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Outline 
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• Today:
• A quick history of neutrinos
• Basic of week interactions
• Neutrino oscillations
• Tomorrow:
• How we produce a neutrino beam
• Neutrino interactions 
• Examples of nuclear effects in neutrino interactions
• Cross section measurements  
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Where do neutrinos come from?
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• Neutrinos are the most common matter particles in the universe

• Concentrating on few neutrino interactions relevant to neutrino oscillation at the few 
GeV region 
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• Is the standard model complete?
• Neutrino in the Standard Model has no mass
• However neutrino mass has been observed, and it is much smaller than all other 

particles 
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13

Te Standard Model of Elementary partcles

Who can explain tis t me?

• Theory about fundamental ingredients of 
matter and how they interact with each 
other
• Everything known in this world is made of 

these (and the mirror images)

The Standard Model of Elementary Particles

Minerba Betancourt

Neutrinos in the Standard Model

• Three flavor states νe, νμ, ντ 
• Interact weakly

• No electric charge

• Spin 1/2 particles

• Beyond the Standard Model

• Neutrino mass leads to oscillations
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Neutrinos in the Standard Model

➢ Standard Model
● Neutrinos are massless
● Three flavor states:

n
en
µn
t

● Interact weakly
● No electric charge
● Spin ½ particles

Beyond the Standard Model

●  Neutrinos have mass 
●  Neutrino mass leads to oscillations
●  Neutrinos can be either Dirac or Majorana
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Neutrinos have mass
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André de Gouvêa Northwestern

NEUTRINOS
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So What?

April 27, 2016 ⌫ World
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Te Standard Model of Elementary partcles

Who can explain tis t me?• Why is there such large gap between 
neutrino masses and quark masses?
• Why do quarks and leptons exhibit 

different behavior?
• What is the absolute mass of neutrino?
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• Physics theorize that the big bang created equal amounts of matter and antimatter
• When corresponding particles of  matter and antimatter meet, they annihilate one 

another                                                                          

• But somehow we are still here and antimatter, for most part, has vanished
• Neutrinos could help to explain why the universe has more matter than antimatter!

What is the symmetry between matter and antimatter?
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Dave'Schmitz'–'April'6,'2011' In'One'Ear'and'Out'the'Other…'A'Talk'About'Neutrinos' 22'

Neutrinos are very very very light  

Why?  

How is it  
that we exist, 
anyway? 
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How did we discover neutrinos?
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• Radioactivity: Nucleus emits particle due to nuclear instability
• While studying the beta decay, the energy did not seem to be conserved in beta 

decay?
- We know energy is always conserved
- Energy can neither be created nor destroyed only can be transformed into a 

different form
• In 1930, Pauli postulated the neutrino 
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W. Pauli

1930 - Pauli posits the neutrino as 
an solution to an unexpected β 
decay spectrum.
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Wolfgang Pauli and Beta decay
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Te discovery of ant-neutino (1956)

Reines & Cowan

● Artfcialy produced neutinos

fom nuclear reactrs

– emits around 10 tilion ant-

neutinos per cm2 per sec – a lot!

● Inverse Beta decay

1995 noble prize

1⇤⌦� ⇧⇥�

⌅� ✓4�⌦⇢ ⇧✓�⇥ positron

neutron

p

Charge conservaton results

in emission of an n and e+

The Discovery of Anti-Neutrino (1956)
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• Artificially produced neutrinos from nuclear reactors 
- Emits around 10 trillion anti-neutrinos per cm2/s 
• Inverse Beta decay                                               
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Te discovery of ant-neutino (1956)

Reines & Cowan

● Artfcialy produced neutinos

fom nuclear reactrs

– emits around 10 tilion ant-

neutinos per cm2 per sec – a lot!

● Inverse Beta decay

1995 noble prize

1⇤⌦� ⇧⇥�

⌅� ✓4�⌦⇢ ⇧✓�⇥ positron

neutron

p

Charge conservaton results

in emission of an n and e+

⌫̄e + p ! e+ + n

1995 Nobel Prize
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The Discovery of the Muon Neutrino 
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Discovery of the 
Second Neutrino

n

1962 : Steinberger, Lederman &
Schwartz

the muon neutrino

p + p� � + X

� � µ + �µ

�µ + N � µ + Y

!"

1988 Nobel prize for the neutrino beam method and 
the demonstration of the doublet structure of leptons
through the discovery of the muon neutrino

Nobel Prize

1962
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The Solar Neutrino Problem (1968)
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Page 2 of 13Solving the Mystery of the Missing Neutrinos

6/4/2004http://www.nobel.se/cgi-bin/print

• Nuclear reactions in the core of the sun produce νe
• In 1968, Ray Davis’s HomeStake experiment measured the                                               
νe that arrives at earth using a huge tank of cleaning fluid                                                                    
solar neutrino+chlorine atom->electron+argon atom

• Davis published the first results indicating that only 1/3 of the neutrinos were 
observed, i.e. the solar neutrino problem 

62

2002 Nobel Prize

60

Lets tink about Solar neutinos a bit...
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Diameter=20 ft, L=48 ft 

100k gallons of 
Perchloroethylene
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Cleaning fluid
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• Cosmic rays hit the earth isotropically
• People expected: 

• However, Super-Kamiokande                                                                                       
found 

• In 1998 Super-Kamionkande                                                                                      
announces the discovery of                                                                                         
neutrino oscillation

The Atmospheric Neutrino Anomaly
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primary cosmic ray

air molecule
p�⌫µ(Up)

�⌫µ(Down)
= 1

�⌫µ(Up)

�⌫µ(Down)
= 0.54± 0.04

Upward-going  muon 
neutrinos depleted 
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“for the discovery of neutrino 
oscillations, which shows that 

neutrinos have mass”

2015 NOBEL PRICE in PHYSICS
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Discovery of Tau Neutrino (2000)
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Discovery of the Third 

Neutrino

n

the tau neutrino

2000 : DONUT Collaboration

� � �� + �

�� + N � � + X

kink

!"
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Weak-Isospin Eigenstates, mass eigenstates and mixing 
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• In the SM, there is a weak Isospin Iw that is conserved until the Higgs develops a 
nonzero vacuum expectation value
• Particles are given the following Iw assignments

• With

15

Particles are given the following IW assignments:
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Weak-Isospin eigenstate

The W – lepton coupling conserves IW.
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From Boris Kayser’s lecture INSS
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The Lagrangian 
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• The W-lepton coupling is

• When the lepton masses are turned on, the charged lepton weak-isosping 
eigenstates are linear combinations of the charged lepton mass eigenstates 16
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Semi-weak
coupling
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! 

SM = "
g
2
! L
0# $%L

0( )W$
" + h.c.L

When the lepton masses are turned on,
the charged lepton weak-isospin eigenstates are linear
combinations of the charged lepton mass eigenstates:
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e
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!L, R
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3 x 3 matrices

Column vectors including
the 3 generations

These are theThese are the
familiar massfamiliar mass
eigenstates.eigenstates.

From Boris Kayser’s lecture INSS
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The Lagrangian
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• The interaction is written in terms of the charged lepton mass eigenstates, but not 
the neutrino mass eigenstates

18

  

! 
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These are theThese are the
neutrinos ofneutrinos of

 definite  definite ““flavorflavor””..

Mass eigenstates

Note that this way of writing the interaction does not
treat charged and neutral leptons on a par.

The interaction is written in terms of the charged lepton
mass eigenstates, but not the neutrino mass eigenstates.

From Boris Kayser’s lecture INSS
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The Lagrangian
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! 

SM = "
g
2
! L#

$AL%L
0( )W$

" + h.c. = " g
2
! L#

$ALBL%L( )W$
" + h.c.L ! !

All mass eigenstates

This is the leptonic mixing matrix UU

L

  

! 

SM = "
g
2

! L#$
%U#i&LiW%

" + & Li$
%U#i*!L#W%

+( )
#=e,µ,'
i = 1,2,3

(

Explicitly —

We can use this form of the SM νW interaction
to derive the probability for neutrino oscillation.

• We can use this form of the SM lνW interaction to derivate the probability for 
neutrino oscillation

From Boris Kayser’s lecture INSS



Minerba Betancourt�18
Minerba Betancourt 07/07/16

• Lagrangian for electroweak interactions:

• First term: charged current interactions (W+,W- exchange)
• Second term: neutral current interactions (Z0 exchange )
• Third term: electromagnetic interactions (photon exchange)

• Electron charge:

Neutrinos only couple to W and Z0

Standard Model Neutrino Interactions

9

Neutrino Interaction Physics 
NUFACT08 Summer School

12

1.5 Standard Model Neutrino Interactions1.5 Standard Model Neutrino Interactions

! Lagrangian for electroweak interactions:

[ ] [ ]

[ ] µ
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µ
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µ
µ

µ
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! 1st term: charged current interactions (W+, W- exchange)

! 2nd term: neutral current interactions (Z0 exchange) 

! 3rd term:electromagnetic interactions (photon exchange)

! Electron charge: 

! 3rd term:

(neutrinos only couple to W± and Z0)

WW gge θθ cos'sin ==

)( )2/()3(.. Yme jjeej µµµ +=

Neutrino Interaction Physics 
NUFACT08 Summer School
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1.5 Standard Model Neutrino Interactions1.5 Standard Model Neutrino Interactions

! Lagrangian for electroweak interactions:

[ ] [ ]

[ ] µ
µµ

µ
µµ

µ
µ

µ
µ

θθ

θθ
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Y
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Y
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)2/()3(

)2/()3()()(
int
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sin'cos
2

++

+−++= +−+

! 1st term: charged current interactions (W+, W- exchange)

! 2nd term: neutral current interactions (Z0 exchange) 

! 3rd term:electromagnetic interactions (photon exchange)

! Electron charge: 

! 3rd term:

(neutrinos only couple to W± and Z0)

WW gge θθ cos'sin ==

)( )2/()3(.. Yme jjeej µµµ +=

Minerba Betancourt

Neutrino Interactions

• Neutrinos interact in matter through two processes:

12

Charged Current (CC) interactions
via a W-boson

Neutral Current (NC) interactions
via a Z-boson
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Neutrino Mass and Leptonic Mixing 
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• There is some spectrum of 3 neutrino mass and eigenstates 

Neutrino Mass and Leptonic mixing

16
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Neutrino Oscillations 
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• Interaction eigenstate (produced by weak interactions)
• Mass eigenstate (eigenstate of the Hamiltonian)

• After producing a neutrino in a well defined flavor, it evolves like

• We also detect it in a defined flavor, so the amplitude we measure is

1.4 Neutrino Oscillations in Vacuum

If neutrinos have masses, the weak eigenstates, να, produced in a weak inter-
action are, in general, linear combinations of the mass eigenstates νi

|να⟩ =
n
∑

i=1

U∗
αi|νi⟩ (40)

where n is the number of light neutrino species and U is the the mixing matrix.
(Implicit in our definition of the state |ν⟩ is its energy-momentum and space-
time dependence). After traveling a distance L (or, equivalently for relativistic
neutrinos, time t), a neutrino originally produced with a flavor α evolves as:

|να(t)⟩ =
n
∑

i=1

U∗
αi|νi(t)⟩ , (41)

and it can be detected in the charged-current (CC) interaction να(t)N ′ → ℓβN
with a probability

Pαβ = |⟨νβ|να(t)⟩|2 = |
n
∑

i=1

n
∑

j=1

U∗
αiUβj⟨νj |νi(t)⟩|2 , (42)

where Ei and mi are, respectively, the energy and the mass of the neutrino
mass eigenstate νi.

Using the standard approximation that |ν⟩ is a plane wave |νi(t)⟩ = e−i Eit|νi(0)⟩,
that neutrinos are relativistic with pi ≃ pj ≡ p ≃ E

Ei =
√

p2
i + m2

i ≃ p +
m2

i

2E
(43)

and the orthogonality relation ⟨νj|νi⟩ = δij , we get the following transition
probability

Pαβ = δαβ − 4
n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj] sin

2 Xij

+ 2
n
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ] sin 2Xij , (44)

where

Xij =
(m2

i − m2
j)L

4E
= 1.27

∆m2
ij

eV2

L/E

m/MeV
. (45)

Here L = t is the distance between the production point of να and the detection
point of νβ. The first line in Eq. (44) is CP conserving while the second one
is CP violating and has opposite sign for neutrinos and antineutrinos.

16

H|⌫ii = Ei|⌫ii ⌫↵ =
X

i

U↵i⌫i Field ψ annihilates state |ψ>

|⌫↵i = ⌫†↵|0i =
X
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⌫†iU
⇤
↵i|0i =

X

i

U⇤
↵i|⌫ii

1.4 Neutrino Oscillations in Vacuum

If neutrinos have masses, the weak eigenstates, να, produced in a weak inter-
action are, in general, linear combinations of the mass eigenstates νi

|να⟩ =
n
∑

i=1

U∗
αi|νi⟩ (40)

where n is the number of light neutrino species and U is the the mixing matrix.
(Implicit in our definition of the state |ν⟩ is its energy-momentum and space-
time dependence). After traveling a distance L (or, equivalently for relativistic
neutrinos, time t), a neutrino originally produced with a flavor α evolves as:

|να(t)⟩ =
n
∑

i=1

U∗
αi|νi(t)⟩ , (41)

and it can be detected in the charged-current (CC) interaction να(t)N ′ → ℓβN
with a probability

Pαβ = |⟨νβ|να(t)⟩|2 = |
n
∑
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∑

j=1
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where Ei and mi are, respectively, the energy and the mass of the neutrino
mass eigenstate νi.

Using the standard approximation that |ν⟩ is a plane wave |νi(t)⟩ = e−i Eit|νi(0)⟩,
that neutrinos are relativistic with pi ≃ pj ≡ p ≃ E

Ei =
√

p2
i + m2

i ≃ p +
m2

i

2E
(43)

and the orthogonality relation ⟨νj|νi⟩ = δij , we get the following transition
probability

Pαβ = δαβ − 4
n
∑

i<j

Re[UαiU
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αjUβj] sin

2 Xij

+ 2
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∑

i<j

Im[UαiU
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where

Xij =
(m2

i − m2
j)L
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= 1.27

∆m2
ij

eV2

L/E

m/MeV
. (45)

Here L = t is the distance between the production point of να and the detection
point of νβ. The first line in Eq. (44) is CP conserving while the second one
is CP violating and has opposite sign for neutrinos and antineutrinos.

16

A↵�(t) = h⌫� |⌫↵(t)i
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Neutrino Oscillations 
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1.4 Neutrino Oscillations in Vacuum

If neutrinos have masses, the weak eigenstates, να, produced in a weak inter-
action are, in general, linear combinations of the mass eigenstates νi

|να⟩ =
n
∑

i=1

U∗
αi|νi⟩ (40)

where n is the number of light neutrino species and U is the the mixing matrix.
(Implicit in our definition of the state |ν⟩ is its energy-momentum and space-
time dependence). After traveling a distance L (or, equivalently for relativistic
neutrinos, time t), a neutrino originally produced with a flavor α evolves as:

|να(t)⟩ =
n
∑

i=1

U∗
αi|νi(t)⟩ , (41)

and it can be detected in the charged-current (CC) interaction να(t)N ′ → ℓβN
with a probability

Pαβ = |⟨νβ|να(t)⟩|2 = |
n
∑

i=1

n
∑

j=1

U∗
αiUβj⟨νj |νi(t)⟩|2 , (42)

where Ei and mi are, respectively, the energy and the mass of the neutrino
mass eigenstate νi.

Using the standard approximation that |ν⟩ is a plane wave |νi(t)⟩ = e−i Eit|νi(0)⟩,
that neutrinos are relativistic with pi ≃ pj ≡ p ≃ E

Ei =
√

p2
i + m2

i ≃ p +
m2

i

2E
(43)

and the orthogonality relation ⟨νj|νi⟩ = δij , we get the following transition
probability

Pαβ = δαβ − 4
n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj] sin

2 Xij

+ 2
n
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ] sin 2Xij , (44)

where

Xij =
(m2

i − m2
j)L

4E
= 1.27

∆m2
ij

eV2

L/E

m/MeV
. (45)

Here L = t is the distance between the production point of να and the detection
point of νβ. The first line in Eq. (44) is CP conserving while the second one
is CP violating and has opposite sign for neutrinos and antineutrinos.
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• The hamiltonian is related to the time evolution operator, so 

• Neutrinos are relativistic 
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Isolated an overall phase
Got lazy and stopped writing the sums

Used orthogonality condition:
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• Let’s isolate another overall phase

• To make it simpler, consider two neutrinos (say νe and νμ)
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A↵� = e�i(pt+m2
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↵iU�i exp
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Neutrino Oscillations 
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Neutrino Oscillations 

P (⌫µ ! ⌫e;L) = |Aµe(L)|2 = 4c2✓s
2
✓ sin
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The probability of producing νμ and detect νe really oscillates!
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Neutrino Oscillations 

• For the three families there are 3 mixing angles, 2 mass splitting and one complex 
phase 

• The components of U involve θ13, θ23, θ12,Δ2m13, Δ2m23, Δ2m12, δ
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Probability of νμ—>νe Oscillation in Vacuum 

�25

4

2.0.2 Three neutrino mixing

Considering three generations of neutrinos, in the neutrino oscillations formulation, the

flavor eigenstates are related with mass eigenstates through the PMNS matrix. Writing

the equation (1) for the three neutrino flavor in matrix form, we have

⎛

⎜⎜⎝

νe

νµ

ντ

⎞

⎟⎟⎠ =

⎛

⎜⎜⎝

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

⎞

⎟⎟⎠

⎛

⎜⎜⎝

ν1

ν2

ν3

⎞

⎟⎟⎠ =

⎛

⎜⎜⎝

c13c12 c13s12 s13e−iδ

−c23s12 − s13s23c12eiδ c23c12 − s13s23s12eiδ c13s23

s23s12 − s13c23c12eiδ −s23c12 − s13c13s12eiδ c13c23

⎞

⎟⎟⎠

⎛

⎜⎜⎝

ν1

ν2

ν3

⎞

⎟⎟⎠

where cjk = cosθjk and sjk = sinθjk. The parameters of the matrix can be classified into

different neutrino oscillations. The atmospheric neutrino oscillations are determined by

the θ23 and ∆m2
23 parameters. The solar neutrino oscillations are determined by θ12

and ∆m2
12 . And the cross mixing can be determined by θ13, ∆m2

13, and δ. This matrix

can also be written as the multiplication of the three matrices

U =

⎛

⎜⎜⎝

1 0 0

0 cosθ23 sinθ23

0 −sinθ23 cosθ23

⎞

⎟⎟⎠

⎛

⎜⎜⎝

cosθ13 0 e−iδsinθ13

0 1 0

−e−iδsinθ13 0 cosθ13

⎞

⎟⎟⎠

⎛

⎜⎜⎝

cosθ12 sinθ12 0

−sinθ12 cosθ12 0

0 0 1

⎞

⎟⎟⎠ .

The parameters θ13 and δ still unknown.

Using this matrix and the probability from equation (2.7), it is possible to construct

the probability of νµ → νe oscillations in vacuum. The complete expression for the

probability is

P (νµ → νe) = s223sin
22θ13sin

2∆m2
31L

4E
+ c213c

2
23sin

22θ12sin
2∆m2

21L

4E

+ 8c213s13c12s12s23c23sin
∆m2

21L

4E
sin

∆m2
31L

4E
cos(

∆m2
32L

4E
+ δ)

− 2s212s
2
23sin

22θ13sin
∆m2

21L

4E
sin

∆m2
31

4E
cos

∆m2
32L

4E

+ 4c213s
2
12s13s23(s23s13s12 − 2c12c23cosδ)sin

2∆m2
21L

4E
(2.8)

The main goal of the Nova experiment is to find the mixing angle θ13 and the CP phase

δ. The next sections will provide a brief description of the experiment.
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Is there a reason behind the masses and mixing?
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André de Gouvêa Northwestern
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0
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CCCCCA
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1
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Understanding Fermion Mixing

The other puzzling phenomenon uncovered by the neutrino data is the

fact that Neutrino Mixing is Strange. What does this mean?

It means that lepton mixing is very di↵erent from quark mixing:

[|(VMNS)e3| < 0.2]

WHY?

They certainly look VERY di↵erent, but which one would you label
as “strange”?

October 13–16, 2014 Neutrino Physics

• Lepton mixing is very different from quark mixing 
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• The probability of a neutrino νμ transforming into a νe

• where the mixing matrix has 3 mixing angles and one phase 

What do we know?

�27 Minerba Betancourt

• The 3-neutrino mixing matrix 

3 mixing angles θ12 , θ23 , θ13  and CP violating phase δ

The PMNS Mixing Matrix

U =

0

@
1 0 0
0 cos✓23 sin✓23
0 �sin✓23 cos✓23

1

A

0

@
cos✓13 0 sin✓13e�i�

0 1 0
�sin✓13ei� 0 cos✓13

1

A

0

@
cos✓12 sin✓12 0
�sin✓12 cos✓12 0

0 0 1

1

A

Atmospheric Cross-mixing Solar

5

3

This is the probability that a neutrino that starts as να eigenstate after it travels a distance L is detected as a νβ .
We can see from the probability equation (7) if the neutrino masses are equal to zero oscillations do not occur.

A. Three neutrino mixing

Considering three generations of neutrinos, in the neutrino oscillations formulation, the flavor eigenstates are related
with mass eigenstates through the PMNS matrix. Writing the equation (1) for the three neutrino flavor in matrix
form, we have

⎛

⎝

νe
νµ
ντ

⎞

⎠ =

⎛

⎝

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

⎞

⎠

⎛

⎝

ν1
ν2
ν3

⎞

⎠ =

⎛

⎝

c13c12 c13s12 s13e−iδ

−c23s12 − s13s23c12eiδ c23c12 − s13s23s12eiδ c13s23
s23s12 − s13c23c12eiδ −s23c12 − s13c13s12eiδ c13c23

⎞

⎠

⎛

⎝

ν1
ν2
ν3

⎞

⎠

where cjk = cosθjk and sjk = sinθjk. The parameters of the matrix can be classified into different neutrino oscillations.
The atmospheric neutrino oscillations are determined by the θ23 and ∆m2

23 parameters. The solar neutrino oscillations
are determined by θ12 and ∆m2

12 . And the cross mixing can be determined by θ13, ∆m2
13, and δ. This matrix can

also be written as the multiplication of the three matrices

U =

⎛

⎝

1 0 0
0 cosθ23 sinθ23
0 −sinθ23 cosθ23

⎞

⎠

⎛

⎝

cosθ13 0 e−iδsinθ13

0 1 0
−e−iδsinθ13 0 cosθ13

⎞

⎠

⎛

⎝

cosθ12 sinθ12 0
−sinθ12 cosθ12 0

0 0 1

⎞

⎠ .

The parameters θ13 and δ still unknown.
Using this matrix and the probability from equation (7), it is possible to construct the probability of νµ → νe
oscillations in vacuum. The complete expression for the probability is

P (νµ → νe) = s223sin
22θ13sin

2∆m2
31L

4E
+ c213c

2
23sin

22θ12sin
2∆m2

21L

4E

+ 8c213s13c12s12s23c23sin
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(8)

The main goal of the Nova experiment is to find the mixing angle θ13 and the CP phase δ. The next sections will
provide a brief description of the experiment.

B. Two flavor approximation

The study of neutrino oscillation can be described with the two flavor approximation. From the relation of the mass
eigenstates and flavor eigenstates equation (1), the νµ and νe flavor eigenstates are related with the mass eigenstates
ν1 and ν2 as follows

|νµ >= cosθ|ν1 > +sinθ|ν2 >, (9)

|νe >= −sinθ|ν1 > +cosθ|ν2 > . (10)

The time evolution of the weak eigenstate |νµ > is

|νµ >= cosθe−E1t|ν1 > +sinθe−E2t|ν2 > . (11)

The probablity of a muon neutrino transforming into a electron neutrino is

P (νµ → νe) = | < νµ|νe > |2 (12)

= sin2θcos2θ|e−iE2 − e−iE1 |2 = sin22θsin(
(E2 − E1)t

2
), (13)

PMNS: Pontecorvo, Maki, Nakagawa, Sakata

Super Kamiokande, K2K, MINOS RENO, Daya Bay, MINOS, NOvA SNO, KamLAND

Atmospheric+Accelerator Reactor+Accelerator Solar+Reactor

�m2
32 ⇠ 2.5⇥ 10�3eV 2 �m2

21 ⇠ 8⇥ 10�5eV 2

✓23 ⇠ 45� ✓12 ⇠ 34�
✓13 ⇠ 9�

�CP =?

P (⌫↵ ! ⌫�) = |
X

j

U�je
�i

�m2
jL

2E U↵j |2
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• Neutrinos have mass and weak flavor states

• The probability of a neutrino να transforming into a νβ 

• 2 neutrino case

Neutrino Oscillations 

2

4
⌫e
⌫µ
⌫⌧

3

5 = U †

2

4
⌫1
⌫2
⌫3

3

5

P (⌫↵ ! ⌫�) =
NX

i=1

NX

j=1

U⇤
↵iU↵jU�iU

⇤
�je

�i L
2E�m2

ij

4

L is the distance traveled, E the neutrino energy

Δm2ij=mi2-mj2 difference in the squared masses,  Uαj mixing amplitudes

*

P (⌫↵ ! ⌫�) = sin2 2✓ sin2(1.27�m2 L

E
)
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• Is there CP violation in the lepton sector? 
- May explain matter-antimatter asymmetry 
• What is the mass hierarchy? (sign of        ) 
- Important to be able to understand the reach of experiments that study whether 

neutrinos are their own antiparticle or not 
• Is θ23 maximal?  
• Is there a fourth “sterile neutrino”?

Remaining Questions

�28

�m2
32

M. Sanchez - ISU/ANL

N E U T R I N O S  M A S S E S  A N D  M I X I N G

Two mass scales:  
The “atmospheric” mass scale: Δm2

32
 

The “solar” mass scale: Δm2
21

 

Large mixing angle for atmospheric 
neutrino oscillations. 
Solar neutrino oscillations are subject to 
matter effects with a non-maximal mixing 
angle. 
Third mixing angle is small and has 
been measured!  
CP violation in the lepton sector has 
NOT been measured. 
Mass ordering is NOT known for 
atmospheric neutrinos but known for 
the solar mass scale.

21

Δm2
32

Δm2
21

Experimental picture evolving quickly!

What do we know?
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• Is the mass hierarchy “normal” or “inverted”?

Remaining Questions

�29
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• Is there CP violation in the lepton sector
• What is the mass hierarchy? (sign of        )

• Use simulations to extrapolate from near detector to far detector σνμ—>σνe

• We definitely need a nuclear model to convert from produced to detected energy 
spectra and topologies in the near and the far detectors 

Addressing the Remaining Questions

�30

�m2
32

Source

Near Detector

Far Detector

Neutrino beam produce 
mainly νμ and small 

component of νe

Nuclear Effects Nuclear Effects

!
!
!
!
!
!
!
!
!

• Having a near and a far detector help to cancel some systematics	
• Since the flux is different at near and at far detectors, the convolutions of flux times 

cross section times nuclear effects is different, we still need a nuclear model to 
convert from produced to detected energy spectrum and topology

Near and Far Detector

8

Events at the Near Detector

Events at the Far Detector �
0
⇥ � ⇥ ✏⇥ P⌫µ!⌫e⇥

Nuclear Effects

Nuclear Effects

�⇥ � ⇥ ✏⇥

�⇥ �⇥ �0 ⇥ �⇥

Nuclear model

Beam of νμ

Signal: νe

Long-baseline Experiments: What can we learn?

24
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Long-baseline experiments: What can we learn?
● Precision measurements of mixing parametrs
● Neutinos mass hierarchy?

CP Violaton?
Neutino vs Ant-neutino oscilatons

Nova
(Ash river)

MINOS(+)
(Soudan)

DUNE
(Home Stake)

Fermilab Long-baseline
experiments

also, T2K in Asia
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Where is the Far and Near Detector?
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Where are all those neutrinos headed?   

And they make 
the journey from 

Fermilab to 
northern 

Minnesota in 
1/400th of a 

second! 

456'miles'

6'miles'

Neutrinos make the journey 
from Fermilab to northern 
Minnesota

Illinois 
Wisconsin
Minnesota

Dave'Schmitz'–'April'6,'2011' In'One'Ear'and'Out'the'Other…'A'Talk'About'Neutrinos' 54'

But will they change their flavor?!?   

νµ"
ντ"
νµ"νµ"
νµ"
ντ"ντ"

νµ"

νµ"

ντ"
ντ"
ντ"ντ"
ντ"
ντ"ντ"

ντ"

νµ"

νµ"
νµ"
νµ"νµ"
νµ"
νµ"νµ"

νµ"

νµ"
Path'to'MN'

0"miles"
Fermilab"

456"miles""
Soudan,"MN"

Illinois 

Wisconsin 

Minnesota 

Lake Superior 

5,400 tons, 2,300 ft   

MINOS 
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• Use a high intensity beam of neutrinos from Fermilab
• Construct detectors at far locations: MINOS+ at 735 Km (ended data-taking), NOvA at 

810 km (taking data) and DUNE at 1300 km (in design)

Long-baseline Experiments: What can we learn?

�32
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Long-baseline experiments: What can we learn?
● Precision measurements of mixing parametrs
● Neutinos mass hierarchy?

CP Violaton?
Neutino vs Ant-neutino oscilatons

Nova
(Ash river)

MINOS(+)
(Soudan)

DUNE
(Home Stake)

Fermilab Long-baseline
experiments

also, T2K in Asia
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Electron Neutrinos Topologies at Different Detectors
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J. Wolcott / Tufts U. / NuINT 2015 6

Event display of simulated
~4 GeV ν

e
 interaction in MINERvA 

~325 MeV proton

~3.5 GeV electron

Beam direction

Event “pre-selection” (EM-enriched):
● One (or more) reconstructed track(s) 

(>85% of e± in inner detector region 
begin with track due to low-Z material)

● No obvious muons (never ν
e
):

― No tracks exiting back of detector
― No μ→e decay candidates (“Michel 

electrons”)
● Cut on multivariate PID classifier 

combining details of energy profile

Isolating ν
e
-like events

Muon 
exits 

back of 
detector

π0 photon converts 
immediately and 

looks like electron

Simulated background rejected by muon cuts
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How can LArTPCs separat e- fom γ? 

● Combine tpology and energy depositon along tack (dE/dx) t distnguish

– For γ or π0, gap between vertx and EM shower

– If no gap, measure charge (dE/dx) at te start of te shower
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ArgoNeuT LArTPC in te NuMI

beam at Fermilab (2009 – 2010)

Electron Neutrino from Gargamelle (1978)

Electron Neutrino from Liquid Argon 

Electron
Pion

NOvA Experiment 

MINERvA Experiment 
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Searching for νμ Disappearance 

�34

• In long baseline experiment, we compare a prediction obtained from Near Detector 
data with a Far Detector measurement 

M. Sanchez - ISU/ANL

sin2(2�23)

�m2
32

Unoscillated 

Oscillated 

  νμ spectrum

Monte&Carlo

Input: sin2(2θ)=1.0, Δm2=3.35x10-3 eV2

Far&Det Monte&Carlo

sin2(2�23) �m2
32P (�µ ⇥ �µ) ⇤ 1� sin2
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• In long-baseline experiments, we compare a prediction obtained from 
Near Detector data with a Far Detector measurement. 

• Neutrino oscillations deplete rate and distort the energy spectrum.

Searching for νμ disappearance

M. Sanchez - ISU/ANL
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• In long-baseline experiments, we compare a prediction obtained from 
Near Detector data with a Far Detector measurement. 

• Neutrino oscillations deplete rate and distort the energy spectrum.

Searching for νμ disappearance
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• Near and Far detectors
• Steel planes (2.54 cm), magnetized detector 
• Alternating with planes of scintillator strips 
- Near detector: 1 ton 
- Far detector: 5.4 kton

MINOS Experiment 
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M. Sanchez - ISU/ANL

The MINOS detectors
Functionally identical: Near and Far detectors 

Octogonal steel planes (2.54cm thick ~1.44X0). Magnetized detector. 
Alternating with planes of scintillator strips (4.12cm wide, Moliere rad ~3.7cm).  

Near (ND): ~ 1kton, 282 steel squashed octagons. Partially instrumented.   

Far (FD): 5.4 kton, 486 (8m/octagon) fully instrumented planes. 

Near Far
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The MINOS detectors
Functionally identical: Near and Far detectors 

Octogonal steel planes (2.54cm thick ~1.44X0). Magnetized detector. 
Alternating with planes of scintillator strips (4.12cm wide, Moliere rad ~3.7cm).  

Near (ND): ~ 1kton, 282 steel squashed octagons. Partially instrumented.   

Far (FD): 5.4 kton, 486 (8m/octagon) fully instrumented planes. 

Near Far
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M. Sanchez - ISU/ANL

!"#$%&'&(')#$*+&#,-$./&('#01$
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MINOS νμ disappearance

       Contained: Expect 2451. Observe 1986. 
• Oscillations fit well. More recent analyses by MINOS consider full 3 flavor 

oscillation fits and have even better precision.  

• Pure decoherence disfavored at  8 σ. 

• Pure decay disfavored at  6 σ. 

15P. Adamson et al., Phys.Rev.Lett. 106 181801 (2011) 
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• Far detector is 14 ktons, sits at Minnesota
• Near Detector is 290 tons placed 300 ft underground at Fermilab
• Identically functionality 
- Consist of plastic cells                                                                                         

filled with liquid scintillator
• Off axis beam neutrinos 

NOvA Experiment 
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M. Sanchez - ISU/ANL

Upgrade high intensity beam of 
muon neutrinos at Fermilab to 
700kW. 
Construct a totally active liquid 
scintillator detector off the main 
axis of the beam. 

Detector is 14 mrad off-axis. 
Location reduces background 
for the search. 

If neutrinos oscillate, electron 
neutrinos are observed at the 
Far Detector in Ash River,  
810 km away. 
Plan to run 3 years in neutrino 
and 3 years in anti-neutrino.

NOvA in a nutshell

← long baseline →

NOνA Far Detector
MINOS Far Detector 810 km
735 km

2nd generation

45

M. Sanchez - ISU/ANL

Off-axis beam neutrinos
Second generation of long-
baseline experiments focuses 
on electron neutrino 
appearance searches.  

To reduce neutral current 
contamination from 
interactions with high energy 
neutrinos, the detectors can 
be placed off-axis.  

The peak is tuned to the first 
oscillation maximum.  

For muon neutrino 
disappearance measurement, 
this provides a perfect canvas 
to observe the oscillation 
pattern.

Medium Energy NuMI Beam

νμ#⟶νe  
Osc. Probability

Claudio Giganti - EPS HEP 2011July 21, 2011

Off-axis narrow band beam
T2K is the first long baseline experiment using 
off-axis technique

Reduced dependence of Eν from Eπ 

Intense beam where the oscillation effect is 
maximum (~0.6 GeV)

Enhance the CCQE sample, reducing the high 
energy tails of the beam → reduce the 
backgrounds to oscillation signal
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Off-axis narrow band beam
T2K is the first long baseline experiment using 
off-axis technique

Reduced dependence of Eν from Eπ 

Intense beam where the oscillation effect is 
maximum (~0.6 GeV)

Enhance the CCQE sample, reducing the high 
energy tails of the beam → reduce the 
backgrounds to oscillation signal
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NOvA Experiment

25
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A Neutrino Interaction from the NOvA Experiment
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Mayly Sanchez - ISU

A  M U O N  N E U T R I N O  C A N D I D AT E

25

Zoomed	in	spa/ally
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Minerba Betancourt27

What do we see at the NOvA Experiment?



Minerba Betancourt

NOvA Experiment 
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Best fit prediction 121
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Results 
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T2K Experiment 
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νμ to νμ and νμ to νμ:
_ _
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KamLAND Experiment 
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νe to νe:
_ _

|Δm2sol| ~ 7 x 10-5 eV2
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• Disappearance of electron antineutrinos                                                                             
provides clean measurement of θ13

Day Bay Experiment 
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Daya Bay Reactor 
Antineutrino experiment

Disappearance of electron 
antineutrinos provides clean 
measurement of θ13
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Daya Bay Reactor 
Antineutrino experiment

Disappearance of electron 
antineutrinos provides clean 
measurement of θ13
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Many Experiments!

�45

MINOSAccelerator  
and Atmospheric 

Reactor 

Solar
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What about direct measurements of absolute mass of neutrinos ?

�46

• When a neutrino is produced, some of the energy exchanged in the process should be 
spent by the non-zero neutrino mass
• The most sensitive observable is the electron energy spectrum from tritium decay 

• This decay is sensitive to an effective “electron neutrino mass”
• Experiment measure the shape of the end-point of the spectrum, not the value of the 

end point

André de Gouvêa Northwestern

Experiments measure the shape of the end-point of the spectrum, not the

value of the end point. This is done by counting events as a function of

a low-energy cut-o↵. note: LOTS of Statistics Needed!

E0 = 18.57 keV
t1/2 = 12.32 years

e

e

October 13–16, 2014 Neutrino Physics
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• First tritium injection May 18 2018
• Commissioned the detector 2018

• Taking data!

KATRIN Experiment 
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André de Gouvêa Northwestern

NEXT GENERATION: The Karlsruhe Tritium Neutrino (KATRIN) Experiment:
(not your grandmother’s table top experiment!)

sensitivity m2
⌫e

> (0.2 eV)2

October 13–16, 2014 Neutrino Physics
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Short-Baseline Neutrino Program
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• Short-baseline neutrino program at Fermilab:
• Search for a fourth type of neutrino (sterile neutrino)
• Measure cross sections on liquid argon
• First time multiple liquid argon detectors are putting together: understand how 

systematics cancel in preparation for DUNE

• MicroBooNE is running, SBND: commissioning is scheduled to start in 2020 and 
ICARUS: commissioning is scheduled to start in 2019

B CLWL L]L f E7A [] R]L L A6? AP ]T & ?L T 6 P]TNL I ]V S [ f 6[]TW 0 )*/

Booster Beam

110 m, 112 t 

SBND

600 m,  470 t 

ICARUS-T600

470 m, 86 t 

SBN program - Phase 2 - 7d )*1% SP TN] 7 A: OP PN ] bTWW MP
U T PO Md b LOOT T LW ?6]&FC8 OP PN ] L OT P]P ML PWT P

q SP SBND OP PN ] L O
q SP ICARUS-T600 OP PN ]

] T R L LAr TPC trio (to sample the neutrino spectrum as a function 
distance) ] SP E7A neutrino oscillation [] R]L

 FNAL Short Baseline Neutrino program
arXiv:1503.01520, January 2014

MicroBooNE
29

How can LArTPCs separat e- fom γ? 

● Combine tpology and energy depositon along tack (dE/dx) t distnguish

– For γ or π0, gap between vertx and EM shower

– If no gap, measure charge (dE/dx) at te start of te shower
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DUNE (40Kton)
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Beyond measuring 
appearance probabilities

A longer baseline provides more matter effects 
enhancing the asymmetry between neutrino 
and antineutrino appearance probabilities, the 
sign of which depends on the mass hierarchy.  

The sensitivity depends on the actual values of 
mixing parameters (mainly δCP and sin

2
(2θ23)), 

as well as the true value of the MH itself.

34 2 The Science of LBNE

Baseline (km)
500 1000 1500 2000 2500 3000

 F
ra

c
ti

o
n

C
P

δ

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 MHσ5
Normal Hierarchy

) = 0.0913θ(22sin
34 kT LAr, 3+3 yrs

 BkgdτνNo 

 BkgdτνWith 

∆χ = 25
2

MH

Baseline (km)
500 1000 1500 2000 2500 3000

 F
ra

ct
io

n
C

P
δ

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
 CPVσ3

Normal Hierarchy
) = 0.0913θ(22sin

34 kT LAr, 3+3 yrs

 BkgdτνNo 
 BkgdτνWith 

Figure 2.7: The fraction of ”CP values for which the mass hierarchy can be determined with an average
|�‰2| = 25 or greater as a function of baseline (top) and the fraction of ”CP values which CP violation
can be determined at the 3‡ level or greater as a function of baseline (bottom). A NuMI based beam design
with a 120≠GeV beam was optimized for each baseline. Projections assume sin2 2◊13 = 0.09 and a 34≠kt
LArTPC as the far detector [81]. An exposure of 3yrs+3yrs of neutrino+antineutrino running with 1.2≠MW
beam power is assumed.

the distance between the target and the first horn allowed selection of a beam spectrum that cov-
ered the first oscillation node and part of the second. The design incorporated an evacuated decay
pipe of 4-m diameter and a length that varied from 280 to 580 m. For baselines less than 1,000 m,
the oscillation occurs at neutrino energies where on-axis beams produce too little flux. Therefore,
off-axis beams — which produce narrow-band, low-energy neutrino fluxes — were simulated for

The Long-Baseline Neutrino Experiment

• Build new detectors farther away                                                                                       
(1300 km) on axis

• A longer baseline provides more                                                                                                             
matter effects enhancing the asymmetry                                                                                
between neutrino and antineutrino                                                                                                      
appearance probabilities

• DUNE will measure the mass hierarchy and search for the δ
• DUNE will constrain sin2(θ13), sin2(θ23), Δ2m13, Δ2m23

• Has the potential to determine the θ23 octant 
• Physics goals include
• Constrain the PMNS metric
• Search for exotic physics like                                                                                                                 

NSI, CPT/Lorentz violation,                                                                    extra 
dimensions and sterile neutrino 

DUNE Experiment 
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M. Sanchez - ISU/ANL

Redirect and intensify 
a wide band beam of 
muon neutrinos from 
Fermilab.  

Construct even bigger 
detectors farther away 
(1300 km) on-axis. 

If neutrinos oscillate, 
electron neutrinos are 
observed at the Far 
Detector at 
Homestake. 
Similar ideas are 
being pursued in 
Europe and in 
Japan. 

LBNE in a nutshell

← long baseline →
3rd generation

NOνA Far Detector
MINOS Far Detector 810 km
735 km

You are here

Primary Proton Transport for

FNAL-Homestake beamline

Mary Bishai, BNL 3 – p.3/15

• Plan to eventually build a 34 kton fiducial/50 
kton total  liquid argon detector. Might start in 
a first phase with at least a 10 kton detector. 

56
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Back Slides 
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From Quarks
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• The interaction basis 

• The masses do not need to be diagonal

3X

i=1

Q̄Li /DQLi =
3X

i=1

gp
2

�
ūLi�

µdLiW
+
µ + h.c.

�
+ . . .

Mdiag
u

3X

i,j=1

yijQ̄LiH̃uRj ! ŪL ·Mu · UR = ūL · (V u
L )† ·Mu · V u

R · uR}

quarks in mass basis
(masses are diagonal)

3X

i,j=1

yijQ̄LiHdRj ! D̄L ·Md · DR = d̄L · (V d
L )

† ·Md · V d
R · dR
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• The interaction basis 

• The mass basis 

3X

i=1

Q̄Li /DQLi =
3X

i=1

gp
2

�
ūLi�

µdLiW
+
µ + h.c.

�
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3X

i=1

Q̄Li /DQLi =
gp
2

⇥
ūL�

µ(V u
L )†V d

LdLW
+
µ + h.c.

⇤
+ . . .

CKM mixing matrix

}

From Quarks
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• Fermion states that have a well defined mass can have mixing under weak 
interactions 

• Same thing happens to neutrino, but we do not know the mechanism that generates 
neutrino masses! 

From Quarks


