
1

Neutrinos (AKA The Ghost Particle) 

Credit : ScienceNews 

https://www.sciencenews.org/article/neutrino-particle-universe-matter-antimatter-mystery
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100 trillion neutrinos pass through 
your body every second!!



Neutrinos are everywhere
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Neutrinos are everywhere
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We are 
here 
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Neutrinos are everywhere
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Neutrinos are everywhere….. But 
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Let’s time travel to 1930s : time for some history
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Conservation of energy and 
momentum          all e- produced 
with same energy in a 2-body 
decay 



Let’s time travel to 1930s : time for some history
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Energy not conserved? 

What’s going on? 
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Pauli’s “Desperate Remedy”: 



Pauli’s “Desperate Remedy”: 
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● β-decay, a three-body 
process with a new particle

○ Electrically neutral 

○ Light 

○ Not yet observed 
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● β-decay, a three-body 
process with a new particle

○ Electrically neutral 

○ Light 

○ Not yet observed 

“I have done a terrible thing, I have postulated a particle that can not be detected” 



 Neutrinos observed by Reins and Cowan: 1956 
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Fred Reines and Clyde Cowan eventually detected the neutrino in 1956 in an experiment at the Savannah River 
nuclear power plant

Telegram sent to Pauli on 14th 
June, 1956:

“We are happy to inform you that 
we have definitely detected 
neutrinos” 



The Standard Model - Zoo of Particles
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Fundamental building 
blocks!

Forces to govern particles

H

Quarks

Leptons

Forces
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24

Fundamental building 
blocks!

Forces to govern particles

H

Quarks

Leptons

Forces

Does the Standard Model grasp the whole picture?
Are there puzzle pieces to Universe that Standard Model does not quite place?

Neutral

3 kinds

       0 mass 
Nature had something else in store
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The Solar Neutrino Puzzle   
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The Solar Neutrino Puzzle   

Ray Davis devised an experiment to measure neutrinos 
from sun in late 1960s
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The Solar Neutrino Puzzle   

Number of neutrinos expected based on 
theoretical models of solar fusion 

Number of neutrinos detected >
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 Atmospheric Neutrinos  

Number of neutrinos expected > Number of neutrinos observed 
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2015 Nobel Prize in Physics



 
  Mystery of Changing Identities: Neutrino Flavors   
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Flavors?  Ice cream!   
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Chocolate Vanilla Strawberry

𝛎e               𝛎μ                    𝛎𝛕  

 
  Mystery of Changing Identities: Neutrino Flavors   



Neutrino Oscillations   
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Neutrino Oscillation
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Diagram shows the probability of changing to 
another type of neutrino as it travels



35

 𝛎e

 𝛎μ

 𝛎𝛕

Interacting Traveling 
Neutrino Oscillation: The Dance That Proves Neutrinos Have Mass!

Definite flavors Definite mass 

𝛎1

𝛎2

𝛎3
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 𝛎e

 𝛎μ

 𝛎𝛕

Interacting 

A cool video explaining how 
oscillations occur

+ +

𝛎1 𝛎2 𝛎3

+ +

+ +

https://www.youtube.com/watch?v=7fgKBJDMO54
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The Solar Neutrino Puzzle   

𝝂e 

𝝂𝝉 
𝝂μ 

Davis only looked for 𝝂e  known to be produced in the sun 
By the time they reach the detector, ½-⅔ have changed to 𝝂μ or 𝝂𝝉

𝝂μ 

𝝂e 
𝝂𝝉 

𝝂μ 
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The Solar Neutrino Puzzle   

𝝂e 

𝝂𝝉 
𝝂μ 

Davis only looked for 𝝂e  known to be produced in the sun 
By the time they reach the detector, ½-⅔ have changed to 𝝂μ or 𝝂𝝉

𝝂μ 

𝝂e 
𝝂𝝉 

𝝂μ 

 Discovery of neutrino oscillation 

40-year old solar neutrino puzzle solved
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Neutrinos from reactors and accelerators
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………𝛎

Neutrinos interact 
100,000,000,000 

times less often than quarks

A neutrino has a good chance of traveling through 200 earths before 
interacting at all



Why is that? 
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Strong 

Electromagnetism  

Weak  

Gravity  

Strength                       Range   

  1                            10-15 m            

  1/137                      infinite           

  10-6                         10-18 m            

  6 X 10-39                  infinite            

Neutrinos interact via? 
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Strong 

Electromagnetism  

Weak  

Gravity  

Strength                       Range   

  1                            10-15 m            

  1/137                      infinite           

  10-6                         10-18 m            

  6 X 10-39                  infinite            

❌

✅

✅

❌

Neutrinos interact via? 



Weak Interactions  
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𝛎 in 𝛎 out

𝛎 in Charged partner 
particle out

𝛎e  → e
𝛎μ  → 𝛍
𝛎𝛕  →  𝛕

Sometimes what we 
expect 

…. and sometimes not 



Weak Interactions 

44

We can only detect charged particles!

In a neutrino interaction - we never see the neutrino, just the charged particles from the interaction

𝛎

proton candidate𝛎
muon candidate

e/𝞬 showers

a sneak peek into the world of neutrinos
 

Electrons
Muons 
Taus 

All leave different 
footprints 
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muon candidate

Let’s play a game  

Photo Credit: symmetry magazine 

https://www.symmetrymagazine.org/article/the-neutrino-cocktail?language_content_entity=und


Guess Neutrino Flavor :  
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Long straight 
track = muon 
candidate 

Proton 
candidate 

𝝂 
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Long straight 
track = muon 
candidate 

Proton 
candidate 

𝝂μ 
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Guess Neutrino Flavor :  

𝝂 

Showers starting at 
neutrino vertex = 
electron candidate 
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Guess Neutrino Flavor :  

𝝂e 

Showers starting at 
neutrino vertex = 
electron candidate 
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Open Questions about Neutrinos  

How many 
neutrinos are 

there?

Which neutrino 
is heaviest? 
Which one is 

lightest?

Are neutrinos 
their own anti 

particles?

How much do 
they weigh?

How do 
neutrinos get 

mass?



 The Worldwide Search Party   
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 Supernova Neutrinos   

1987a SN

Super-Kamiokande: 12 
IMB: 8 
Baksan: 5
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 Supernova Neutrinos   

1987a SN

Super-Kamiokande: 12 
IMB: 8 
Baksan: 5

● 99% of energy from a supernova is carried 
off by neutrinos 

● successfully spotted supernova neutrinos 
once! 

○ Supernova 1987a in 1987 

● ~ 2 dozen neutrinos across 3 neutrino 
detectors worldwide

● Advantage: Neutrinos leave supernovae and 
reach us almost without any disturbance 
(weak interactions) , whereas other particles 
get jostled and bumped around along the 
way 
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Multi-messenger Astronomy   
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Multi-messenger Astronomy   

● Neutron star collision 2017 : 
gravitational wave, gamma ray 
burst, optical signal

● IceCube reports very high energy 
neutrino
○ Gamma rays later seen from 

blazar with consistent position

● First time a neutrino detector used 
to locate object in space
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ICECUBE    

World’s Largest Neutrino Telescope 
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 Neutrino Experiments   

There are 4 types/sources of 
experiments:

- Solar

- Atmospheric

- Reactor

- Accelerator 

Natural sources

Artificial sources

Let’s talk about this!
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Artificially Producing trillions of neutrinos  



 Produce Neutrinos at Lab 
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We use same technique as nature 
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 Accelerator Neutrino Strategy    

Count the neutrinos at Near and Far Detector

100-1000 km
𝝂𝝁 𝝂𝝁

𝝂𝝁𝝂𝝁
𝝂𝝁

𝝂𝝁 𝝂𝝁
𝝂𝝁𝝂𝝁

𝝂𝝁

𝝂e 𝝂𝝁
𝝂e𝝂𝝁

𝝂e

Two functionally identical detectors



 Fermilab in action    
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 What Do the Detectors See?

NOvA

MINERvA
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 NOvA 
● Sends a beam of muon neutrinos 810 km (500 miles) from 

Fermilab to Northern Minnesota

● Consists of 2 detectors, one here at Fermilab, one in 
Minnesota

● Detects the number of muon and electron neutrinos in each 
detector

Near Detector Far Detector
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Brand new detector technology!

 

 Chasing Neutrino Puzzles in 21st Century    
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Artificially Producing trillions of neutrinos  

 A Suite of Experiments at Fermilab
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 A Suite of Experiments at Fermilab
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 A Suite of Experiments at Fermilab
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MicroBooNE
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MicroBooNE
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MicroBooNE in a Nutshell 

𝛎

tracktrack

showers

LArTPC - a sneak peek into the world of 
neutrinos
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Understanding 
Neutrinos

Credit : google earth

1300 km

𝝂
𝝁  

𝝂? 

𝝂
𝝁  
𝝂
𝝁  𝝂

𝝁  

𝝂? 
𝝂? 
𝝂? 

Deep Underground Neutrino Experiment 
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Understanding 
Neutrinos

Credit : google earth

1300 km

𝝂
𝝁  

𝝂? 

𝝂
𝝁  
𝝂
𝝁  𝝂

𝝁  

𝝂? 
𝝂? 
𝝂? 

Deep Underground Neutrino Experiment 

More matter in universe - why? Grand unification of forces  
Understanding the 
unknowns

Neutrinos could explain why 

we exist!
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Credit :  Randall Munroe

https://www.nytimes.com/2020/07/07/science/neutrinos-snowball-randall-munroe.html
https://www.nytimes.com/2020/07/07/science/neutrinos-snowball-randall-munroe.html
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● Detector complex in 2025

● Data taking starts at end of this decade
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Excavation complete in Feb 2024!
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● Neutrinos are one of the least-well-understood particles in the Standard Model

● Neutrino oscillation is beyond the Standard Model, and opens the door to exciting 
new possibilities

● However, a lot remains that we don’t understand

● New experiments with advanced technology! 

The Quest Continues   

Thank you for listening!
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Back up
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Neutrino Oscillations

100-1000 km
𝝂𝝁 𝝂𝝁

𝝂𝝁𝝂𝝁
𝝂𝝁

𝝂𝝁 𝝂𝝁
𝝂𝝁𝝂𝝁

𝝂𝝁

𝝂e 𝝂𝝁
𝝂e𝝂𝝁

𝝂e

100-1000 m
𝝂𝝁 𝝂𝝁

𝝂𝝁𝝂𝝁
𝝂𝝁

𝝂s
𝝂𝝁
𝝂s𝝂𝝁

𝝂s

𝝂e 𝝂𝝁
𝝂e𝝂𝝁

𝝂e

?

Short baseline
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 Cosmic Neutrino Background   



 Atmospheric Neutrinos 
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Cosmic rays (mostly protons) interact in the 
upper atmosphere producing particle 
showers 

Roughly 2:1 muon neutrinos to electron 
neutrinos expected

The Kamiokande detector set out to measure 
this ratio

- Super-Kamiokande, a larger analogue   
is currently still running in Japan.



Neutrino Oscillations   

88



89

Neutrino Oscillation in a Nutshell 
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Why New Detector Technology : Liquid Argon ?

● Very high resolution 
images 

● Very low threshold 

● Can separate electrons 
from photons 

● Calorimetric and tracking 
information 
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The Crux of LArTPC  

● Excellent particle imaging detector

● mm scale spatial resolution

● Light signal by PMTs Current 
generation LArTPCs    
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Neutrino Oscillation
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Neutrino Oscillation
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Neutrino Oscillation in a Nutshell 



95

Neutrino Oscillation in a Nutshell 
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Neutrino Flavors : 

● 3 flavors that can be 
produced in decays of Z 
bosons 

● 3 “active” flavors 
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Anomalies in Neutrino Sector 
LSND MiniBooNE

Reactor Anomaly Gallium Anomaly

excess 𝜈e excess 𝜈e

𝜈e deficit 𝜈e deficit

~4.8 𝞂 
excess

Liquid Scintillator 
Neutrino Detector

~3.8 σ 
excess 

~3 𝞂 
deficit

~3 𝞂 
deficit
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Neutrino Oscillation: The Dance That Proves Neutrinos Have Mass!
Neutrinos change flavors (outfits) 

not moving infinitely fast (since changing outfits 
takes time!)

massless particles: travel at speed of light, no 
“time” to waste (or change flavors)  
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massless particles: travel at speed of light, no 
“time” to waste (or change flavors)  

Taken from Takaaki Kajita’s slides 
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Super-K 

Taken from Takaaki Kajita’s slides 
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SNO 

Taken from Takaaki Kajita’s slides 
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SNO 

Taken from Takaaki Kajita’s slides 
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SNO 

Taken from Takaaki Kajita’s slides 
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SNO 

Taken from Takaaki Kajita’s slides 


