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The existence of hon-zero neutrino masses,
inferred from neutrino oscillation measurements,

is the only laboratory-based evidence
of physics beyond the standard model
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The mass spectrum of the SM

(a.k.a. The flavor puzzie)

Neutrinos are at least about 200,000,000,000
times lighter than top quarks!
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Neutrino masses

To date, the only observation of non-zero neutrino

masses com from oscillation physics

Why are neutrino masses special?
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Are neutrinos Majorana or Dirac fermions?

Except for neutrinos, all fermions of the
standard model are electrically charged

Thus, there is a distinction between
particle and antiparticle

For neutrinos, this is not obvious -
particles could be identical to
antiparticles, with only chirality
distinguishing them

2= Fermilab
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Are neutrinos Majorana or Dirac fermions?

Except for neutrinos, all fermions of the e * e°
standard model are electrically charged

Thus, there is a distinction between ~ Negative charge  positive charge
particle and antiparticle

vV # ve i
partlcle.s coulc! be identical to Are neutrinos Majorana particles?
antiparticles, with only chirality
distinguishing them
3F Fermilab
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Are neutrinos Majorana or Dirac fermions?

Except for neutrinos, all fermions of the e + e¢
standard model are electrically charged
Thus, there is a distinction between negative charge  positive charge

particle and antiparticle
vV # ve i

For neutrinos, this is not obvious - No charge to distinguish them

particle.s coulc! be identical to Are neutrinos Majorana particles!?
antiparticles, with only chirality

distinguishing them
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Neutrino oscillations
Neutrinos are only produced by weak interactions

- The state produced by
weak interactions

is a quantum superposition of

e physical states
. ve) = Uci|v1) + Uss|vz) + Ugs|vs)
¢ :

Flavor eigenstates: produced by weak interactions
Mass eigenstates: physical states with well-defined mass

Quantum Mechanics 101
Evolution of flavor state is non-trivial, leading to neutrino oscillations

2= Fermilab
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Neutrino oscillations

Birefringent crystals have different index
of refraction for light polarized parallel or
perpendicular to its optical axis

Birefringent Crystals Between Crossed Polarizers
Object (Anisotropic Crystal)

Polarizer P\  n;

Analyzer A /

Retardation

Plane

Polarized
Light A
Sample = ||== Two Components
Thickr?ess ” Resulting From Figure 3
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Neutrino oscillations

Birefringent crystals have different index
of refraction for light polarized parallel or
perpendicular to its optical axis

Detection of |1, ) via
weak CC interactions
(flavor eigenstates)

weak CC interactions
(flavor eigenstates)

Retardation

! Free Hamiltonian,
propagation of
mass eigenstates

ponents . :
g From Figure 3 FFermilab
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Neutrino oscillations

A soccer example:
Say | have been escillating changing teams over the years

2000 2003 2004 2009

2= Fermilab
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Neutrino oscillations

A soccer example:
Say | have been escillating changing teams over the years

2000 2003 2004 2009

In reality,
| ho f Horileoni
| don’t have a team, | am a fan
of Marta!!!
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Neutrino oscillations

A soccer example:
Say | have been escillating changing teams over the years

2000 2003

In reality,
| ho f Horileoni
| don’t have a team, | am a fan
of Marta!!!
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The neutrino sector
Oscillations parametrized by 2 mass splittings, 3 mixing angles,and | phase

15
C12C13 S12C13 size "
5 5
U = —S12C23 — C12523513€" C12C23 — S12523513€" S23C13
5 5
S12S23 — C12C93S13€" —C12823 — S12C23S13€" C23C13

We have measured all mixings and mass splittings at 4~17% accuracy (30)
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The neutrino sector
Oscillations parametrized by 2 mass splittings, 3 mixing angles,and | phase

16
C12C13 S12C13 size "
5 5
U = —S12C23 — C12523513€" C12C23 — S12523513€" S23C13
5 5
S12S23 — C12C93S13€" —C12823 — S12€235913€"°  C23C13

We have measured all mixings and mass splittings at 4~17% accuracy (30)

Normal ordering Inverted ordering
m? 4 3 Unknowns:
I b= A2 “ What is the mass ordering?
| v1  Does V3 have more v, or V+!
Amigym What is the CP phase!?
Amigem, What is the absolute mass scale!?
2 Are neutrinos Dirac or Majorana!’
Am; What is the mechanism of neutrino

sol v
masses/?

sol

vy | V3

Ve Vi Vr
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Some theory challenges in neutrino physics

2= Fermilab
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Some theory challenges in neutrino physics

Neutrino interactions

Extracting the most out of LArTPCs: standard physics
Extracting the most out of LArTPCs: BSM

Connecting oscillation physics to other sectors
Connecting d¢p to the matter-antimatter asymmetry

o~
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Neutrino interactions

Expectation
P

n

2= Fermilab
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Neutrino interactions

Expectation Reality

Charge Exchange IS

Elastic
Scattering

P

n

Absbrption
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Neutrino interactions
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Neutrino interactions 3.4
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Neutrino interactions

Expectation
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Neutrino interactions
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Extracting the most out of LArTPC program

ArgoNeuT demonstrated the LAr
capability to detect 21 MeV recoil
protons!

And sub-MeV blips!
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Extracting the most out of LArTPC program: Standard

DUNE

Nucleus

p 2% Fermilab
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Extracting the most out of LArTPC program: Standard
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Extracting the most out of LArTPC program: Standard
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Extracting the most out of LArTPC program: Standard

Use DUNE as a solar neutrino detector

Capozzi et al 1808.08232
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Extracting the most out of LArTPC program: BSM

v magnetic moment

Explains MiniBooNE

2= Fermilab
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Extracting the most out of LArTPC program: BSM

v magnetic moment Dark neutrinos
s
.
Explains MiniBooNE Explains MiniBooNE
Explains my

2= Fermilab
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Extracting the most out of LArTPC program: BSM

v magnetic moment Dark neutrinos New gauge bosons

lrf/ (e.g. Ly-L+)
A v, )
Uun ——
Target y Sé—‘— 2
Explains MiniBooNE Explains MiniBooNE M C H
Explains my Explains (g-2),
& Fermilab
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Extracting the most out of LArTPC program: BSM

v magnetic moment Dark neutrinos New gauge bosons

’y/ (e.g. Ly-L+)
‘T.. Vo Vo
Uun ——
Target y 4)}_(_ 2
Explains MiniBooNE Explains MiniBooNE M C M
Explains my Explains (g-2),

Dark tridents
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Extracting the most out of LArTPC program: BSM

Dark neutrinos New gauge bosons

v magnhetic moment

(e.g. Ly-L+)
Target 75* g?ﬁ-
Explains MiniBooNE H C H
Explains my Explains (g-2),

Dark tridents
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Extracting the most out of LArTPC program: BSM

Millicharged particles

detector

signal

background

2% Fermilab
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Connections to other sectors

From Tao Han’s talk @ NTN Workshop on Neutrino non-Standard Interactions

36 Jun/2019
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Connections to other sectors

Efforts on connecting oscillations to collider, flavor, cosmology, ... under the
context of neutrino mass models and complete frameworks
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Connections to other sectors

Efforts on connecting oscillations to collider, flavor, cosmology, ... under the
context of neutrino mass models and complete frameworks
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Connecting oc¢p to the matter-antimatter asymmetry

Standard model:

Sakharov’s Conditions

\//Baryon and Lepton Number Violation

2 Insufficient CP Violation O pans: Hot and St

g No departure from thermal equilibrium

From Jessica’s presentation @ NTN NSI workshop

2= Fermilab
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Connecting do¢p to the matter-antimatter asymmetry

Leptogenesis could work even if the only CP phases
present are the low energy ones

Standard model:

Sakharov’s Conditions

\,/Baryon and Lepton Number Violation

; Insufficient CP Violation O pans: Hot and St

& No departure from thermal equilibrium

From Jessica’s presentation @ NTN NSI workshop
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Connecting oc¢p to the matter-antimatter asymmetry

Leptogenesis could work even if the only CP phases
present are the low energy ones

Standard model: i

Sakharov’s Conditions

\,/Baryon and Lepton Number Violation
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& No departure from thermal equilibrium
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From Jessica’s presentation @ NTN NSI workshop
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o P el

Neutrinos are very much terra incognita to be explored

Several challenges for theorists!
(For experimentalists too, don’t feel left aside...)

How to model neutrino-nucleus interactions?
How to extract the most from LArTPCS?
What kind of new physics can we look for with LArTPCS?
How to relate oscillations to other observables in complete models or |
theoretically motivated frameworks?
How to connect 0., to the matter-antimatter asymmetry?
How to devise tests of the neutrino mass mechanisms?
How to improve knowledge of tau neutrinos?
How to improve tests of unitarity?

What are we missing?
What else may be hiding in the neutrino sector?
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