2

then the two fake solutions are well separated down to

sin2 2⇥13 � 0.01
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⇥

�m2
atm = 0.05 eV <

�
m�i < 0.5 eV = 10�6 ⇥me

sin2 ⇥12 ⌅ 1/3

sin2 ⇥23 ⌅ 1/2

sin2 ⇥13 < 3%

0 ⇤ � < 2⇤
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Mass is a coupling between the
RIGHT and the LEFT

components of the Fermion Field.

P 2 = M2, S2 = �1, and P · S = 0

then (P ± MS)2 = 0

Dirac spinor:

U(P, S) = (1+�5)
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2 U(P �MS
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Right massless spinor Left massless spinor

for massless particles chirality and helicity are the identical
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SK & OPERA Tau’s
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21 = 8.0 ± 0.4⇥ 10�5 eV 2

KamLAND + SNO, SK, Ga, Cl

sin2 ✓12 = 0.31 ± 0.03

SNO + SK, Ga, Cl, KamLAND

SNO’s CC
NC ⇡ sin2 ✓12

since 8B fraction of ⌫2’s is 90 % !!!

Which Neutrinos ?

Mass E-state
Fraction
84% ⌫2’s

Flavor
Fraction
76% ⌫e’s
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⌫⌧ at Neutrino Factory

Constraining the non-linearity of the detector energy scale at better than 1% is required!

KamLAND achieved 1.9%

⌫µ ! ⌫µ

4|Uµ3

|2(1 � |Uµ3

|2): hard to get precision on |Uµ3|2 near 1/2

the �m2 measured is ⌫µ weighted average of |�m2
31| and |�m2

32|

⌫̄e ! ⌫̄e

precision measurement of |Ue3|2 and |Ue2|2

Mass Hierarchy is very challenging!!!
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(swamped by loop processes!!)

• Precision measurement of sin

2 ✓
12

• Mass Hiearchy?

In Vacuum:
¯P � P depends on sin � and sin 2✓

23

whereas
¯P + P depends on cos � and sin

2 ✓
23

(di↵erence in position of the ”2”)

• ⌫̄e ! ⌫̄e and/or ⌫e ! ⌫e

reactor, sources: L/E dependence

• ⌫µ ! ⌫µ

near and far detectors

• ⌫̄µ ! ⌫̄e or ⌫e ! ⌫µ

ICARUS/NESSIE @ CERN, LAr1 @ FNAL

NuSTORM (Muon storage ring)
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 see arXiv:1208.1551

Constraining the non-linearity of the detector energy scale at better than 1% is required!

KamLAND achieved 1.9%

⌫µ ! ⌫µ

4|Uµ3|2(1 � |Uµ3|2): hard to get precision on |Uµ3|2 near 1/2

the �m2 measured is ⌫µ weighted average of |�m2
31| and |�m2

32|

⌫̄e ! ⌫̄e

precision measurement of |Ue3|2

Mass Hierarchy is very challenging!!!
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