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Introduction: Neutrinos
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Introduction: Neutrinos

I second most abundant particle in the Universe:

a billion times more neutrinos than matter particles in the Universe

I 1038 neutrinos per second produced by the Sun

(flux of ∼ 1011/cm2/sec at the Earth)

65 billion solar neutrinos travel through your thumb nail per
second
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Introduction: Neutrinos

[Vitagliano, Tamborra, Raffelt ’19]

I neutrino energies span 24 orders of magnitude

I different neutrino sources and production mechanisms

I lots of room for exciting neutrino physics & lots to learn!
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Neutrino history

How did we get there?
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Neutrino history

I before 1930:
problem of continuous beta decay spectrum
beta decay: nuclear transition (A,Z )→ (A,Z + 1) with electron
emission

from energy and momentum conservation→ expected fixed
kinetic energy of electron!
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Neutrino history

I Dec 1930: Pauli proposed a new particle "neutron"

"Dear radioactive ladies and gentlemen,...I have

hit upon a desperate remedy to save the ...

energy theorem. Namely the possibility that

there could exist in the nuclei electrically neutral

particles that I wish to call neutrons, which have

spin 1/2 ... The mass of the neutron must be ...

not larger than 0.01 proton mass. ...in β decay a

neutron is emitted together with the electron, in

such a way that the sum of the energies of

neutron and electron is constant."
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Neutrino history

I Dec 1930: Pauli proposed a new particle "neutron"

"Dear radioactive ladies and gentlemen,...I have

hit upon a desperate remedy to save the ...

energy theorem. Namely the possibility that

there could exist in the nuclei electrically neutral

particles that I wish to call neutrons, which have

spin 1/2 ... The mass of the neutron must be ...

not larger than 0.01 proton mass. ...in β

decay a neutron is emitted together with the

electron, in such a way that the sum of the

energies of neutron and electron is constant."

Q: How did Pauli know the upper limit on the "neutron"
mass?
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Neutrino history

I 1932: Chadwick discovers the neutron:

mneutron = 1.0014×mproton → too heavy→ not Pauli’s particle

I 1933: Enrico Fermi popularized the name "neutrino" (little neutron)

→ neutrino was born!
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Neutrino history

I 1956: first detection of neutrinos by Reines and Cowan
I neutrino discovery using inverse beta decay νe + p → n + e+

I cross section is small σ ∼ 10−43cm2 (mean free path of neutrino
in lead would be 1.6 light-years=105 Earth-Sun distance)→ use
extreme measures to detect neutrinos

I big detector (400 l) filled with water with CdCl2 in solution
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Neutrino history

I 1956: first detection of neutrinos by Reines and Cowan
I neutrino discovery using inverse beta decay νe + p → n + e+

I cross section is small σ ∼ 10−43cm2 (mean free path of neutrino
in lead would be 1.6 light-years=105 Earth-Sun distance)→ use
extreme measures to detect neutrinos

I big detector (400 l) filled with water with CdCl2 in solution

I large flux→ nuclear reactor with 1013ν/sec/cm2
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Neutrino history

I 1956: first detection of neutrinos by Reines and Cowan
I neutrino discovery using inverse beta decay νe + p → n + e+

I use detectors filled with water with CdCl2 in solution near nuclear
reactor with flux 1013ν/sec/cm2

I electron neutrinos discovered!
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Neutrino history

I 1962: L. Lederman, M. Schwartz, J. Steinberger discover second
type of neutrino (at BNL): muon neutrino

I detect neutrino flavor by detecting corresponding charged lepton

I third type of neutrino (tau neutrino) discovered by DONUT in 2000
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Neutrino history

Knowledge at the time (∼ 1965)

I neutrinos exist!

I have very small cross sections

I no evidence for neutrino mass→ symmetry in SM that lepton
flavor is conserved (every neutrino flavor produced arrives as the
same neutrino flavor)

I formulation of Standard Model in early 70’s with massless
neutrinos
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Solar neutrino problem

I late 1960’s: R. Davis (BNL) built experiment to detect solar
neutrinos

I 380 m3 (100,000 gallon) tank of perchloroethylene, a common
dry-cleaning fluid, 1478 meters underground in Homestake Mine

I neutrino capture νe +37 Cl→37 Ar + e−, collect Ar to obtain solar
neutrino flux

I compare observation to theoretical solar models by J. Bahcall

νexp
e /ν theo

e ≈ 1/3⇒ solar neutrino problem
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Solar neutrino problem

I solar neutrino problem persisted until SNO provided a solution in
2001

I SNO: 1 kT heavy water, 2 km underground in Sudbury mine,
Ontario

I three possible neutrino detection mechanisms
I CC: νe + d → e− + p + p → only sensitive to νe ("neutrino

in-charged lepton out")
I NC: νx + d → p + n + νx , x = e, µ, τ → sensitive to all flavors

("neutrino in-neutrino out")
I ES: νx + e− → e− + νx→ much weaker than CC, NC processes,

mostly sensitive to νe
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Solar neutrino problem

I solar neutrino problem persisted until SNO provided a solution in
2001

I measurement (in units 106 ν/cm2/s)

φe = 1.76+0.05
−0.05(stat)+0.09

−0.09(syst)

φµ,τ = 3.41+0.45
−0.45(stat)+0.48

−0.44(syst)

[SNO, 2002]
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Solar neutrino problem

I solar neutrino problem persisted until SNO provided a solution in
2001

I measurement (in units 106 ν/cm2/s)

φe = 1.76+0.05
0.05 (stat)+0.09

−0.09(syst)

φµ,τ = 3.41+0.45
0.45 (stat)+0.48

−0.44(syst)

[SNO, 2002]
I all neutrinos from the Sun arrive but not all of them are νe!
I two thirds of electron neutrinos produced in Sun transformed into

other flavor before reaching the detector
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Atmospheric neutrino deficit

I 1998: SuperKamiokande (originally proton decay experiment)
detected atmospheric neutrinos deficit

I SuperKamiokande: 50 kt water,1km underground, Mozumi mine,
Japan
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Atmospheric neutrino deficit

I 1998: SuperKamiokande detected atmospheric neutrinos deficit

I SuperKamiokande sensitive to
νe, νµ
→ found deficit of upward going
(Earth traversing) νµ
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Atmospheric neutrino deficit

I solution: produced muon neutrinos have transformed into a
different flavor

⇒ Neutrino oscillations
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Neutrino history

I observation of neutrinos and more recently neutrino oscillations
opened whole field of investigation and led to millions of dollars
investments!

many more important experimental and theoretical steps in neutrino physics in between

Q: How many Nobel prizes have been awarded so far in the field
of neutrino physics?
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Neutrino history

I observation of neutrinos and more recently neutrino oscillations
opened whole field of investigation and led to millions of dollars
investments!

many more important experimental and theoretical steps in neutrino physics in between
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Neutrino oscillations

Surprising phenomenon: Neutrino oscillations
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Neutrino oscillations

produce neutrino of flavor α with energy E

probability to detect neutrino with flavor β at distance L is
in the 2-flavor approximation

P(να → νβ) = sin2 2θ sin2(∆m2
ij L/4E), ∆m2

ij =m2
i −m2

j

Q: What happens if neutrinos are massless?
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Neutrino oscillations

produce neutrino of flavor α with energy E

probability to detect neutrino with flavor β at distance L is
in the 2-flavor approximation

P(να → νβ) = sin2 2θ sin2(∆m2
ij L/4E), ∆m2

ij =m2
i −m2

j

happens only for massive neutrinos→ SM is incomplete!
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Neutrino oscillations

flavor eigenstates (of weak interaction) and mass eigenstates (of free
particle Hamiltonian) not aligned for neutrinos

νe
νµ
ντ

 =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3

ν1
ν2
ν3


UPMNS: relates flavor and mass states

parametrized by 4 parameters (3 angles, 1 phase)
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Neutrino oscillations

observation of neutrino oscillations introduced at least 6 new
parameters to the Standard Model:

3 mixing angles, one CP violating phase, 2 mass splittings

⇒ need to measure them
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Neutrino oscillations

How do you measure oscillation probabilities?
I need to know initial neutrino flux: use near detector close to

source
I oscillations develop with distance: need far detector to detect

neutrinos at a certain distance
I ratio of events at far detector/near detector gives probability (not

that easy in reality)
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Neutrino oscillations

How do you measure oscillation probabilities?
I disappearance experiments: neutrino of flavor α is produced and

detected
I appearance experiments: neutrino of flavor α is produced but

flavor β is detected
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Atmospheric mixing [hep-ex/9807003]

SuperKamiokande measured atmospheric mixing parameters:

θ23 ≈ 45◦

|∆m2
32| ≈ 2.2 · 10−3 eV2

very large flavor mixing between ν2 and ν3
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Neutrino oscillations-measurement

Example of oscillation measurement using Cherenkov light (e.g.
SuperKamiokande, IceCube):
I neutrinos produced in atmosphere

I identify neutrino flavor in experiment by identifying the produced
charged lepton (in charged current interactions) using Cherenkov
radiation
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Neutrino oscillations-Cherenkov radiation

I Cherenkov radiation:
charged particle (electron or muon) moving through medium faster
than the speed of light in that medium (speed of light ∼ 0.75 c in
water)→ shock wave generated similar to supersonic aircraft in
the air

→ visible "optical shockwave" of Cherenkov radiation emitted in a
cone and detected as ring by photomultiplier tubes
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Neutrino oscillations-Cherenkov radiation

I electron ring: fuzzy (electromagnetic shower)↔ muon ring:
smoother
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Neutrino oscillations-Cherenkov radiation

I electron ring: fuzzy (electromagnetic shower)↔ muon ring:
smoother

left: a muon event, right: an electron event
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Neutrino oscillations-Cherenkov radiation
I electron ring: fuzzy (electromagnetic shower)↔ muon ring:

smoother

right: a muon event, left: an electron event
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Solar mixing [nucl-ex/0309004]

SNO measured solar mixing parameters:

θ12 ≈ 30.2◦

∆m2
21 ≈ 5 · 10−5 eV2

large mixing between ν1, ν2!
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Reactor mixing [1203.1669]

Last mixing angle has been measured by DayaBay experiment with
large contribution from BNL

DayaBay measured reactor mixing parameters:

θ13 ≈ 8.4◦

|∆m2
32| ≈ 2.5 · 10−3 eV2

non-zero mixing between ν1, ν3!
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Neutrino oscillations

agreement between different experiments→ global knowledge about
mixing angles
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Neutrino oscillations

I mass ordering unknown
I NO: m1 < m2 < m3
I IO: m3 < m1 < m2

I mass splittings:
I one "large" mass splitting |∆m2

32| ≈ 2.51× 10−3 eV2

I one "small" mass splitting ∆m2
21 ≈ 7.42× 10−5 eV2
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Neutrino oscillations-future

I DUNE/T2HK: long baseline accelerator experiments, JUNO:
medium baseline reactor experiment

I measure δ→ Is there CP violation in the lepton sector?
I precision measurement of all mixing angles→ Is θ23 = 45◦?
I mass ordering→ NO vs IO

I new physics in oscillations?
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Neutrino oscillations

Implications of neutrino oscillations

I What have we learned?

I SM is incomplete: Neutrinos are massive

I lepton flavor is not conserved

I very large flavor mixing

I small neutrino masses

I What will we learn in the future?

I precision measurement of mixing matrix

I mass ordering

I CP violation in lepton sector

I new physics?
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Neutrino theory

Neutrino phenomenology & theory
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Neutrino theory

I consequence of neutrino oscillations→ massive neutrinos! very
compelling sign for new physics

I neutrino mass generation: not possible in the SM, need new
particles!

I many ideas for mass generation, explain smallness of neutrino
mass
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Neutrino theory-neutrino masses

I consequence of neutrino oscillations→ massive neutrinos! very
compelling sign for new physics

I neutrino mass generation: not possible in the SM, need new
particles!

I many ideas for mass generation, explain smallness of neutrino
mass

I popular idea: seesaw mechanism: introduce heavy, sterile
neutrinos whose mass suppresses the light neutrino masses
mν ∼ (yνvH)2/MN

Q: Assume mν = 0.1 eV, yν = 1, vH = 246× 109 eV, how big
must MN be?
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Neutrino theory-neutrino masses

I consequence of neutrino oscillations→ massive neutrinos! very
compelling sign for new physics

I neutrino mass generation: not possible in the SM, need new
particles!

I many ideas for mass generation, explain smallness of neutrino
mass

I popular idea: seesaw mechanism: introduce heavy, sterile
neutrinos whose mass suppresses the light neutrino masses
mν ∼ (yνvH)2/MN

I MN ≈ 1014 GeV generally predicted to be very large→ untestable
I theory work needed to develop more testable mechanisms/new

searches for neutrino mass generation
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Neutrino phenomenology-neutrino masses

I want to measure absolute neutrino mass
I Q: How do we measure the absolute neutrino mass?

W. Pauli, 1900-1958
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Neutrino phenomenology-neutrino masses

I want to know absolute neutrino mass
I Q: How do we measure the absolute neutrino mass?
I Tritium beta decay at KATRIN experiment: measure maximal

energy of electron, the difference to maximally released energy in
this decay is the neutrino mass

I sensitivity to "effective mass" mνe & 0.2 eV
mνe =

√
|Ue1|2m2

1 + |Ue2|2m2
2 + |Ue3|2m2

3
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Neutrino phenomenology-additional neutrino
generations

I Are there additional neutrino generations?
I example: constraints on mixing with electron neutrino

[Bolton, Deppisch, Dev ’19]
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Neutrino phenomenology-connections to new physics

I neutrino sector is least probed sector of SM→ room for new
physics

I new neutrino interactions?

I connections of neutrinos to Dark Matter?

I connections of neutrinos to matter-anti matter symmetry of
Universe?
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Neutrino phenomenology

I neutrinos in cosmology (sensitivity to neutrino mass scale, cosmic
neutrino background, number of neutrinos)

I neutrino scattering experiments, neutrinoless double beta decay

I neutrinos in astrophysics, neutrinos from Supernovae, ....

I ultra high energy neutrinos

I pratical applications: reactor monitoring, geoneutrinos, solar
physics, etc ...

I many more neutrino topics which would need another lecture
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Summary

Take home message:

I neutrino physics is exciting!

I active field of research in experiment and theory

I room for something unexpected

I lots to do and learn, we have just started exploring the neutrino
sector
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End of the talk

Thank you for your attention!

[Artwork by Sandbox Studio, Chicago]
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