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Science Drivers 

•  We distilled the eleven groups of physics questions from 
Snowmass* into five compelling lines of inquiry that show 
great promise for discovery over the next 10 to 20 years.   

•  The Science Drivers: 
–  Use the Higgs boson as a new tool for discovery 
–  Pursue the physics associated with neutrino mass 
–  Identify the new physics of dark matter 
–  Understand cosmic acceleration: dark energy and inflation 
–  Explore the unknown: new particles, interactions, and physical 

principles  
•  The Drivers are deliberately not prioritized because they are 

intertwined, probably more deeply than is currently 
understood. 

•  A selected set of different experimental approaches that 
reinforce each other is required.  Projects are prioritized. 

•  The vision for addressing each of the Drivers using a selected 
set of experiments – their approximate timescales and how 
they fit together – is given in the report.  

* See Appendix D and http://www.slac.stanford.edu/econf/C1307292/ 

P5 Report May 2014 12 

Science Drivers 

•  We distilled the eleven groups of physics questions from 
Snowmass* into five compelling lines of inquiry that show 
great promise for discovery over the next 10 to 20 years.   

•  The Science Drivers: 
–  Use the Higgs boson as a new tool for discovery 
–  Pursue the physics associated with neutrino mass 
–  Identify the new physics of dark matter 
–  Understand cosmic acceleration: dark energy and inflation 
–  Explore the unknown: new particles, interactions, and physical 

principles  
•  The Drivers are deliberately not prioritized because they are 

intertwined, probably more deeply than is currently 
understood. 

•  A selected set of different experimental approaches that 
reinforce each other is required.  Projects are prioritized. 

•  The vision for addressing each of the Drivers using a selected 
set of experiments – their approximate timescales and how 
they fit together – is given in the report.  

* See Appendix D and http://www.slac.stanford.edu/econf/C1307292/ 

P5 Report May 2014 12 

Science Drivers 

•  We distilled the eleven groups of physics questions from 
Snowmass* into five compelling lines of inquiry that show 
great promise for discovery over the next 10 to 20 years.   

•  The Science Drivers: 
–  Use the Higgs boson as a new tool for discovery 
–  Pursue the physics associated with neutrino mass 
–  Identify the new physics of dark matter 
–  Understand cosmic acceleration: dark energy and inflation 
–  Explore the unknown: new particles, interactions, and physical 

principles  
•  The Drivers are deliberately not prioritized because they are 

intertwined, probably more deeply than is currently 
understood. 

•  A selected set of different experimental approaches that 
reinforce each other is required.  Projects are prioritized. 

•  The vision for addressing each of the Drivers using a selected 
set of experiments – their approximate timescales and how 
they fit together – is given in the report.  

* See Appendix D and http://www.slac.stanford.edu/econf/C1307292/ 

4

Neutrinos are one of the main science drivers 
of particle physics  

Joseph Lykken                                                                                                                   Neutrino 2014 Conference, Boston, June 7, 2014
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http://www-sk.icrr.u-tokyo.ac.jp/nu98/scan/

http://www-sk.icrr.u-tokyo.ac.jp/nu98/scan/

16 years ago
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Neutrinos: Theory and Phenomenology: 2

1. Introduction

Fifteen years ago this year, the SuperKamiokande collaboration presented a talk titled

“Evidence for ⌫µ Oscillations” at the Neutrino 1998 conference [1]. This set the particle

physics world “abuzz” since, if neutrinos change flavor, it implies that their clocks are

ticking and therefore they cannot be traveling at the speed of light. Hence neutrinos

have mass.

Fast forward fifteen years and the evidence for neutrino flavor conversion is

overwhelming. The simplest and only satisfactory explanation of all the data is that

neutrinos have distinct masses and mix. Two distinct baseline (L) divided by neutrino

energy (E) scales have been identified corresponding to two distinct �m2 for the neutrino

mass eigenstates‡:
L/E = 500 km/GeV and �m2

atm = 2.4⇥ 10�3 eV2

L/E = 15, 000 km/GeV and �m2

sol = 7.5⇥ 10�5 eV2.

These are known as the atmospheric and solar scales, respectively.

Since it is most likely that the Higgs boson has been discovered at the LHC, it

is natural to ask how the neutrinos couple to the Higgs boson. First, what is “mass”

for a fermion? It is a coupling of the right and left components of the field, and for

the neutrino this coupling depends on whether the neutrino is a Dirac particle, like all

the other fermions in the Standard Model or a Majorana fermion, which would make it

unique amongst the particles of the Standard Model. The couplings for both Dirac and

Majorana [3] neutrinos are given in the following Table:

Type: Mass Term Coupling to Higgs # comp. Lepton Number

Dirac: ⌫̄R⌫L + ⌫̄L⌫R L̄H⌫R 4 Conserved

Majorana: ⌫L⌫c
L

1

M
(L̄H)2 2 Violated

Determining whether the nature of the neutrino is Dirac or Majorana is one

of the big unanswered questions in neutrino physics and is being addressed through

neutrinolesss, double beta decay experiments. Independent of the nature of the neutrino,

the partial width of the Higgs decaying to two massive neutrinos is given by

�
tree

(H ! ⌫i⌫̄i) ⇡
✓

m⌫i

m⌧

◆

2

�(H ! ⌧ ⌧̄) ⇡ 10�20 �(H ! ⌧ ⌧̄) (1)

So not only is this decay invisible, it is impossibly tiny and swamped by other invisible

decays of the Higgs, such as H ! ZZ ! 4⌫!

In seesaw models, where the mass of the neutrinos is naturally very light, it is

possible that LHC could see physics beyond the SM, such as right handed heavy

neutrinos or doubly charged scalar Higgs particles, if the mass scale is within reach

of this collider.

‡ The LSND, miniBooNE, reactor and source anomalies, which do not fit this paradigm, will be
addressed in a later section
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• To Be Majorana or Not To Be Majorana?

• We know (|Ue2|2, |Ue3|2, |Uµ3|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, determining the Mass Hierarchy
& measuring CPV are the next steps. Unitarity Triangle? Tau’s?

• Are there lite Sterile neutrinos?
Can we exclude |Ue4|2 and |Uµ4|2 > 0.01, say, for �m2 ⇠ 1eV 2

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

– Typeset by FoilTEX – 2

We are swimming 
in a quantum liquid

• There is quantum liquid 
filling our Universe

• It doesn’t disturb gravity 
or electric force

• It does disturb weak 
force and make it short-
ranged

• It slows down all 
elementary particles 
from speed of light

• otherwise no atoms!
• What is it??
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24

Neutrino masses BSM: see saw mechanism type I See 
Babu’s 
talk

m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

 Introduce a right handed 
neutrino N
 Couple it to the Higgs

�
0 mD

mT
D MN

⇥

See-saw type I models can be embedded in GUT theories 
and  explain the baryon asymmetry via leptogenesis.

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond, 
Slansky; Mohapatra, Senjanovic

2
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• How many light Neutrinos? at least 3 !

⌫̄R

• Labeling massive neutrinos:

• To Be Majorana or Not To Be Majorana?

• We know (|Ue2|2, |Ue3|2, |Uµ3|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, determining the Mass Hierarchy
& measuring CPV are the next steps. Unitarity Triangle? Tau’s?

• Are there lite Sterile neutrinos?
Can we exclude |Ue4|2 and |Uµ4|2 > 0.01, say, for �m2 ⇠ 1eV 2

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

– Typeset by FoilTEX – 3

• How many light Neutrinos?

Except for LSND, MiniBooNE, Reactor and Gallium Anomalies,
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and ⌫µ and ⌫e Disappearance data ! !
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Needs to be definitively resolved:

MicroBooNE, LAr-ND, ICARUS@Fermilab
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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.

– Typeset by FoilTEX – 2

• Labeling massive neutrinos:

• To Be Majorana or Not To Be Majorana?

• We know (|Ue2|2, |Ue3|2, |Uµ3|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, determining the Mass Hierarchy
& measuring CPV are the next steps. Unitarity Triangle? Tau’s?

• Are there lite Sterile neutrinos?
Can we exclude |Ue4|2 and |Uµ4|2 > 0.01, say, for �m2 ⇠ 1eV 2

• Solving the Neutrino Masses and Mixing pattern is di�cult challenge
for Theory!
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Question III: Masses and Mixings



Stephen Parke, Fermilab                                      Users 2014 @ Fermilab                                                         6/12/2014                      
7

�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 = +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

sin2 �12 ⇠ 1
3

sin2 �23 ⇠ 1
2

sin2 �13 ⇠ 0.02

– Typeset by FoilTEX – 2

�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

sin
2Θ13

1

2

3

sin
2Θ12

sin
2Θ23

1

"1

1

"1

1

"1

cos ∆ $

NORMAL

Νe ΝΜ ΝΤ

N
eu
tr
in
o
M
as
s
S
q
u
ar
ed
Fractional Flavor Content varying cos ∆

(msol
2

(matm
2

! !sinΘ13

! !sinΘ13

sin
2Θ13

1

2

3

cos ∆ $

1

"1

1

"1

1

"1

sin
2Θ23

sin
2Θ12

INVERTED

(msol
2

(matm
2

! !sinΘ13

! !sinΘ13

Solar Sector: {12}
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Reactor/Accelerator Sector: {13}
CPT ⇤ invariant � ⇥ ��

– Typeset by FoilTEX – 4

• � 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.

– Typeset by FoilTEX – 2

• Labeling massive neutrinos:

• To Be Majorana or Not To Be Majorana?

• We know (|Ue2|2, |Ue3|2, |Uµ3|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, determining the Mass Hierarchy
& measuring CPV are the next steps. Unitarity Triangle? Tau’s?

• Are there lite Sterile neutrinos?
Can we exclude |Ue4|2 and |Uµ4|2 > 0.01, say, for �m2 ⇠ 1eV 2

• Solving the Neutrino Masses and Mixing pattern is di�cult challenge
for Theory!
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|Ue1

|2 > |Ue2

|2 > |Ue3

|2
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Question III: Masses and Mixings
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Question IV:   Non-Standard Interactions
 and other exotica

8

• Do we need new physics beyond just Neutrino Mass?

Extra Interactions of the Neutrinos?

Do the Massive Neutrinos Decay?

Lorentz Violations? .......
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• Do we need new physics beyond just Neutrino Mass?
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Premature Decoherence?
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Neutrino Mixing Matrix: PMNS

9

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
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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

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⇤
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�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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�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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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)
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2 )

Right massless spinor Left massless spinor
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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)

�

⇧⇧⇤

⇥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
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
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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
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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

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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sol|/|�m2
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⇥
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atm = 0.05 eV <

�
m�i < 0.5 eV = 10�6 ⇥me
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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
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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
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
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States 1 and 2 are �e rich.
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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
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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

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
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| sin2 ⇥12 �
1
3
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�m2
21

�m2
31
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sin2 �12 � 1
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sin2 �23 � 1
2

sin2 �13 � 0.02
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Masses
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| sin2 ⇥12 �
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| < 0.04 ⇥
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�m2
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�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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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
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for massless particles chirality and helicity are the identical
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(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

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
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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

|Ue2|2
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Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21
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⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
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�m2
21
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31
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sin2 �12 � 1
3
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2
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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:
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�

�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 
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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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Mark Ross-Lonergan, Invisibles Network
Fermilab, Durham 
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Quark & lepton Unitarity Triangles:

12

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 Triangle:

Unitarity Triangle:

U�
µ1Ue1 + U�

µ2Ue2 + U�
µ3Ue3 = 0

|J | = 2⇥Area

J = s12c12s23c23s13c2
13 sin �

⇤ = � or 2⇥ � �
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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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| = 0.1�0.5; |U
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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

⌫̄
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) ⇡
⇣

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 !

13

⌫ 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:

14

André de Gouvêa Northwestern

What We Are Trying To Understand:

� NEUTRINOS HAVE TINY MASSES

⇥ LEPTON MIXING IS “WEIRD” ⇥

VMNS �
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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.)
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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:
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Nu_e Disappearance Experiments:

19

contrasted to the feature of disappearance “octant” degeneracy (see Sec. II C) for which the
clone solution is L/E independent.

To close this subsection we would like to emphasize that the θ23 − θ13 − δ appearance de-
generacy, for the three parameters θ23, θ13 and δ, is a continuous degeneracy of the combined
νe and ν̄e appearance probabilities only.

C. Disappearance Channels and the θ23 − θ13 Disappearance Degeneracy

Reactor electron antineutrino disappearance experiments with baselines appropriate to
observer atmospheric oscillations, such as Daya Bay [3], RENO [5] and Double Chooz [4]
experiments, have values of L/E ∼ 0.5 km/MeV. They measure the oscillation probability
P (ν̄e → ν̄e)

P (ν̄e → ν̄e) = 1− sin2 2θ13 sin
2

(

∆m2
eeL

4E

)

+O(∆2
21) , (3)

where ∆m2
ee is the electron neutrino weighted average of ∆m2

31 and ∆m2
32 [26]. In principle
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neutrino results [27] (|Uµ3|2 = cos2 θ13 sin

2 θ23 ≈ 1/2) imply that θ13 is relatively small (and
therefore in the first octant). This results in an unambiguous, precise measurement of θ13

sin2 θ13 ≈ 0.023. (4)

For the muon neutrino disappearance experiments at the atmospheric baseline divided
by neutrino energy, L/E ∼ 500 km/GeV, such as K2K [28], MINOS [29], T2K [30] and
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and are ignored here.

For relatively small values of θ13, the fate of the determination of sin2 θ23 depends very
much on how close θ23 is 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 labeled 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.)
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Summary!

" Shape analysis is in progress…  : stay tuned ! 

"  Very preliminary result on  n-H IBD analysis: 
 
  

"   sin2(2θ13) to 7% accuracy within 3 years :"
       →  determination of CP phase with accelerator results  

"   We observed new reactor neutrino component at 5 MeV. 
                                                                                   (3.6 σ) "

%sin2(2θ13)%=%0.095%±%0.015%(stat.)%±%0.025%(sys.)%
Very&preliminary&&
Rate&analysis&

"   Rate analysis result:                                      preliminary "
"
"
%sin2(2θ13)%=%0.101%±%0.008%(stat.)%±%0.010%(sys.)%

DC-Gd-III improvements… 
2x more statistics 
improves everything by factors relative to Gd-II (Kyoto, Nu2012) 

higher efficiency, less BG (active BG rejection), data-driven BG estimations, etc 

δ(detection)III        ~2x more precise 
δ(background)III  ~3x more precise 
better energy reconstruction (non-linearities fully accounted) 

analysis ready for ND (more under preparation) 
other studies in progress: neutrino direction (thanks to the small number of reactors).. 
See the poster 

DC-Gd-III results… 
R+S: sin2(2θ13)=(0.09±0.03) [for BG=(1.43±0.15)day-1] 

RRM: sin2(2θ13)=(0.09+0.03-0.04) [for BG=(1.55±0.17)day-1] 

RRM(no BG model): sin2(2θ13)=(0.06±0.04) [for BG =(0.90±0.39)day-1] 

DC projections… 

ND from end of summer 2014 

major systematic cancellation boosting DC ≥0.01 as 1σ error on sin2(2θ13) (Gd-n only) 

improvements in analysis→ already in preparation
36

conclusions

Double Chooz:

RENO

Daya Bay:

Reactor Experiments Nu 2014:

Summary
• Daya Bay has measured  
 
 
 
 
 
with 621 days of data. The precision measurement of θ13 opens the door for future 
experiments to study neutrino mass hierarchy and leptonic CP violation. 


• Precision will be further improved in the coming years. By the end of 2017, we 
expect to measure both sin22θ13 and Δm2ee to precision below 3%.


• Meanwhile, Daya Bay has many parallel on-going analysis:

- Absolute reactor antineutrino flux measurement is consistent with previous short-

baseline experiments

- Independent nH rate analysis has measured sin22θ13 = 0.083 +- 0.018

- We set stringent limits for sterile neutrinos in the region 10-3 eV2 < Δm241 < 0.1 eV2 

24

sin2 2✓13 = 0.084+0.005
�0.005

|�m2
ee| = 2.44+0.10

�0.11 ⇥ 10�3eV2

Stayed tuned for more exciting news from Daya Bay!
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from RENO:

20

FracCon&of&5&MeV&excess&(%)&to&expected&flux&

"  Near%:%2.303%+/h%%0.401%(experimental)%+/h%0.492%(expected%shape%error)%%%%%%%%%%%%%%%%%
"  Far%%%%:%1.775%+/h%%0.708%(experimental)%+/h%0.486%(expected%shape%error) 

Observation of new reactor ν component at 5 MeV!

Seo  Nu 2014
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from Daya Bay:
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 Poster: Prediction of the Reactor Antineutrino Flux and Spectrum for the Daya Bay Experiment (Xubo Ma)

Uncertainty

statistics 0.2%
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reactor 0.9%

detector e�ciency 2.1%

Total 2.3%

Table 1: Flux E�ciency
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Daya Bay’s reactor flux 
measurement is consistent 
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 Poster: Measurement Of The Absolute Reactor Flux And Spectrum At Daya Bay (Bryce Littlejohn)

Uncertainty

statistics 0.2%
✓13 0.2%
reactor 0.9%
detector e�ciency 2.1%

Total 2.3%
Table 1: Flux E�ciency

235U : 238U : 239Pu : 241Pu 0.586 : 0.076 : 0.288 : 0.050
Y0 (cm2 GW�1 day�1) 1.553⇥ 10�18

�f (cm2 fission�1) 5.934⇥ 10�43

Data / Prediction (Huber+Mueller) 0.947 ± 0.022
Data / Prediction (ILL+Vogel) 0.992 ± 0.023

Table 2: Flux E�ciency

1

near detectors absolute flux

Zhang Nu 2014
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near detectors absolute flux

• ✓13 determined by reactor experiments: eventually 5% or better

• JUNO and RENO-50 best determination of �m2
21 and ✓12

• Atmospheric Mass Ordering (Hierarchy)? maybe !
Energy resolution and linearity requirements extremely serve!

�m2

31

< 0 �m2

31

> 0

� = 0 P P̄ sin2 ✓13 sin2 ✓23 ⇠ 0.05

⇢L

|Ue1

|2 > |Ue2

|2 > |Ue3

|2
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In general:

Zhang Nu 2014
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contrasted to the feature of disappearance “octant” degeneracy (see Sec. II C) for which the
clone solution is L/E independent.

To close this subsection we would like to emphasize that the θ23 − θ13 − δ appearance de-
generacy, for the three parameters θ23, θ13 and δ, is a continuous degeneracy of the combined
νe and ν̄e appearance probabilities only.

C. Disappearance Channels and the θ23 − θ13 Disappearance Degeneracy

Reactor electron antineutrino disappearance experiments with baselines appropriate to
observer atmospheric oscillations, such as Daya Bay [3], RENO [5] and Double Chooz [4]
experiments, have values of L/E ∼ 0.5 km/MeV. They measure the oscillation probability
P (ν̄e → ν̄e)

P (ν̄e → ν̄e) = 1− sin2 2θ13 sin
2

(

∆m2
eeL

4E

)

+O(∆2
21) , (3)

where ∆m2
ee is the electron neutrino weighted average of ∆m2

31 and ∆m2
32 [26]. In principle

there is an octant degeneracy here for θ13 since the measurement of sin2 2θ13 does not allow
to distinguish θ13 from π/2− θ13. However, the Super-Kamiokande (Super-K) atmospheric
neutrino results [27] (|Uµ3|2 = cos2 θ13 sin

2 θ23 ≈ 1/2) imply that θ13 is relatively small (and
therefore in the first octant). This results in an unambiguous, precise measurement of θ13

sin2 θ13 ≈ 0.023. (4)

For the muon neutrino disappearance experiments at the atmospheric baseline divided
by neutrino energy, L/E ∼ 500 km/GeV, such as K2K [28], MINOS [29], T2K [30] and
NOνA [31], 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 [26], 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.

For relatively small values of θ13, the fate of the determination of sin2 θ23 depends very
much on how close θ23 is 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 labeled 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.)
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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
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contrasted to the feature of disappearance “octant” degeneracy (see Sec. II C) for which the
clone solution is L/E independent.

To close this subsection we would like to emphasize that the θ23 − θ13 − δ appearance de-
generacy, for the three parameters θ23, θ13 and δ, is a continuous degeneracy of the combined
νe and ν̄e appearance probabilities only.

C. Disappearance Channels and the θ23 − θ13 Disappearance Degeneracy

Reactor electron antineutrino disappearance experiments with baselines appropriate to
observer atmospheric oscillations, such as Daya Bay [3], RENO [5] and Double Chooz [4]
experiments, have values of L/E ∼ 0.5 km/MeV. They measure the oscillation probability
P (ν̄e → ν̄e)

P (ν̄e → ν̄e) = 1− sin2 2θ13 sin
2

(

∆m2
eeL

4E

)

+O(∆2
21) , (3)

where ∆m2
ee is the electron neutrino weighted average of ∆m2

31 and ∆m2
32 [26]. In principle

there is an octant degeneracy here for θ13 since the measurement of sin2 2θ13 does not allow
to distinguish θ13 from π/2− θ13. However, the Super-Kamiokande (Super-K) atmospheric
neutrino results [27] (|Uµ3|2 = cos2 θ13 sin

2 θ23 ≈ 1/2) imply that θ13 is relatively small (and
therefore in the first octant). This results in an unambiguous, precise measurement of θ13

sin2 θ13 ≈ 0.023. (4)

For the muon neutrino disappearance experiments at the atmospheric baseline divided
by neutrino energy, L/E ∼ 500 km/GeV, such as K2K [28], MINOS [29], T2K [30] and
NOνA [31], 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 [26], 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.

For relatively small values of θ13, the fate of the determination of sin2 θ23 depends very
much on how close θ23 is 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 labeled 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.)
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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 sub-panel. 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.

A measurement of sin2 2θµµ 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.
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• sin2 ✓23 = 0.58 ) sin2 2✓µµ = 0.982

• Can be distinguished in disappearance channel with su�cient precision!

• Why don’t use values that cannot be distinguished?
e.g. sin2 ✓23 = (0.430, 0.594)

• Near ⇡/4 the precision on ✓23 from appearance measurements can
exceeds that of disappearance measurements

• ✓13 determined by reactor experiments: eventually 5% or better

• JUNO and RENO-50 best determination of �m2
21 and ✓12

• Atmospheric Mass Ordering (Hierarchy)? maybe !
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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|
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precision measurement of |Ue3|2

Mass Hierarchy is very challenging!!!
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Patm = sin �23 sin 2�13 sin�31

and
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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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In Matter:
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– 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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ij|L/4E

and ± = sign(�m2
31)

⇥
⇥

2�13
�crit

� (aL)�13

⇤
⌅

� �31 cot �31

– Typeset by FoilTEX – 17

P (�µ ⇥ �e) � |
�

Patme�i(�32+�) +
�

Psol|2

In Vacuum:
�

Patm =sin �23 sin 2�13 sin�31

�
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and sin2 2�13 = 0.04
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Square of Atmospheric+Solar amplitude:
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ē R
to
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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

– Typeset by FoilTEX – 2

sin2 �23 = 0.42

sin2 �23 = 0.58

– Typeset by FoilTEX – 2

sin2 �23 = 0.42

sin2 �23 = 0.58

4 � 0.42 � 0.58 = 0.97

– Typeset by FoilTEX – 2
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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

– Typeset by FoilTEX – 2

sin2 �23 = 0.42

sin2 �23 = 0.58

– Typeset by FoilTEX – 2

sin2 �23 = 0.42

sin2 �23 = 0.58

4 � 0.42 � 0.58 = 0.97

– Typeset by FoilTEX – 2

• sin2 ✓23 = 0.42 ) sin2 2✓µµ = 0.968

• sin2 ✓23 = 0.58 ) sin2 2✓µµ = 0.982

• Near ⇡/4 the precision on ✓23 from appearance measurements can
exceeds that of disappearance measurements

• ✓13 determined by reactor experiments: eventually 5% or better
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NOvA & LBNF
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Mass Hierarchy:  NOvA

22

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. 
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CPV & Neutrino Anti-Neutrino Asymmetry:

29
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|P+P̄ | ⇥ 1
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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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2nd Oscillation Max:

30

Avac ⇡ 0.75 sin �

✓23 and the Uncertainty on �

sin2 2✓23 = 0.952, 0.968, 0.9996

• Near 1st Oscillation Maximum: �31 ⇡ ⇡/2

T2K, NO⌫A and T2HyperK using O↵ Axis beams

LBNE (1300km) and T2Okinoshima (658km) broad band beams

• Around the 2nd Oscillation Maximum: ESS to Garpenburg (540km)

�31 ⇡ 3⇡/2 CPV 3 times larger !!

• In Between these two: LBNO near the bi-magic baseline: 2300km

�31 ⇡ 3⇡/4 and aL ⇡ ⇡/4 So that (�31 ⌥ aL) = ⇡/2 or ⇡
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Appearance Probabilities more dynamic near 2nd Osc. Max. than 1st. OM
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Leptogenesis:

31

• CP Violation, as well as L Violation, are key ingredients of Leptogenesis

• Non-zero ✓13 modifies the octant degeneracy ! ! !

• goal: ✓23, � and atmospheric mass ordering (�m2
31)

• sin2 ✓23 = 0.42 ) sin2 2✓µµ = 0.968

• sin2 ✓23 = 0.58 ) sin2 2✓µµ = 0.982

• Can be distinguished in disappearance channel with su�cient precision!

• Why don’t use values that cannot be distinguished?
e.g. sin2 ✓23 = (0.430, 0.594)

• Near ⇡/4 the precision on ✓23 from appearance measurements can
exceeds that of disappearance measurements

• ✓13 determined by reactor experiments: eventually 5% or better

• JUNO and RENO-50 best determination of �m2
21 and ✓12

• Atmospheric Mass Ordering (Hierarchy)? maybe !
Energy resolution and linearity requirements extremely serve!
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31

> 0

– Typeset by FoilTEX – 2

31

Conclusions

● There are current intriguing hints of CP-violation.

● Future LBL experiments will hunt for the delta phase 
and potentially measure it with precision. Neutrinoless 
double beta decay could point towards Majorana CPV.

● CP-violation, together with L violation, is the key 
ingredient of leptogenesis.

The observation of L violation and 
of CPV in the lepton sector would be 
a strong indication (even if not a 
proof) of leptogenesis as the origin 
of the baryon asymmetry.
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Tensions in Current Data:

32

The global oscillation fit

3 + 1 Severe tension between
appearance and
disappearance and between
exp’s with and without a signal

10!4 10! 3 10! 2 10!1
10!1

100

101

sin 2 2 Θ Μe

$
m
2

LSND % reactors
% Ga % MB app

null results
appearance

null results
disappearance

null results
combined

99& CL, 2 dof

Joachim Kopp Theory and Phenomenology of Sterile Neutrinos 13

JK Machado Maltoni Schwetz, arXiv:1303.3011

χ2
min/dof GOF

3+1 712/(689 − 9) 19%
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Relation between appearance and disappearance
We find:

(
_

)

ν e disappearance experiments consistent among themselves,
(
_

)

ν e appearance experiments consistent among themselves.

But:

3 + 1 neutrinos

At L ! 4πE/∆m2
41, but L " 4πE/∆m2

31

Pee = 1 − 2|Ue4|2(1 − |Ue4|2)

Pµµ = 1 − 2|Uµ4|2(1 − |Uµ4|2)

Peµ = 2|Ue4|2|Uµ4|2

It follows

2Peµ $ (1 − Pee)(1 − Pµµ)

In the 3 + 1 case, at large enough baseline, there is a one-to-one relation
between the appearance and disappearance probabilities.

Joachim Kopp Theory and Phenomenology of Sterile Neutrinos 10
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New Data:

34
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prompt energy spectra at EH2 and EH3, each divided by the282

prediction using the EH1 spectrum.283

Two methods are adopted to set the exclusion limits in284

the (|�m2
41|, sin2 2✓14) space. The first one is a frequen-285

tist approach with a likelihood ratio as the ordering principle,286

as proposed by Feldman and Cousins [55]. For each point287

⌘ ⌘ (|�m2
41|, sin2 2✓14), the value ��2

c(⌘) encompassing a288

fraction ↵ of the events in the �2
(⌘) � �2

(⌘best) distribu-289

tion is determined. This distribution is obtained by fitting a290

large number of simulated experiments that include statistical291

and systematic variations. In order to reduce the number of292

computations, the simulated experiments are generated with-293

out any variation in ✓13, after it was verified that the depen-294

dency of ��2
c(⌘) on this parameter was negligible. The point295

⌘ is then declared to be inside the ↵ C.L. acceptance region if296

��2
data(⌘) < ��2

c(⌘).297
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FIG. 3. The exclusion contours for the neutrino oscillation parame-
ters sin2 2✓14 and |�m2

41| are shown. The red long-dash curve rep-
resents the 95% confidence level exclusion contour with Feldman-
Cousin method [55]. The black solid curve represents the 95% CLs

exclusion contour [56]. The parameter space on the right side of the
contours is excluded. For comparison, Bugey [32] 90% C.L. on ⌫e

disappearance is also shown with green dashed line.

The second method is the so-called CLs statistical298

method [56], whose detailed approach with Gaussian parent299

distribution is described in Ref. [57]. A two-hypothesis test300

is performed in the (sin2 2✓14, |�m2
41|) phase space: the null301

hypothesis H0 (standard 3-⌫ model) and the alternative hy-302

pothesis H1 (3+1-⌫ model with fixed value of sin2 2✓14 and303

|�m2
41|). The value of ✓13 is fixed with the data’s best-fit304

value for each hypothesis. Since both hypotheses have fixed305

values of sin2 2✓14 and |�m2
41|, their �2 difference follows a306

Gaussian distribution. The mean and variance of this Gaussian307

distribution can be calculated from the Asimov dataset with-308

out statistical or systematic fluctuations, which avoids massive309

computing. The CLs value is defined by:310

CLs =
1� p1
1� p0

=

1� p4⌫
1� p3⌫

, (3)

where p0 (p3⌫) and p1 (p4⌫) are the p-values for the 3-⌫ and311

4-⌫ hypothesis models respectively. CLs < 0.05 is required312

to set the 95% CLs exclusion contours.313

The 95% confidence level upper limit contour from the314

Feldman-Cousins method and the 95% CLs method exclu-315

sion contour are shown in Fig. 3. The two methods give316

comparable results. The impact of varying the IBD prompt317

energy spectrum bin size from 200 keV to 500 keV is negli-318

gible. As a comparison, Bugey’s 90% C.L. exclusion on ⌫e319

disappearance from their ratio of the positron energy spectra320

measured at 40/15 m [32] is also shown. This result pro-321

vides the most stringent limits on sterile neutrino mixing at322

|�m2
41| < 0.1 eV

2 using the electron antineutrino disappear-323

ance channel. Our results are complementary to the ⌫µ !324

⌫e appearance results from OPERA [20] and ICARUS [21].325

While the appearance mode constrains a product of the cou-326

pling of muon neutrino to the fourth-generation mass eigen-327

state and the coupling of electron neutrino to the fourth gen-328

eration mass eigenstate, the ⌫e disappearance mode only con-329

strains the latter.330

It should be noted that the choice of mass ordering that oc-331

curs as a result of introducing the fourth neutrino mass eigen-332

state has a negligible impact on the results. The same is true333

concerning the choice of neutrino mass ordering between the334

original three neutrino flavor states.335

In summary, we report on a sterile neutrino search based on336

a minimal extension of the Standard Model, the 3 (active) + 1337

(sterile) neutrino mixing model , in the Daya Bay Reactor Ex-338

periment, using the electron-antineutrino disappearance chan-339

nel. The analysis uses the relative event rate and the spectral340

comparison of three far and three near antineutrino detectors341

at different baselines from six nuclear reactors. The observed342

data is in good agreement with the standard 3-neutrino model.343

The current precision is dominated by statistics. With three344

or more years of additional data, the sensitivity to sin

2
2✓14 is345

expected to improve by a factor of two for most �m2
41 values.346

Still, the current result already yields the world’s most strin-347

gent limits on sin

2
2✓14 in the |�m41|2 < 0.1 eV2 region.348
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Light Sterile Neutrino Search Results

• All 217 days of 6-AD period


• Consistent with standard 3-flavor 
neutrino oscillation model


• Able to set stringent limits in the 
region 10-3 eV2 < Δm241 < 0.1 eV2
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FIG. 1. Comparison of the 95% CLs sensitivities (see text for details)
for various combinations of the EH’s data. The solid and dot-dashed
curves represent the sensitivity assuming a 5% and 100% uncertainty
in the reactor flux rate. The 100% uncertainty corresponds to a com-
parison of spectra only. Normal mass hierarchy is assumed for both
�m2

31 and �m2
41. The green dashed line represents Bugey’s [32]

90% C.L. on ⌫e disappearance and the magenta double-dot-single-
dashed line represents KARMEN and LSND 95% C.L. on ⌫e disap-
pearance from ⌫e-carbon cross section measurement [33].

|�m2
41| < 0.3 eV2 region.228

Three independent analyses are considered, each with a dif-229

ferent treatment of the predicted reactor antineutrino flux and230

systematic errors. The first analysis uses the predicted reac-231

tor antineutrino spectra to simultaneously fit the data from the232

three sites, very similarly to what is described in the most re-233

cent Daya Bay spectral analysis [44]. A binned log-likelihood234

method is adopted with nuisance parameters corresponding235

to the constraints from the detector response and the back-236

grounds on the one hand, and with a covariance matrix en-237

capsulating the reactor flux uncertainties as given in the Hu-238

ber [50] and Mueller [36] flux models on the other hand.239

The absolute reactor flux rate uncertainty is enlarged to 5%240

based on Ref. [37]. The fit uses sin2(2✓12) = 0.857± 0.024,241

�m2
21 = (7.50 ± 0.20) ⇥ 10

�5
eV

2 [51] and |�m2
32| =242

(2.41 ± 0.10) ⇥ 10

�3
eV

2 [52]. We adopted these values243

rather than those in Ref. [4], since the latter are obtained244

through a global fit including all available data. The values245

of sin

2
2✓14, sin2 2✓13 and |�m2

41| are unconstrained. For246

the 3+1 neutrino model, a global minimum of �2
4⌫/NDF =247

158.8/153 is obtained, while the minimum for the standard248

three-neutrino model is �2
3⌫/NDF = 162.6/155. We use the249

��2
= �2

3⌫ � �2
4⌫ distribution obtained from standard three-250

neutrino Monte Carlo samples that incorporate both statistical251

and systematic effects to assign a p-value [53]. The data are252
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FIG. 2. Prompt energy spectra observed at EH2 (top) and EH3 (bot-
tom), divided by the extrapolation from the EH1 spectrum with the
three-neutrino best fit oscillation parameters from our previous anal-
ysis. The gray band represents the uncertainty of the three-standard
neutrino oscillation prediction, which includes the statistical uncer-
tainty of the EH1 data and all the systematic uncertainties. Predic-
tions with sin2 2✓14 = 0.1 and two representative |�m2

41| values
are also shown by the dashed curves. As shown in Fig. 1, most of the
sensitivity at |�m2

41| ⇠ 4 ⇥ 10�2(4 ⇥ 10�3) eV2 comes from the
relative spectral shape comparison between EH1 and EH2 (EH3).

thus consistent with the standard three-neutrino model, and253

there is no significant signal for sterile neutrino mixing.254

The second analysis performs a purely relative comparison255

between the near and the far data. The observed near sites’256

prompt energy spectra are first unfolded into the correspond-257

ing true neutrino energy spectra. These spectra are then ex-258

trapolated to the far site based on the known baselines and259

the reactor power profiles. A covariance matrix, generated260

from a large Monte Carlo dataset incorporating both statisti-261

cal and systematic variations, is used to account for all un-262

certainties. The resulting p-value is 0.87. More details about263

this approach can be found in Ref. [54]. The third analysis ex-264

ploits both rate and spectra information in a way that is similar265

to the first method but using a covariance matrix. This matrix266

is calculated based on standard uncertainty propagation meth-267

ods, without an extensive generation of Monte Carlo samples.268

The obtained p-value is 0.74.269

The various analyses have complementary strengths. Those270

that incorporate absolute flux normalization constraints have271

a slightly higher reach in sensitivity, particularly for higher272

values of |�m2
41|. The purely relative analysis however is273

more robust against uncertainties in the predicted reactor an-274

tineutrino flux. The different treatment of systematic uncer-275

tainties provides a thorough cross-check of the results, which276

are found to be consistent for all the analyses in the region277

where the relative spectra measurement dominates the sensi-278

tivity (|�m2
41| < 0.3 eV

2). As evidenced by the reported279

p-values, no significant signature for sterile neutrino mixing280

is found by any of the methods. Fig. 2 shows the observed281

Bugey

dashed curves assumes sin22θ14 = 0.1 

 Poster: Search for sterile neutrino mixing at Daya Bay (Yasuhiro Nakajima)

Daya Bay
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21
Hydrogen Earth Approxima�on 

 Turning o> sterile maOer e>ects 

while preserving standard three-

:avor oscilla�ons provides a pure 

measurement of  | U
µ4

 |2  

MiniBooNE + 
SciBooNE
PRD86,
 052009 (2012) 

CCFR
PRL. 52, 
1384 (1984) 

 Using SK-I+II+III+IV data ( 4438 days)

 | U
µ4

 |2 < 0.022 at 90% C.L.  

 Limit is valid for Dm
41

 > 0.01 eV2 

� For smaller values, the assump�on 

of fast oscilla�ons is invalid

MINOS
Preliminary

SK

"Searches for Exo�c Oscilla�ons 
in Atmospheric Neutrinos." 

Poster #212, A. Himmel

Search for MeV Sterile n 
Poster #181,  E. Richard

Preliminary 

ICARUS result on the search of the LSND-anomaly 

Neutrino_2014 

 6 e events have been observed in 
agreement with the expectations  
7.9 ± 1.0 due to the conventional 
sources (the probability to observe 
≤6 e events is ~33%). 

 Weighting for the efficiency, 
ICARUS limits on the number of 
events due to LSND anomaly are: 
5.2 (90 % C.L.) and 10.3 (99 % C.L.).  

 These provide the limits on the 
oscillation probability:  
P(→e)≤3.85 x 10-3 (90 % C.L.) 
P(→e)≤7.60 x 10-3 (99 % C.L.) 
 

 

Slide#  : 10 
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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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• 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 – 19
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Ernest Rutherford:

We haven’t got the money,    
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Ernest Rutherford:

We haven’t got the money,    

so we’ll have to think!


