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Reactor/Accelerator Sector: {13}
CPT ⇤ invariant � ⇥ ��
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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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Neutrino Mixing Matrix: PMNS
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André de Gouvêa Northwestern

Phenomenological Understanding of Neutrino Masses & Mixing

(The Standard Massive Neutrino Paradigm)
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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
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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

– Typeset by FoilTEX – 10

Stephen Parke                                                 LowNu @  KIAS                                               11/11/2011                      

The Neutrino Masses:
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Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3
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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
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Phenomenological Understanding of Neutrino Masses & Mixing

(The Standard Massive Neutrino Paradigm)
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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
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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)
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Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1
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Matter effect

CP violation

Eµ = 20 GeV

Solar LMA

sin2 2θ13 = 0.04
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32| = 0.002 eV2 ν1
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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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�
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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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components of the Fermion Field.

P 2 = M2, S2 = �1, and P · S = 0
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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
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Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3
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At 2⌅ we have the following limits:
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Matter effect

CP violation

Eµ = 20 GeV
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Quark & lepton Unitarity Triangles:

4

Quark Triangle:

CKM picture 
Very impressive achievements from all heavy flavour 
experiments (e+e�, pp, pp) and lattice theory over the last 10 
years…. 

14th May 2013 Nobel Symposium 2013, V.Gibson 
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Quark & lepton Unitarity Triangles:
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Quark Triangle:

Unitarity Triangle:

U�
µ1Ue1 + U�

µ2Ue2 + U�
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|J | = 2⇥Area

J = s12c12s23c23s13c2
13 sin �
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BRIEF ARTICLE

THE AUTHOR

when sin(aL)/(aL) ⇤ 1
Neutrino Physics disparately needs to go beyond Megawatt traditional neutrino beams

and Megaton water Cerenkov detectors: Neutrino Factory is an excellent possibility.
For large sin2 2�13 (� 0.003-0.01 say) the low energy option could provide precision

measurements of the mixings to give meaningful tests to various sum rules coming from
models and also explore the possibility of new physics as sub-leading e�ects.

For smaller values of sin2 2�13 the higher energy option provides unpresident sensitivity
to small values sin2 2�13 and has the capability to untangle neutrino mixings from other
new physics.
⇥ 1�

3
= sin �13/

⌅
2

1

Three Main things we are looking for are:

Surprises! Surprises!! SURPRISES!!!

We all have prejudices
about how Nature has organized

the Neutrino/Lepton Sector:

She has SURPRISES in store for us

Let’s go Find Them !!!!!!

� 1/3
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only Unitarity triangle that doesn’t involve ⌫⌧ !

> 5� discovery

sin

2 ✓13 ⇡ 0.023 is the ⌫e fraction of ⌫3

(the mass state with smallest ⌫e content)

sin

2
2✓13

In Vacuum, at 1st Oscillation Maximum:

P (⌫̄µ ! ⌫̄e) ranges is between 1
2 and 2 times P (⌫µ ! ⌫e) !!!

Very Di↵erent !!! Was ✓13 ⇡ ✓Cp
2

Predicted?
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Neutrino Triangle:

|Ue1||Uµ1| = 0.0�0.5; |Ue2||Uµ2| = 0.2�0.4; |Ue3||Uµ3| = 0.1(1±0.2)

�(H ! ⌫⌫̄) =
⇣

m⌫
mb

⌘2
�(H ! bb̄)

Impossibly tiny !!!

Lepton Number Conservation v. Lepton Number Violation

Dirac: L̄H⌫R OR Majorana: 1
M

(L̄H)2

Reactor/Solar ⌫’s

Atmospheric/Accelerator ⌫’s

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

|U⌧3|2

|Ue1|2
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CKM picture 
Very impressive achievements from all heavy flavour 
experiments (e+e�, pp, pp) and lattice theory over the last 10 
years…. 

14th May 2013 Nobel Symposium 2013, V.Gibson 
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e1

||U
µ1

| = 0.1�0.5; |U
e2

||U
µ2

| = 0.2�0.4; |U
e3

||U
µ3

| = 0.1(1±0.2)

How to measure |U
µ1

|2 and |U
µ2

|2 separately ? ? ?

Neutrino Factory to detector in geo-synchronous orbit ! ! !

�

tree

(H ! ⌫
i

⌫̄
i

) ⇡
⇣

m

⌫

i

m

⌧

⌘
2

�(H ! ⌧ ⌧̄ )

Invisible & Impossibly tiny !!!

(swamped by other invisible processes!! e.g. H ! ZZ !
4⌫0s)

Dirac Nu Majorana Nu

Number of comp. 4 2

mass term: ⌫̄
R

⌫
L

+ ⌫̄
L

⌫
R

⌫
L

⌫c

L

in SM: ¯LH⌫
R

1

M

(

¯LH)

2

Lepton Number: Conserved Violated
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Unanswered Questions !

5

⌫ Standard Model
• Nature of Neutrino: Majorana (2 comp) or Dirac (4 comp) fermion?

• CPV in Neutrino Sector: determination Dirac phase � ?

• Ordering of mass eigenstates: Atmos. mass hierarchy, sign of �m

2

31

?

• Is ⌫

3

more ⌫

µ

or more ⌫

⌧

: |U
µ3

|2 > or < |U
⌧3

|2 or ✓

23

> or < ⇡/4

• Majorana Phases: 2 additional phases

• Absolute Neutrino Mass: m

lite
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Leptons v Quarks:

6

André de Gouvêa Northwestern

What We Are Trying To Understand:

� NEUTRINOS HAVE TINY MASSES

⇥ LEPTON MIXING IS “WEIRD” ⇥

VMNS �

�

⇧⇧⇧⇧⇧⇤
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0.4 0.6 0.7

⇥

⌃⌃⌃⌃⌃⌅
VCKM �

�

⇧⇧⇧⇧⇧⇤

1 0.2 0.001

0.2 1 0.01

0.001 0.01 1

⇥

⌃⌃⌃⌃⌃⌅

1

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10 2
10 3
10 4
10 5
10 6
10 7
10 8
10 9

10 10
10 11
10 12

0 1 2 3 4
generation

m
as

s 
(e

V)

t

b
τ

µ

c

s

d u

e

ν3
ν2

ν1

TeV

GeV

MeV

keV

eV

meV

What Does It Mean?

June 25, 2012 miniseesaw and steriles

Very Di�erent !!! Was �13 � �C�
2

Predicted?
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Flavors & quark-lepton unification 
Quarks CKM matrix  =  1 + (Cabibbo) effects 

Leptons’ MNSP matrix  =  X + (Cabibbo?) effects 

example:    θ  � θ /√213 c deviation from zero?  

speculate:    θ   ≃ π/4 + �(θ )atm c deviation from π/4 ?  

Cabibbo effects as deviation from X

contains two large angles

Tuesday, May 7, 2013
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Masses & Mixings (conti.)

8

Quark-Lepton Complementarity

Solar sum rules

Atm. sum rules

✓12 = 45

o

+ ✓13 cos �

✓12 = 35

o

+ ✓13 cos �

✓12 = 32

o

+ ✓13 cos �

✓12 + ✓
C

= 45o

Bimaximal

Golden Ratio

Tri-bimaximal

Tri-bimaximal-
Cabibbo

✓23 = 45o

Trimaximal1 ✓23 = 45

o

+

p
2✓13 cos �

Trimaximal2 ✓23 = 45

o � ✓13p
2

cos �

Now that �����is measured these predict   ✓13 cos �

✓12 = 35o

�13 = �
C

/
p
2 = 9.2o

Summary of Sum Rule Predictions 

Plus Charged 
Lepton Corrections... 

Plus HO 
corrections...   
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Given this end game:
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Given this end game:

Deduce the rules of chess!!!
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Given this end game:

Deduce the rules of chess!!!

theorists need more hints !
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Precision Measurements:

10
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CP

⇤µ ⇤ ⇤e ⌅⇧ ⇤̄µ ⇤ ⇤̄e

T ⌃ ⌃ T

⇤e ⇤ ⇤µ ⌅⇧ ⇤̄e ⇤ ⇤̄µ

CP

CPT across diagonals:

• First Row: Superbeams where ⇤e contamination ⇥1 %

• Second Row: ⇤-Factory or �-Beams, no beam contamination
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CP

⇤µ ⇤ ⇤e ⌅⇧ ⇤̄µ ⇤ ⇤̄e

T ⌃ CPT across diagonals ⌃ T

⇤e ⇤ ⇤µ ⌅⇧ ⇤̄e ⇤ ⇤̄µ

CP

CPT across diagonals:

• First Row: Superbeams where ⇤e contamination ⇥1 %

• Second Row: ⇤-Factory or �-Beams, no beam contamination

Even in matter, a vestige of CPT exists:
Instead of switch matter to anti-matter, switch neutrino hierarchy !!!

– Typeset by FoilTEX – 8

⌫⌧ 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

Mass Hierarchy is very challenging!!!
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where
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where
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⇥µ ⇥ ⇥e

Pµ⌅e =
���

⇥
j U⇥µj Ueje

�im2
jL/2E

���
2

Elimate U⇥µ1Ue1

using unitarity of U.
Use �ij = �m2

ijL/4E = 1.27�m2
ijL/E

Pµ⌅e =
�� 2U⇥µ3Ue3 sin�31e�i�32 + 2U⇥µ2Ue2 sin�21

��2

Square of Atmospheric+Solar amplitude:

U⇥µ3Ue3 = s23s13c13e⇤i� for ⇥ and ⇥̄:

Approx. U⇥µ2Ue2 � c23c13s12c12 +O(s13):

Pµ⌅e �
�� 2s23s13c13 sin�31e�i(�32±�) + 2c23c13s12c12 sin�21

��2

Interference term di�erent for ⇥ and ⇥̄: CP violation !!!
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Approx. U⇥µ2Ue2 � c23c13s12c12 +O(s13):

Pµ⌅e �
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Interference term di�erent for ⇥ and ⇥̄: CP violation !!!
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Vacuum 

LBL:Pµ!e ⇥ |
⌅

Patme�i(�32±�) +
⌅

Psol |2

0 when �31 = ⇥/2

0 in vacuum

a = GF Ne/
⌅

2 = (4000 km)�1, �ij = |�m2
ij|L/4E

and ± = sign(�m2
31)

⇥
⇥

2�13
�crit

� (aL)�13

⇤
⌅

� �31 cot �31
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2
�

PatmPsol cos(�32 ± �) = 2
�

PatmPsol cos�32 cos � (9)

⇥2
�

PatmPsol sin �32 sin � (10)

�ij = �m2
ijL/4E

cos(�32 ± �) = cos �32 cos � ⇥ sin �32 sin � (11)

CPC only CPV

P = Psol
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Vacuum 

LBL:Pµ!e ⇥ |
⌅

Patme�i(�32±�) +
⌅

Psol |2

0 when �31 = ⇥/2

0 in vacuum

a = GF Ne/
⌅

2 = (4000 km)�1, �ij = |�m2
ij|L/4E

and ± = sign(�m2
31)

⇥
⇥

2�13
�crit

� (aL)�13

⇤
⌅

� �31 cot �31
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2
�

PatmPsol cos(�32 ± �) = 2
�

PatmPsol cos�32 cos � (9)

⇥2
�

PatmPsol sin �32 sin � (10)

�ij = �m2
ijL/4E

cos(�32 ± �) = cos �32 cos � ⇥ sin �32 sin � (11)

CPC only CPV

P = Psol
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P (⇤µ ⌅ ⇤e) = | U⇥
µ1e

�im2
1L/2EUe1 + U⇥

µ2e
�im2

2L/2EUe2 + U⇥
µ3e

�im2
3L/2EUe3 |2

= |2U⇥
µ3Ue3 sin �31e

�i�32 + 2U⇥
µ2Ue2 sin �21|2

= |
�

Patme�i(�32+�) +
�

Psol|2

where
⌃

Patm = sin ⇥23 sin 2⇥13 sin �31
and

⌃
Psol ⇤ cos ⇥23 sin 2⇥12 sin �21

Pµ⇤e ⇤ Patm + 2
�

PatmPsol cos(�32 ± �) + Psol (6)

Pµ⇤e ⇤ Patm + 2
�

PatmPsol cos�32 cos � + Psol (7)

⇥2
�

PatmPsol sin �32 sin � (8)

P = Psol
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2
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PatmPsol cos(�32 ± �) = 2
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PatmPsol cos�32 cos � (9)

⇥2
�
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CPC only CPV

P = Psol
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⇥2
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cos(�32 ± �) = cos �32 cos � ⇥ sin �32 sin � (11)

CPC only CPV
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�Pcp = 2 sin � sin 2⇥13 sin 2⇥23 sin 2⇥12 cos ⇥13 sin�21 sin�31 sin�32

�ij =
�m2

ijL

4E

– Typeset by FoilTEX – 2
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In Matter:
�

Patm =sin �23 sin 2�13
sin(�31�aL)
(�31�aL) �31

�
Psol = cos �23 sin 2�12

sin(aL)
(aL) �21

– Typeset by FoilTEX – 3

± = sign(�m2
31), a = GF Ne/

⇧
2 ⇥ (4000 km)�1

P (⇥̄, �m2
31, �) = P (⇥, ��m2

31, �+⇤)

dashes ⌅ solid and solid ⌅ dashes

a ⇤ �a and � ⇤ ��

Anti-Nu: Normal Inverted
dashes � = ⇤/2
solid � = 3⇤/2
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Pµ⇥e � |
⇥

Patme�i(�32±�) +
⇥

Psol |2

0 when �31 = ⇥/2

0 in vacuum

a = GF Ne/
⇥

2 = (4000 km)�1, �ij = |�m2
ij|L/4E

and ± = sign(�m2
31)

⇥
⇥

2�13
�crit

� (aL)�13

⇤
⌅

� �31 cot �31
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P (�µ ⇥ �e) � |
�

Patme�i(�32+�) +
�

Psol|2

In Vacuum:
�

Patm =sin �23 sin 2�13 sin�31

�
Psol =cos �23 sin 2�12 sin�21

� = �m2L
4h̄cE = 1.27�m2L

4E

For L = 1200 km
and sin2 2�13 = 0.04

– Typeset by FoilTEX – 2

where
�

Patm = sin �23 sin 2�13
sin(�31�aL)
(�31�aL) �31

and
�

Psol = cos �13 cos �23 sin 2�12
sin(aL)
(aL) �21
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Psol |2

a = GF Ne/
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ij|L/4E and ± =

sign(�m2
31)

⇥
⇥

2�13
�crit

� (aL)�13

⇤
⌅

� �31 cot �31
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Pµ⌅e =
���

⇥
j U⇥µj Ueje

�im2
jL/2E

���
2

Elimate U⇥µ1Ue1

using unitarity of U.
Use �ij = �m2

ijL/4E = 1.27�m2
ijL/E

Pµ⌅e =
�� 2U⇥µ3Ue3 sin�31e�i�32 + 2U⇥µ2Ue2 sin�21

��2

Square of Atmospheric+Solar amplitude:

U⇥µ3Ue3 = s23s13c13e⇤i� for ⇥ and ⇥̄:

Approx. U⇥µ2Ue2 � c23c13s12c12 +O(s13):

Pµ⌅e �
�� 2s23s13c13 sin�31e�i(�32±�) + 2c23c13s12c12 sin�21

��2

Interference term di�erent for ⇥ and ⇥̄: CP violation !!!
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ē L
D

ir
ac

M
as

s
te

rm
s.

A
co

up
lin

g
of

e L
to
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Vacu
um LBL:

Pµ⇥e � |
⇥

Patme�i(�32±�) +
⇥

Psol |2

0 when �31 = ⇥/2

0 in vacuum

a = GF Ne/
⇥

2 = (4000 km)�1, �ij = |�m2
ij|L/4E

and ± = sign(�m2
31)

⇥
⇥

2�13
�crit

� (aL)�13

⇤
⌅

� �31 cot �31
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2
�

PatmPsol cos(�32 ± �) = 2
�

PatmPsol cos�32 cos � (9)

�2
�

PatmPsol sin �32 sin � (10)

�ij = �m2
ijL/4E

cos(�32 ± �) = cos �32 cos � � sin �32 sin � (11)

CPC only CPV

P = Psol
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1st Oscillation Maximum

14

At 1st Oscillation Maximum: �
31

= ⇡/2:

In vacuum,

P (⌫̄
µ

! ⌫̄
e

)± P (⌫
µ

! ⌫
e

) =

(
2 sin2 ✓

23

sin2 2✓
13

) ✓
23

“octant”
⇡

30

sin � J
r

CPV

where J
r

= sin 2✓
13

cos ✓
13

sin 2✓
23

sin 2✓
12

⇡ 0.3

In Matter:

• sum, corrections are small – matter*CPV ! ! !

• di↵erence can give Mass Hierarchy,
if matter e↵ects large enough and/or � favourable
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Current Experiments:

15

T2K:

• Near 1st Oscillation Maximum: L/E= 500 km/GeV

O↵ Axis beams:

T2K L=295km, hEi = 0.65 GeV, 2.5�

NO⌫A: L=810km, hEi = 2.0 GeV, 14 mrad

• Near the 2nd Oscillation Maximum: L/E= 1500 km/GeV

ESS to Garpenburg (540km) –broad band beam

• In between these Two: L/E ⇡ 1000 km/GeV

LBNO near the “bi-magic” baseline: 2300km –broad band
beam
– Typeset by FoilTEX – 21
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Pµ⇥e � Patm + 2
⇥

PatmPsol cos(�32 ± �) + Psol

where

Patm = sin2 ⇥23 sin2 2⇥13 sin2 �31

Psol = cos2 ⇥13 cos2 ⇥23 sin2 2⇥12 sin2 �21
�� 2s23s13c13 sin�31e�i(�32±�) + 2c23c13s12c12 sin�21

��2

Pµ⇥e �
�� 2s23s13c13 sin�31e�i(�32±�) + 2c23c13s12c12 sin�21

��2

At the first atmospheric
oscillation maximum, �32 = ⇤

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2⇥13 � sin2 2⇥12
tan2 ⇥23

⇥
⇤
2

�m2
21

�m2
31

⇤2

At the second oscillation maximum, �32 = 3⇤
2 , the peak in the
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(a) (b)

Figure 3: The left panel (a) shows the asymmetry between neutrino and anti-neutrinos as a function
of sin2 2✓13. The peak occurs when

p
P

atm

=
p

P
sol

at sin2 2✓13 ⇡ 0.002. The right panel (b) shows
the location of the zero mimicking solutions at the first oscillation maximum.

3.1. O↵ Axis Counting Experiments: T2K and NOVA

The experiments NO⌫A and T2K are introduced in the talks by Bernstein8) and
Nishikawa9) respectively. The allowed regions in the bi-probability space for the
NO⌫A experiment are shown in Fig. 4(a). The upper (red) region is for the inverted
hierarchy and the lower (blue) region for the normal hierarchy. The maximum value
of ✓13 for which there is overlap in these two regions has been named the critical
value11), ✓crit, and is given by the following expression,

✓crit ⇡ ⇡2

8

sin 2✓12

tan ✓23

�m2
21

�m2
31

 
4�2

31/⇡
2

1��31 cot �31

!

/(aL) (5)

For this experiment the numerical value of sin2 2✓crit is approximately 0.10, i.e. it is
close to the CHOOZ bound. Whereas Fig. 4(b) shows the four allowed solutions, two
for the normal hierarchy and two for the inverted hierarchy, in the sin � v sin2 2✓13

plane assuming that the measured values of the transitions probability for neutrinos
and anti-neutrinos is given by the cross near (2,2) % in Fig.4(a). Notice that the
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Mass Hierarchy:  NOvA
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Gary Feldman                         LBNE Reconfiguration Workshop                         25 April 2012                           9

3 Years Each ! and !

NO!A does about as well 
with 3 years of each. In 
addition, this plan rules out 
no CP violation at a greater 
significance and it provides
a constraint on the model
and on the measurements. 

sin2 �23 = 0.42

sin2 �23 = 0.58
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sin2 �23 = 0.42

sin2 �23 = 0.58

4 � 0.42 � 0.58 = 0.97
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sin2 �23 = 0.50

4 � 0.42 � 0.58 = 0.97

– Typeset by FoilTEX – 6

0 1 2 3 4 5 6 7 8
<P(!

µ      
!e)> [%]

0

1

2

3

4

5

6

7

8

<P
(!

µ
! e)>

 [%
]

Normal Mass Hierarchy
Inverted Mass Hierarchy
" = 0
" = #/2
" = #
" = 3#/2

L = 1300 km,  <E> = 3.2 GeV

sin22$
13

 = 0.09

LBNE:
@ same L/E as NOvA

T2HK:

• Near 1st Oscillation Maximum: L/E= 500 km/GeV

T2HK L=295km, hEi = 0.65 GeV, o↵ axis 2.5�

LBNE: L=1300km, E = 1 to 5 GeV, broad band beam

LENF L=1300km hEi = 2.5 GeV

• Near the 2nd Oscillation Maximum: L/E= 1500 km/GeV

ESS to Garpenberg (540km) E= 200 to 400 MeV, broad band
beam

• In between these Two: L/E ⇡ 1000 km/GeV

LBNO near the “bi-magic” baseline: 2300km –broad band
beam
– Typeset by FoilTEX – 25
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Avac � |P �P̄ |
|P+P̄ | ⇥ 1

11
sin 2⇥13 sin �

(sin2 2⇥13+0.002)
= 0.3 sin �
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In Vacuum, at 1st Oscillation Maximum:

P̄ (�̄µ � �̄e) ranges is between 1
2 and 2 times P (�µ � �e)

Very Di�erent !!! Was �13 � �C�
2

Predicted?
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J-PARC P32 (LAr TPC R&D), arXiv:0804.2111 

J-PARC+HK @ Kamioka  
                      L=295km OA=2.5deg 

J-PARC+LAr @ Okinoshima 
                      L=658km OA=0.78deg 

LoI: The Hyper-Kamiokande Experiment 
                                              arXiv:1109.3262v1 

Neutrino 2012 19 

Future LBL plans using J-PARC�
Current: T2K 
 J-PARC ~0.75MW 
+ 50kt WC @ 295km 2.5° 

20
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The Hyper-Kamiokande (Hyper-K or HK) detector is proposed as a next generation under-

ground water Cherenkov detector that serves as a far detector of a long baseline neutrino oscillation

experiment for the J-PARC neutrino beam and as a detector capable of observing proton decays,

atmospheric and solar neutrinos, and neutrinos from other astrophysical origins. The baseline de-

sign of Hyper-K is based on the well-proven technologies employed and tested at Super-Kamiokande

(Super-K or SK). Hyper-K consists of two cylindrical tanks lying side-by-side, the outer dimensions

of each tank being 48 (W)� 54 (H)� 250 (L) m3. The total (fiducial) mass of the detector is 0.99

(0.56) million metric tons, which is about 20 (25) times larger than that of Super-K. A proposed

location for Hyper-K is about 8 km south of Super-K (and 295 km away from J-PARC) and 1,750

meters water equivalent (or 648 m of rock) deep. The inner detector region is viewed by 99,000

20-inch PMTs, corresponding to the PMT density of 20% photo-cathode coverage (one half of

that of Super-K). The schematic view of the Hyper-K detector is illustrated in Fig. 1. Table I

summarizes the baseline design parameters of the Hyper-K detector.

TABLE I. Detector parameters of the baseline design.

Detector type Ring-imaging water Cherenkov detector

Candidate site Address Tochibora mine

Kamioka town, Gifu, JAPAN

Lat. 36⇥21⇤08.928⇤⇤N

Long. 137⇥18⇤49.688⇤⇤E

Alt. 508 m

Overburden 648 m rock (1,750 m water equivalent)

Cosmic Ray Muon flux 1.0 ⇥ 2.3 � 10�6 sec�1cm�2

O�-axis angle for the J-PARC � 2.5⇥ (same as Super-Kamiokande)

Distance from the J-PARC 295 km (same as Super-Kamiokande)

Detector geometry Total Volume 0.99 Megaton

Inner Volume (Fiducial Volume) 0.74 (0.56) Megaton

Outer Volume 0.2 Megaton

Photo-multiplier Tubes Inner detector 99,000 20-inch ⇥ PMTs

20% photo-coverage

Outer detector 25,000 8-inch ⇥ PMTs

Water quality light attenuation length > 100 m @ 400 nm

Rn concentration < 1 mBq/m3

48 III PHYSICS POTENTIAL
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FIG. 27. 3⌅ allowed regions for the case the mass hierarchy is unknown. The true mass hierarchy is

the normal hierarchy. Solid (dashed) line shows the contour for true � = 0( 12⇤). Stars indicate the true

parameter values. Plots with sin2 2⇥13 of 0.01, 0.05, and 0.1 are overlaid. In addition to the region around

the true values, there are fake solutions around � = ⇤(�⇤) for true � = 0( 12⇤) due to degeneracy.
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FIG. 28. Sensitivity to the mass hierarchy. Blue, green, and red lines correspond to 1, 2, and 3 ⌅, respectively.

The true mass hierarchy is the normal hierarchy.

of mass hierarchy becomes smaller, as it becomes relatively insignificant compared to the genuine

CP asymmetry.

If we assume that the mass hierarchy is not known, the discovery potential for CP violation

is as shown in Figure 29. For the parameter 0 < � < ⇤, the exclusion region becomes smaller

compared to the case where mass hierarchy is known (Fig. 24) because of the fake solution coming

from unknown mass hierarchy. However, there are sets of parameters for which CP asymmetry can

be observed, and for �⇤ < � < 0, there is little e�ect even if the mass hierarchy is not measured.
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FIG. 26. The �⌃2 as a function of �, for the case the mass hierarchy is unknown. sin2 2⇥13 is fixed to 0.1.

The true parameters are (sin2 2⇥13, �) = (0.10, 0.5⌅) and normal hierarchy. In this case, ⌃2 is calculated with

both normal and inverted hierarchy and the smaller is taken as the minimum value. Due to the parameter

degeneracy, there is a local minimum with inverted hierarchy hypothesis.

a local minimum with the inverted hierarchy hypothesis in addition to the minimum around the

true value with the normal hierarchy hypothesis. If this fake solution is consistent with null CP

asymmetry even though the true solution violates the CP symmetry, then the sensitivity to the

CP violation will be lost for that parameter set.

Figure 27 shows the 3⇧ allowed regions for the case the true mass hierarchy is normal but

not determined prior to this experiment. Solid red (dashed blue) line shows the contour for true

� = 0 (12⌅). Stars indicate the true parameter values. Plots for sin2 2⇥13 of 0.01, 0.05, and 0.1 are

shown together. The areas indicated by dashed lines around sin2 2⇥13 = 0.1 correspond to the case

shown in Fig. 26. In addition to the region around the true values, there is a fake solution due to

unknown mass hierarchy.

If sin2 2⇥13 is as large as � 0.1, the NO⇤A experiment in United States [47] together with

the T2K experiment will have sensitivity to the mass hierarchy. In addition, for a large value of

sin2 2⇥13, Hyper-K itself has considerable sensitivity to the mass hierarchy. Figure 28 shows the

sensitivity to the mass hierarchy from the J-PARC to Hyper-K experiment alone. For each set of

(⇥true13 , �true) with normal mass hierarchy (�m2
32

true
> 0), the inverted hierarchy hypothesis is tested

by calculating �⌃2 for various sets of (⇥test13 , �test) with �m2
32

test
< 0. The J-PARC to Hyper-K

experiment has sensitivity to the mass hierarchy for sin2 2⇥13 > 0.05. For sin2 2⇥13 = 0.1, the mass

hierarchy can be determined with more than 3⇧ significance for 46% of the � parameter space. Also,

the atmospheric neutrino observation will have a sensitivity to the mass hierarchy as described in

Sec. III B. If sin2 2⇥13 is too small for those experiments to determine the mass hierarchy, the e⇥ect
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hierarchy.
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Normal hierarchy is assumed.

This is because the mass hierarchy can be determined and the degeneracy is resolved for these

parameter sets as shown in Fig. 28. For the case in which the true mass hierarchy is inverted, a

similar argument holds with �⌅ < � < 0 and 0 < � < ⌅ inverted.

In reality, the mass hierarchy can be determined for wider range of parameters by combining

other experiments and atmospheric neutrino observations with Hyper-K. In conclusion, the knowl-

edge of the neutrino mass hierarchy will have only limited impact on the discovery potential of

leptonic CP violation by a J-PARC to Hyper-K long baseline program as discussed here.

CPV:

21

MH from Atm Nus:
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MINERvA 

MiniBooNE 

MINOS (far) 

MINOS (near) 

Operating 
since 2005 
(350 kW) 

Neutrino program 

NOvA (far) Under construction 
Online 2013 
(700 kW) 

MicroBooNE 
Under construction 
(LAr TPC) 

NOvA 
(near) 
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LBNE
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Mass H ierarchy Reach 

� Adding N OvA & T2K data helps, especially at short baselines. 
6/20/12 LBNE - PAC 15 

CP V iolation Reach 

� Hierarchy problem � �CP>0 problem (at short baselines) 
 
 

� + N OvA/T2K 

6/20/12 LBNE - PAC 17 

� Unoscillated �� charged-current spectra with �e 
appearance probability curves. 

8 6/20/12 LBNE - PAC 

Ash River LE Soudan LE 

Homestake LE 

• LBNE:

– Beamline @ Fermilab: 1-5 GeV, 700 kW ---> 2.1 MW

– Baseline: 1300 km on-axis, Fermilab to Homestake

– Detector: 34 ktons LAr @ 4300 mwe in Homestake

LBNE original

23

Staging???  LBNO+LBNE=LBNU
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2nd Oscillation Max:
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European Spallation Source 

6 

under construction 
(~1.5 B€ facility) 

9/17/13 WIN2013, Elena Wildner 

from Wildner’s talk

Detector: 500kt WC, MEMPHYS
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European Spallation Source 

6 

under construction 
(~1.5 B€ facility) 

9/17/13 WIN2013, Elena Wildner 

Detector location (LAGUNA) 

9/17/13 WIN2013, Elena Wildner 

CERN 

ESS 

26 

Possible mines 

Garpenberg 540 km

from Wildner’s talk

Detector: 500kt WC, MEMPHYS
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How to add a neutrino facility? 

• Linac modifications:  
• double the rate (14 Hz  →  28  Hz),  one  

pulse for neutrinos and one pulse for 
neutrons (5 MW each) 

• additional RF power to drive the two 
beams (for neutrons and neutrinos) 

• install upgradable power sources 
• or double the power sources (free space 

has to be foreseen since now) 

2.5 GeV protons 
flux at 100 km 

9/17/13 WIN2013, Elena Wildner 11 

• 2 GeV protons: ~300 MeV neutrinos 
• No perturbation of the neutron facility 
• Close technical collaboration at early stage 
• Acceptable cost 

Conclusions 
• ESS is under construction, well defined schedule 

• More than 1023 protons/year, 5 MW, 2-3 GeV 

• Modifications are needed to have a neutrino beam at ESS 

• Double the rate 

• Add an accumulator 

• Add a target station 

• Underground detector (MEMPHYS), mines available 

• Very promising physics performance using EUROnu optimizations: 

• CPV: coverage up to ~60% 

• MH: could reach 5 σ combining atmospheric neutrinos 

• First ESS beam 2019, full power/energy by 2023. 

• For a fraction of the cost we can get a 5MW proton driver for Neutrino Physics 
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CPV
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Physics Performance for Future SB projects 
(Enrique Fernandez) CPV MH 

• LBNE: 5+5 years, 0.7 MW, 10/35 kt LAr 
• T2HK: 3+7 years, 0.75 MW, 500 kt WC (5%/10% syst. errors) 
• SPL: 2+8 years, 4 MW, 500 kt WC (130 km, 5%/10% syst. errors) 
• ESS: 2+8 years, 5 MW, 500 kt WC (2 GeV, 360/540 km, 5%/10% syst. errors)  
• C2Py: 20/100 kt LAr, 0.8 MW, 2300 km 

9/17/13 WIN2013, Elena Wildner 

unknown MH 
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another possibility: Daedalus 
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nu_mu Disappearance:
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NOνA [37], the muon neutrino survival probability is given by

P (νµ → νµ) = 1− sin2 2θµµ sin
2

(

∆m2
µµL

4E

)

+O(∆2
21) , (5)

where ∆m2
µµ is the muon neutrino weighted average of ∆m2

31 and ∆m2
32 [32], and

sin2 2θµµ ≡ 4|Uµ3|2(1− |Uµ3|2) = 4 cos2 θ13 sin
2 θ23(1− cos2 θ13 sin

2 θ23) . (6)

Matter effects are very small in this channel (except maybe for some neutrino factory setups),
and are ignored here.

FIG. 3: Left panel: Contours for the χ2 distribution in the sin2 2θµµ-sin2 θ23 plane, where χ2 ≡
(4 cos2 θ13 sin

2 θ23(1 − cos2 θ13 sin
2 θ23) − sin2 2θµµ)2/(σµµ sin

2 2θµµ)2, sin
2 θ13 = 0.023 and σµµ =

1.4%. Right panel: Contours for the same χ2 in the sin2 θ13 and sin2 θ23 plane, for different values

of sin2 2θµµ as indicated in each subpanel. With the assumed uncertainty, there are two distinct
allowed bands for sin2 θ23 for values of sin2 2θµµ < 0.96, whereas the two bands start to merge for
sin2 2θµµ > 0.96. Note, the small upward shift with respect to the line sin2 θ23 = 0.5 caused by

the non-zero value of sin2 θ13. In both panels, the different lines correspond to different confidence
levels as indicated in the legend. Note that the left panel corresponds to 1 d.o.f. while the right

panel is obtained for 2 d.o.f.

For relatively small values of θ13, the fate of the determination of sin2 θ23 depends very
much on how close is θ23 to the maximal value. In Fig 3, we have plotted the χ2 of sin2 2θµµ as
a function of sin2 θ23 assuming an uncertainty of 1.4% for the labelled various central values
for sin2 2θµµ. Using this uncertainty the two regions start to merge when sin2 2θµµ > 0.96
and the determination of sin2 θ23 from the νµ-disappearance measurements is significantly
degraded. (The critical value which separates the two regions, of course, will depend on the
actual accuracy of the measurement.)

10

Coloma, Minakata and Parke
arXiv:2014.????

For sin2 2θ23 ! sin2 2θµµ <∼ 0.96, a measurement of sin2 θ23 gives two distinct values of
sin2 θ23 given by

sin2 θ(1)23 = sin2 θµµ/ cos
2 θ13 ≈ sin2 θµµ(1 + sin2 θ13) ,

sin2 θ(2)23 = cos2 θµµ/ cos
2 θ13 ≈ cos2 θµµ(1 + sin2 θ13) , (7)

using the convention that θµµ ≤ π
4 , i.e. sin

2 θµµ ≤ 1
2 . Note, that θ

(2)
23 is always in the second

octant and for nearly all values of θµµ, θ
(1)
23 is in the first octant. However, if

sin2 θµµ >
1

2
cos2 θ13

then θ(1)23 is also in the second octant. This new feature of the θ23 “octant” degeneracy only
occurs if θ23 is very close to maximal and for the observed non-zero value of θ13.

For sin2 2θ23 ! sin2 2θµµ >∼ 0.96, the two allowed regions of sin2 θ23 merge to a unique one
which is extended to both the first and the second octants of θ23. Exactly where this occurs
depends on the systematic errors used in the disappearance measurement. An example is
shown in the right panel of Fig. 3. In this merged region, information on the value of sin2 θ23
from the appearance channels will be particularly useful.

What is currently known about sin2 2θµµ? The recent νµ-disappearance measurement by
T2K reported sin2 2θµµ >∼ 0.97 at 90% CL (1 d.o.f.) [36, 38]. Thus, it appears that nature
has chosen to live in this merged region, on which we focus in the following discussion.

To close this subsection we would like to emphasize that this θ23 − θ13 disappearance
degeneracy (or “octant” degeneracy), for the two parameters θ23 and θ13, is a continuous
degeneracy of the νµ disappearance probability only.

D. Features of the general θ23 − θ13 − δ continuous degeneracy

In the merged region, sin2 2θµµ >∼ 0.96, we face with two kinds of continuous degeneracies:
the θ23 − θ13 − δ appearance degeneracy and the θ23 − θ13 disappearance degeneracy. In
this subsection we discuss some of the interesting features of these degeneracies and their
intersection.

In Fig. 4, the allowed regions in the sin2 θ23 − sin2 θ13 plane are shown for 1, 2 and 3 σ
CL (2 d.o.f). The vertical blue band comes from the ν̄e disappearance measurement, the
almost horizontal red band corresponds to the merged first and second octant solutions for
the νµ disappearance measurements and the dotted black band is the νµ → νe and ν̄µ → ν̄e
appearance measurements. In all cases, the uncertainties on the measurement are assumed
to be of 1.4%, as defined in Ref. [20]. This figure clearly shows the continuous degeneracy in
the sin2 θ23 vs sin

2 θ13 plane associated with the appearance and disappearance probabilities,
as well as the overlapping regions between them. One of these overlapping regions is the
true solution, while the other region is fake and will move as we vary the neutrino energy.
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• Peaks caused by ✓23 degeneracy that is unresolved !

only Unitarity triangle that doesn’t involve ⌫⌧ !
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Uncertainty on Theta23 for NF:
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FIG. 7: Same as left panel in Fig. 5, but for the IDS-NF setup. All lines correspond to the assumed
uncertainty for this parameter in our default scenario (30%), while the blue band shows the impact

on the result for the disappearance channels if the systematic error on the ντ cross section is varied
between a 20% and a 40%.

We have confirmed that this relation holds reasonably well when both observables are
computed within the same experimental setup sitting near the VOM. The results are shown
in Fig. 8 for the case of the T2HK setup. In this figure, the error on sin δ is compared to
the error on sin2 θ23 multiplied by a factor of 6. Results are shown as a function of the value
of δ itself, for sin2 θ23 = 0.50. As it can be seen from the figure, the agreement between the
two curves is quite good, and they show a similar dependence with the value of δ itself, with
the sole exception of the regions close to ±π/2.

The reason for the disagreement in these two regions can be partially explained by taking
into account that the function sin δ in these regions has an upper limit, while this is not the
case for sin2 θ23 in the region under consideration (i.e., around maximal mixing). Therefore,
one should expect the confidence interval in this region to be reduced by approximately
a factor of 2 for sin δ. It is also related to the Jacobian involved in the measurement
of sin δ, as partially discussed in Ref. [44]. The precision on sin δ can be computed by
doing a Taylor expansion by ∆(δ), the error of δ. To first order in the expansion, it gives
∆(sin δ) = cos δ∆(δ), which implies that ∆(sin δ) should vanish at δ = ±π

2 . When higher
order terms are included in the Taylor expansion, however, a non-vanishing result is obtained,
in agreement with the minima for the dashed curve in Fig. 8.

We have also examined whether the relation holds for different values of θ23. The quali-
tative features of the results are quite similar, but the difference between the solid blue and
the dashed red curves in Fig. 8 becomes larger: it increases by approximately a factor of
∼ 3 at δ = 0 when θ23 is varied from sin2 θ23 = 0.40 to sin2 θ23 = 0.60, while they are more
similar near the dips (δ ∼ ±π/2).
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Non-Standard Interactions:
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Figure 7: Summary for the optimization of a neutrino factory as a function of the muon energy. The

dark bars represent Eµ = 50 GeV, the medium light bars Eµ = 25 GeV, and the light bars Eµ = 5 GeV. The

upper group of bars represents the standard optimization (in terms of the sin2 2θ13 reach), the middle group

of bars represents the standard optimization (in terms of the sin2 2θ13 reach) including εm
eτ marginalized

over, and the lower group the non-standard optimization (in terms of the |εm
αβ | sensitivity). Here the IDS-NF

setup is used with two baselines at 4 000 km and 7 500 km. Both the sensitivities without silver channel,

as well as with an advanced silver channel detector Silver* are shown in all cases. As a benchmark point,

sin2 2θtrue
13 = 0.001 and δtrue

CP
= 3π/2 has been chosen, as well as a true normal hierarchy.
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Conclusions:
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• To Be Majorana or Not To Be Majorana?

• We know (|U
e2

|2, |U
e3

|2, |U
µ3

|2) with precision of
(5,10,15)% but have little information on the other 6 elements
of the PMNS matrix without assuming Unitarity. Stringent
tests of the ⌫SM Paradigm needed.

• Determining the Mass Hierarchy & measuring CPV are
the next steps. Tau’s?

• m
lite

, if ⌧ �m2

21

, a new scale to explain !

• Are there lite Sterile neutrinos?
Can we exclude |U

e4

|2 and |U
µ4

|2 > 0.01, say, for �m2 ⇠ 1eV 2

• Solving the Neutrino Masses and Mixing pattern is di�cult
challenge for Theory! Need hints.

• Where are there further “SURPRISES” in the Neutrino
Sector?– Typeset by FoilTEX – 18
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We haven’t got the money,

                             so we’ll have to think!
 E. Rutherford


