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No such ting as a 
dumb queston
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Before we dive in...

What is te “size” we wil be talking about?
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Galaxies

Not talking tis...
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Galaxies

Elephants

Squirrels

Ants

Not even talking tis...

A dew drop
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Somewhere here....
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Now...how many of you know what tis is?
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What table describes te nature 
at a “milion” tmes smaler 

lengt scale tan te 
periodic table of elements?

Scale of te atm and its consttuents Mendeleev's periodic table
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Te Standard model of 
elementary partcles!!

Scale of te atm and its consttuents Mendeleev's periodic table
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Te Standard Model of Elementary partcles

Who can explain tis t me?
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Te Standard Model of Elementary partcles

● Teory about fndamental
ingredients of mater and how tey
intract wit each oter

● Everyting known in tis world is
made of tese (and teir mirror
images)
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Te Standard Model of Elementary partcles
● Teory about fndamental ingredients

of mater and how tey intract 
wit each oter

● Everyting known in tis world is 
made of tese (and teir mirror 
images)

● For tis talk,
we wil focus on NEUTRINOS 
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A Word about Forces...
Gravitatonal Stong

Electomagnetc Weak
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A Word about Forces...
Gravitatonal (gravitns) Stong (gluons)

Electomagnetc (photns) Weak (W/Z bosons)

● Solar System
● Black holes
● Galaxies

(gravitons not

yet discovered!)
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A Word about Forces...
Gravitatonal (gravitns) Stong (gluons)

Electomagnetc (photns) Weak (W/Z bosons)
● Neutron decay
● Radioactive decay
● Inside the sun

● Binds the nucleus

● Solar System
● Black holes
● Galaxies

(gravitons not

yet discovered!)

● Atoms
● Chemistry
● Light
● magnets

We will revisit this 

in the later slides...
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Why Study Neutinos?

Neutinos can provide answers t some 
of te biggest puzzles in te Universe!

….. fom te stucture of te Atm t te formaton of a Star!

Flavors 
= 

types
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Te big world of litle neutinos!
● Why is tere more mater in te 

Universe tan ant-mater?

● What is Dark Mater made of?

● How are stars formed?

● How do stars colapse?

● How does Sun shine?

● How many favors does neutinos 
come in? How does tat impact our understanding of te Universe?

● ...and so on
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Te big world of litle neutinos!
● Furtermore,

– Neutinos gave te frst direct evidence tat Standard Model is
   not enough t describe te partcle world
– How neutinos get teir mass is stl a mystry!?

?
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Q: Where do neutinos come fom?
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Q: Where do neutinos come fom?
A: almost everywhere!

Human made

Reactor & Accelerator

Cosmological, Solar, atmospheric,

cosmic, supernovae etc.
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Q: Where do neutinos come fom?
A: almost everywhere!

Human made

Reactor & Accelerator

Cosmological, Solar, atmospheric,

cosmic, supernovae etc.

Even Bananas make 

Neutrinos....what!?
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How t detct Neutinos?
Two tings t remember:
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Two tings t remember:
1.  Tey are abundant and easy t produce in copious amounts
     nearly ~100 bilion neutinos go trough your tumb...what!? 
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How t detct Neutinos?
Two tings t remember:
1.  Tey are abundant and easy t produce in copious amounts
     nearly ~100 bilion neutinos go trough your tumb...what!? 

2. Neutinos are very, very, very..weakly intractng
How weak you ask?

Can tavel up t 200 earts 
witout intractng!

Actualy, can pass trough a light year of
lead witout intractng!!
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How t detct Neutinos?
Two tings t remember:
1.  Tey are abundant and easy t produce in copious amounts
     nearly ~100 bilion neutinos go trough your tumb...what!? 

2. Neutinos are very, very, very..weakly intractng
How weak you ask?

Can tavel up t 200 earts 
witout intractng!

So, how te hel do you detct it?



33

Neutino Experiments
Statgy: 
1. Produce tem in large quanttes in a wel defned area 
2. Put someting very dense, very big and  very sensitve for neutinos t  
    intract

 Lets look at some cool examples!
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 Super-Kamiokande neutino experiment in Japan 

Dimensions:
~41 m height

~30m diameter tank

50,000 tons of water
~11,000 PMTs

Researchers sitting
 in a boat

inside the detector

How cool is that!

To study solar and atmospheric neutrinos
(1000 m underground)

A water Cherenkov detector

http://www.ps.uci.edu/~superk/
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Te Sudbury Neutino Observatry in Canada
To study solar neutrinos

(about 2 km underground)
A water Cherenkov detector

Dimensions:
~ 12m diameter tank

1000 tons of heavy water
~9000 PMTs
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Te Irvine-Michigan-Brookhaven detctr
Cubical tank
17x17.5x23 m

2.5 million gallons of 
Pure water

~2000 PMTs

To study nucleon decay
(about 600 m underground)
A water Cherenkov detector

A scuba diver swims 
through the detector
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Te MicroBooNE Detctr @ Fermilab



38

How do neutinos intract?
Charged current (CC)

interactions
(W+/- exchange)

Neutral current (NC) interactions
(Z exchange)
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Charged current (CC)
interactions

(W+/- exchange)

Neutral current (NC) interactions
(Z exchange)

How do neutinos intract?

Something

Remember?

lepton
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Charged current (CC)
interactions

(W+/- exchange)

Neutral current (NC) interactions
(Z exchange)

Outgoing lepton determines the
neutrino (anti-neutrino) favor

e.g., μ- υ
μ
 

μ+ anti-υ
μ
 

Neutinos cannot be detctd directly...

Something
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Charged current (CC)
interactions

(W+/- exchange)

Neutral current (NC) interactions
(Z exchange)

Outgoing lepton determines the
neutrino (anti-neutrino) favor

e.g., μ- υ
μ
 

μ+ anti-υ
μ
 

How do neutinos intract?

Something
Something
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Charged current (CC)
interactions

(W+/- exchange)

Neutral current (NC) interactions
(Z exchange)

Outgoing lepton determines the
neutrino (anti-neutrino) favor

e.g., μ- υ
μ
 

μ+ anti-υ
μ
 

● Unlike CC, NC is tricky!
● No outgoing lepton to know

neutrino type

Big worry as a background to
many analyses!

How do neutinos intract?

Something
Something
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How did we discover neutinos?

Radioactvit?
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How did we discover neutinos?
Radioactivity – Nucleus emits particles due to nuclear instability 

Alpha decay Gamma decay

Beta decay

● Henri Becquerel
● Marie Curie
● 1903 noble prize
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How did we discover neutinos?

 E=mc2
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How did we discover neutinos?
   E=mc2 (Energy-mass conservation) 

● Energy is always conserved
● Energy can neither be created nor destroyed only can be transformed

into a different form
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How did we discover neutinos?
   E=mc2 (Energy-mass conservation) 

● Energy is always conserved
● Energy can neither be created nor destroyed only can be transformed

into a different form
● The Problem: Energy didn't seem to conserved in Beta decay!?
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How did we discover neutinos?
   E=mc2 (Energy-mass conservation) 

● Energy is always conserved
● Energy can neither be created nor destroyed only can be transformed

into a different form
● The Problem: Energy didn't seem to conserved in Beta decay!?

Chadwick, 1914
Beta decay before 1930
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Wolfgang Pauli and Beta decay
● Could there be another “invisible” particle 

coming out of the beta decay that can 

explain the missing energy?

● Invisible → neutral (cannot detect)

● Energy conservation not violated, it was 

carried away by another neutral particle

● Initially this neutral particle was thought to be the neutron, Chadwick

discovered neutron in 1932!
● But Pauli realized that the proposed particle should be massless!

?
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Wolfgang Pauli and Beta decay
● Could there be another “invisible” particle 

coming out of the beta decay that can 

explain the missing energy?

● Invisible → neutral (cannot detect)

● Energy conservation not violated, it was 

carried away by another neutral particle

● Initially this neutral particle was thought to be the neutron, Chadwick

discovered neutron in 1932!
● But Pauli realized that the proposed particle should be massless!

?

Dear Radioactive Ladies and Gentlemen,

I have done a terrible thing. 

I have postulated a particle that cannot be detected

Pauli called this particle as “neutrino” means “little neutral particle”
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Wolfgang Pauli and Beta decay

Now, al is left is t discover it!

?
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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

Electron

anti-neutrino positron

neutron

p

Charge conservaton results
in emission of an n and e+
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Te discovery of more neutino tpes

e   μ   τ

● Every charged partcle is accompanied by a
neutal cousin – rules of Standard Model 
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Te discovery of more neutino tpes

● In 1988 anoter tpe of neutino was discovered at BNL – muon neutino 
● In 2000, anoter tpe neutino was discovered at Fermilab caled “tau”

neutino 

e   μ   τ

● Every charged partcle is accompanied by a
neutal cousin – rules of Standard Model 
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Te discovery of more neutino tpes

● In 1988 anoter tpe of neutino was discovered at BNL – muon neutino 
● In 2000, anoter tpe neutino was discovered at Fermilab caled “tau”

neutino 

e   μ   τ

● Every charged partcle is accompanied by a
neutal cousin – rules of Standard Model 
Okay, great!

We have found 3 neutrino flavors

electron, muon and tau

That seems like plenty!

But, 

Are there more than three 

neutrino types?

We will come back to this later...
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Lets tink about Solar neutinos a bit...
● The nuclear reaction processes in Sun emit trillions of “electron” neutrinos
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Lets tink about Solar neutinos a bit...
● The nuclear reaction processes in Sun emit trillions of “electron” neutrinos

● The HomeStake mine experiment 

– located 4,900 feet underground

● They wanted to measure the solar 

neutrino flux

– flux refers to how many neutrinos

arrive earth in square cm per sec 

  

Built in abandoned mine in South Dakota

Diameter=20 ft, L=48 ft 

100k gallons of 
Perchloroethylene

What they found changed 

the course of the 

neutrino history!!
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Te Solar Neutino Problem
● The HomeStake experiment observed that the 

– “measured” electron neutrino flux  << “expected” flux

● Almost 2/3rd of the electron neutrinos were lost along their way from SUN

     This was a big puzzle!
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Te Solar Neutino Problem
● The HomeStake experiment observed that the 

– “measured” electron neutrino flux  << “expected” flux

● Almost 2/3rd of the electron neutrinos were lost along their way from SUN

     This was a big puzzle!
● This result was later confirmed by many experiments such as SNO

SO,

Is the theory wrong? Is the experiment wrong? Where is the problem? 

How can neutrinos disappear?
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Te Solar Neutino Problem
● The HomeStake experiment observed that the 

– “measured” electron neutrino flux  << “expected” flux

● Almost 2/3rd of the electron neutrinos were lost along their way from SUN

       This was a great puzzle!
● This result was later confirmed my many experiments such as SNO

SO,

Is the theory wrong? Is the experiment wrong? Both wrong? Where is the problem?     

How can neutrinos disappear?

ANSWER: Neither are wrong!

Ray Davis, John Bahcall
2002
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Te Soluton...
● A neutrino created as one “flavor” can change into another “flavor” as 

they travel

● So, the electron neutrinos created by sun would have changed flavor along the 

way to earth and since the other flavor were not accounted for, you see a deficit

● But, as weird as it sounds, why does this happen?

υ
μ

υ
e
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A neutino creatd as one favor can change int anoter favor!

“MASS” 
STATES

(this is how
They travel) ≠

They travel as a combined state, but, detected as a single state

“FLAVOR” 
STATES

(how they
interact)

Why?

υ
μυ

e

υ
τυ

2

υ
3

υ
1

υ
μ υ

e
  

Source   

Detector
Long distance

Neutinos Oscilat!
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A neutino creatd as one favor can change int anoter favor!

“MASS” 
STATES

(this is how
They travel) ≠

They travel as a combined state, but, detected as a single state

“FLAVOR” 
STATES

(how they
interact)

Why?

υ
μυ

e

υ
τυ

2

υ
3

υ
1

υ
μ υ

e
  

Source   

Detector
Long distanceNeutrino oscillations between different flavor states can only 

happen “if they have mass”

Standard Model predicts zero mass to neutrinos

Hence,

This is a compelling evidence showing that the theory that 

was believed for many years to be perfect cannot 

accommodate massive neutrinos!

Neutrino Physics took a BIG turn after this!

Neutinos Oscilat!
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Neutino Oscilatons

Probability of one

 neutrino flavor 

converting into 

another 

neutrino flavor

Oscillation probability for

a electron neutrino as a

function of L/E

υ
μ

υ
e

υ
τ

2-flavor
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Neutino Oscilatons

Probability of one

 neutrino flavor 

converting into 

another 

neutrino flavor

Oscillation probability for

a electron neutrino as a

function of L/E

υ
μ

υ
e

υ
τ

2-flavor

L/E is called the baseline of a neutrino experiment

And is critical to 

defining how oscillations evolve over a certain distance..

Short-baseline experiments: L is ~1 km

Long-baseline experiments: L is ~1000 km



66

How are oscilatons detctd?

Near detctr Far detctrV beam

? ?

Oscilatons

Oscilatons

Te measurement of oscilaton itself is not as simple as it sounds, 
many complicatons lie t make a measurement!
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How are oscilatons detctd?

Near detctr Far detctrV beam

? ?

Oscilatons

Oscilatons

Te measurement of oscilaton itself is not as simple as it sounds, 
many complicatons lie t make a measurement!

Neutino oscilaton experiments are primarily 4 tpes
– Solar
– Atmospheric

– Reactr
– Acceleratr

Natural sources

Artificial sources 
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How are oscilatons detctd?

Near detctr Far detctrV beam

? ?

Oscilatons

Oscilatons

Te measurement of oscilaton itself is not as simple as it sounds, 
many complicatons lie t make a measurement!

Neutino oscilaton experiments are primarily 4 tpes
– Solar
– Atmospheric

– Reactr
– Acceleratr

Natural sources

Artificial sources 

Lets talk about tis a litle bit....
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Aachen, Jan 13, 
2015

Anne Schukraft, Fermilab 69

Te Fermilab Sit
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Aachen, Jan 13, 
2015

Anne Schukraft, Fermilab 70

Tevatron
Circumference: 6.86km
Proton Energy: 1 TeV

Main Injector
Circumference: 3.3km
Proton Energy: 120 GeV

Linac
Length: 150m
Proton Energy: 400 MeV

Te Fermilab Acceleratr Complex
Booster (BNB)
Circumference: 468m
Proton Energy: 8 GeV
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Aachen, Jan 13, 
2015

Anne Schukraft, Fermilab 71

Main Injector (NuMi)
Circumference: 3.3km
Proton Energy: 120 GeV

Te Fermilab Neutino Complex

Fermilab produces two neutrino beams through this complex 

Linac
Length: 150m
Proton Energy: 400 MeV

Booster (BNB)
Circumference: 468m
Proton Energy: 8 GeV
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Aachen, Jan 13, 
2015

Anne Schukraft, Fermilab 72

Fermilab's Boostr Neutino Beam (BNB)

Protons

Neutrinos

(neutrino mode)

Booster (BNB)
Circumference: 468m
Proton Energy: 8 GeV

Linac
Length: 150m
Proton Energy: 400 MeV
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Aachen, Jan 13, 
2015

Anne Schukraft, Fermilab 73

Fermilab's Boostr Neutino Beam (BNB)
How does it work?

Protons

Neutrinos

(neutrino mode)

Linac
Length: 150m
Proton Energy: 400 MeV

Switching the horn polarity, focuses negatively charged mesons, yielding a anti-ν
μ
 beam

Beryllium target

Booster (BNB)
Circumference: 468m
Proton Energy: 8 GeV
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Aachen, Jan 13, 
2015

Anne Schukraft, Fermilab 74

Protons

Neutrinos

Fermilab's Neutinos in te Main Injectr (NuMI) beam

Main Injector
Circumference: 3.3km
Proton Energy: 120 GeV

Linac
Length: 150m
Proton Energy: 400 MeV

Booster (BNB)
Circumference: 468m
Proton Energy: 8 GeV
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Aachen, Jan 13, 
2015

         Several Neutino experiments at Fermilab...

MicroBooNE

MINERvA

ArgoNeuT

MiniBooNE

LArIAT
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A tn of evidence for Neutino Oscilatons since 1998!
MINOS DAYABAYSUPER-K

ν
μ 
 disappearance

   

ν
μ 
 disappearance anti-ν

e 
 disappearance

Fermilab

450 m
iles

Soudan mine
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A tn of evidence for Neutino Oscilatons since 1998!

MINOS DAYABAYSUPER-K
ν

μ 
 disappearance

   

ν
μ 
 disappearance anti-ν

e 
 disappearance

Fermilab

450 m
iles

Soudan mine

For te discovery t neutino oscilatons 
which indicat neutinos have mass
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We have come a long way...
● Neutinos oscilat; tey come in 3 favors; tey have mass
● Unlike quarks, neutino mixing angles are large!
● Neutinos and ant-neutinos behave diferently 

– CP Phase is non-zero – as al 3 angles are non-zero
● Current knowledge of Neutino Mixing: 3 angles and one phase

υ
μυ

e

υ
τυ

2

υ
3

υ
1

(this is how
They travel)

(this is how
They are 
detected)

CP Phase:
How neutinos difer
fom ant-neutinos

Neutrino 
mixing 
matrix
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We have come a long way...
● Neutinos oscilat; tey come in 3 favors; tey have mass
● Unlike quarks, neutino mixing angles are large!
● Neutinos and ant-neutinos behave diferently 

– CP Phase is non-zero – as al 3 angles are non-zero
● Current knowledge of Neutino Mixing: 3 angles and one phase

Sin2θ13 <0.02
 

Sin2θ23 ~ 0.45 Sin2θ12 ~0.31
∆m2

23 ~ ∆m2
13  

One of te main goals of Current Oscilaton experiments is t make
“precision” measurements of θ23 , θ13 and te mass diference, ∆m2

23  

(23) Sectr: Atmospheric (13) Sectr: Reactr+Acceleratr (12) Sectr: Solar+Reactr
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Lets take a stp back and tink about what we learnt...

Note we can only measure neutrino

mass square differences not absolute

masses...
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Lets take a stp back and tink about what we learnt...

● Are tere ONLY tree neutino favors?

● Why do quarks and leptns exhibit 
diferent behavior?

● Why is tere such large gap between 
neutino masses and quark masses?

● Are neutinos teir own mirror symmety?
– do ant-neutinos oscilat same as 
   neutinos

● What about “absolut” neutino masses?
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Lets take a stp back and tink about what we learnt...
● Neutino Mass ordering?

 – Remember we only know mass diferences 
   not exact masses...
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Lets take a stp back and tink about what we learnt...
● Neutino Mass ordering?

 – Remember we only know mass diferences 
   not exact masses...

These currently form the big questions in 

Neutrino Physics

And 

A lot of experiments are being built to 

address these!
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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

Long-baseline experiments
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Are tere more tan 3 neutino favors? 
   – Strile neutinos? 

Fermilab Short-baseline 
experiments Proposed SBN program

MicroBooNE

SBN ND
S B N  N D  (100m )

S B N  F D  (600m )

ICARUS (T600)

M i n i B o o N E  (541m )

Short-baseline experiments
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New detctr tchnologies being 
Implementd t achieve precision...

Liquid Argon Time Projecton Chambers are te
next generaton neutino detctrs
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New detctr tchnologies being 
Implementd t achieve precision...

Liquid Argon Time Projecton 
Chambers 

are te next generaton neutino 
detctrs
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New detctr tchnologies being 
Implementd t achieve precision...

Liquid Argon Time Projecton Chambers are te
next generaton neutino detctrs
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Ar emits light at 128 nm       VUV range (not visible)
(wavelengt shiftng mechanism t make it visible)

Neutino intractons wit LAr in te TPC produces charged partcles tat cause Ionizaton and
excitaton of Argon 
– High E feld drifts electons twards fnely segmentd anode wire planes

 – Excitaton of Ar produces scintlaton light
      

How does a LArTPC work?
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Field cage

           Catode plane
                (-128kV)

~8000 wires
Anode
(150 micron)

Cryostat 

Neutino Beam

32 8-inch PMTs sit just behind wire
planes (not shown in te picture!)

500V/cm feld

Drift lengt = 2.56m

 ~170 tns of argon

(Roughly te size of a school bus)

Te not-so-micro MicroBooNE
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June 2014 

Liquid Argon tst facilit (LArTF)
December 2013

TPC Inserton

Moving day

MicroBooNE Instalaton
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Argonne National Lab

30 years ago wit Bubble Chambers
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August 2015

Fuly autmatd
Bubble Chambers

wit
energy measurement

30 years latr...look at te detail achieved!
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Neutinos are a big deal..!

Many more excitng and Weird tings t come!

Subscribe t Fermilab Facebook page for updats
on te cool stuf we do :)
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Tank you for listning!

Now lets end te session wit some 
ice cream
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