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Why neutrinos?
The mystery of neutrino masses The nature of neutrinos

The least known sector of the SM The darkest of all particles
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What do we know about neutrinos?
Neutrinos oscillate, therefore they have mass

We don’t know neutrino masses, only the mass splittings
mν ~ smaller than about 1 eV2
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mass ordering, CP violation, some flavor content, why so much mixing…

What is the mechanism behind neutrino masses and mixings?
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What do we know about neutrinos?
Neutrinos oscillate, therefore they have mass

We don’t know neutrino masses, only the mass splittings
mν ~ smaller than about 1 eV2

We understand oscillation physics, but there are unknowns:
mass ordering, CP violation, some flavor content, why so much mixing…

As far as we know, neutrinos only interact via weak interactions

Majorana or Dirac?

What is the mechanism behind neutrino masses and mixings?

There are only 3 light neutrinos with weak interactions. Are there sterile 
neutrinos? If so, at what scale?
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Neutrino oscillations
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Neutrino oscillations
Neutrinos are only produced by weak interactions

|⌫ei = U⇤
e1|⌫1i+ U⇤

e2|⌫2i+ U⇤
e3|⌫3i

The state produced by 
weak interactions 

is a quantum superposition of 
physical states

…

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
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Neutrino oscillations

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

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

Free Hamiltonian,
propagation of 

mass eigenstates

Production of        via 
weak CC interactions

(flavor eigenstates)

|⌫µi
Detection of        via 
weak CC interactions

(flavor eigenstates)

|⌫ei
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Neutrino oscillations
A soccer example:

Say I have been oscillating changing teams over the years

2000 2003 2004 2009
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Neutrino oscillations
A soccer example:

Say I have been oscillating changing teams over the years

In reality, 
teams propagate non-trivially 
under the free Hamiltonian 

I don’t have a team, I am a fan 
of Marta!

2000 2003 2004 2009
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Neutrino oscillations
A soccer example:

Say I have been oscillating changing teams over the years

Flavor eigenstates

In reality, 
teams propagate non-trivially 
under the free Hamiltonian 

I don’t have a team, I am a fan 
of Marta!

Mass eigenstates
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Neutrinos are everywhere
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Atmospheric ν
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ultra-light

Unification

Natural seesaw

Flavor puzzle

Dark matter?warm

Leptogenesis

ν masses Icecube HE neutrinos

eV YeVMeV GeV TeV PeVtiny! keV

Reactor ν
Accelerator νGeo ν

Supernova ν
ν matter effect

Coherent ν-N scat.

Solar ν

WIMP

0νββ

ν@LHC
Proton decay

Neutrinos are everywhere

mailto:pmachado@fnal.gov


Feb/2020 Pedro A. N. Machado | New Opportunities in Neutrino Physics                                                      pmachado@fnal.gov19

YeV

eV

MeV

GeV

TeV

PeV

tiny!

keV

…
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YeV

eV

MeV

GeV

TeV

PeV

tiny!

keV

…

Grand Unification

…and grand motivation!

(1024 eV)
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Grand Unified Theories

SM gauge couplings almost
 unify at a high scale

Pati Salam 1973, Georgi Glashow 1974, Georgi Quinn Weinberg 1974
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Grand Unified Theories

SM gauge couplings almost
 unify at a high scale

16 = (uL uL uL uR uR uR dL dL dL dR dR dR eL eR νL νR)

More interestingly, all SM 
fermions, with the addition of 
a sterile neutrino, fit perfectly 

in a 16 of SO(10)

Pati Salam 1973, Georgi Glashow 1974, Georgi Quinn Weinberg 1974

mailto:pmachado@fnal.gov


Feb/2020 Pedro A. N. Machado | New Opportunities in Neutrino Physics                                                      pmachado@fnal.gov23

Grand Unified Theories

SM gauge couplings almost
 unify at a high scale

More interestingly, all SM 
fermions, with the addition of 
a sterile neutrino, fit perfectly 

in a 16 of SO(10)
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Deep consequences

Unification of all forces under 
a single gauge group

Proton decay

Majorana masses for neutrinos
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mailto:pmachado@fnal.gov


Feb/2020 Pedro A. N. Machado | New Opportunities in Neutrino Physics                                                      pmachado@fnal.gov24

Grand Unified Theories

SM gauge couplings almost
 unify at a high scale

More interestingly, all SM 
fermions, with the addition of 
a sterile neutrino, fit perfectly 

in a 16 of SO(10)

Deep consequences

Unification of all forces under 
a single gauge group

Proton decay

Majorana masses for neutrinos

16 = (uL uL uL uR uR uR dL dL dL dR dR dR eL eR νL νR)

Pati Salam 1973, Georgi Glashow 1974, Georgi Quinn Weinberg 1974

mailto:pmachado@fnal.gov


Feb/2020 Pedro A. N. Machado | New Opportunities in Neutrino Physics                                                      pmachado@fnal.gov25

Are neutrinos Majorana or Dirac fermions?

Charged fermions

4 degrees of freedom: (e+L   e+R   e–L   e–R)

Particle ≠ antiparticle
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Are neutrinos Majorana or Dirac fermions?

Neutral fermions

4 degrees of freedom (νL   νR   νL   νR)???

but (νL   νcR) is enough for what we have observed…

Particle ≠ antiparticle???

Charged fermions

4 degrees of freedom: (e+L   e+R   e–L   e–R)

Particle ≠ antiparticle

_ _

Majorana

Dirac
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Are neutrinos Majorana or Dirac fermions?

Neutrinoless double beta decay

2νββ
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Are neutrinos Majorana or Dirac fermions?

Neutrinoless double beta decay

0νββ
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Are neutrinos Majorana or Dirac fermions?

Neutrinoless double beta decay

0νββ

The black box theorem 
If 0νββ is measured, neutrino masses 

necessarily have a Majorana component
Schechter Valle 1981
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Grand Unified Theories
Pati Salam 1973, Georgi Glashow 1974, Georgi Quinn Weinberg 1974

SM gauge couplings almost
 unify at a high scale

More interestingly, all SM 
fermions, with the addition of 
a sterile neutrino, fit perfectly 

in a 16 of SO(10)

Deep consequences

Unification of all forces under 
a single gauge group

Proton decay

Majorana masses for neutrinos

16 = (uL uL uL uR uR uR dL dL dL dR dR dR eL eR νL νR)
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Is the proton stable?

Grand Unification Theories:
16 = (uL uL uL uR uR uR dL dL dL dR dR dR eL eR νL νR)

Weak interactions: 
in SU(2)L we have 2 = (νL    L)

New interaction

`
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Is the proton stable?

τproton > 2 x 1029 years
Specific channels have 
much stronger constraints
For comparison 
Tuniverse ~ 1.4 x 1010 years
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Atmospheric ν
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ultra-light

Unification

Natural seesaw

Flavor puzzle

Dark matter?warm

Leptogenesis

ν masses Icecube HE neutrinos

eV YeVMeV GeV TeV PeVtiny! keV

Reactor ν
Accelerator νGeo ν

Supernova ν
ν matter effect

Coherent ν-N scat.

Solar ν

WIMP

0νββ

ν@LHC
Proton decay

…

Neutrinos are everywhere in nature
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YeV

eV

MeV
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TeV

PeV

tiny!

keV

…

New physics in 
neutrino oscillations

-ish

Theory developments
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Neutrino matter effects

Scanned by CamScanner

Neutrinos of a given flavor only interact, via W boson, with 
charged leptons of the same flavor

Matter does not have μ– or τ–

This induces a matter potential in neutrino propagation

V = √2 GF ne = ne/v2
_
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Neutrino matter effects

Scanned by CamScanner

Neutrinos of a given flavor only interact, via W boson, with 
charged leptons of the same flavor

Matter does not have μ– or τ–

This induces a matter potential in neutrino propagation

V = √2 GF ne = ne/v2
_

Neutrino matter effects are measuring the electroweak breaking scale (v = 246 GeV)

Determining matter effects at the 1% level translates into

v ~ 2.5 TeV    <==    LHC scales!
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Non-standard interactions

LNC
NSI = �2

p
2GF ✏(⌫̄L�µ⌫L)(f̄�

µf)

Start with something like this

Check out Neutrino non-standard 
interactions: a status report, 1907.00991

Kopp M Parke 1009.0014
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Non-standard interactions

LNC
NSI = �2

p
2GF ✏(⌫̄L�µ⌫L)(f̄�

µf)

Start with something like this

End with something like this

Check out Neutrino non-standard 
interactions: a status report, 1907.00991
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Non-standard interactions

LNC
NSI = �2

p
2GF ✏(⌫̄L�µ⌫L)(f̄�

µf)

Start with something like this

End with something like this

all this would be new

4

Figure 1: The survival probability for MINOS (L = 735 km) with a variety of neutral current NSI (non-
standard matter e↵ects) turned on as indicated in the plot. The solid (blue) lines are the neutrino survival
probabilities whereas the dashed (red) lines are for anti-neutrinos. The dotted (black) lines are the vacuum
survival probabilities. For the standard oscillation parameters, we have assumed �m

2
32 = +2.86⇥ 10�3 eV2

and sin2 ✓23 = 0.38.

non-zero ✏
m
µ⌧ changes the disappearance probability most notably at large energies and shifts the

position of the minimum in energy. Whereas non-zero ✏
m
⌧⌧ changes the disappearance probability

most notably near the first oscillation minimum, especially in the depth of the minimum. Since the
tension between MINOS neutrino and anti-neutrino data is both in the position of the minimum
and in its depth, one requires non-zero ✏

m
µ⌧ and non-zero ✏

m
⌧⌧ in order to lift the tension in the

optimal way.

2.2. Charged current NSI

As an alternative to neutral current NSI, we also discuss non-standard charged current inter-
actions a↵ecting the neutrino production and/or detection processes as an explanation for the
MINOS results. If the Wilson coe�cients of the corresponding e↵ective operators are complex, the
interference term between the standard and non-standard Feynman amplitudes can be di↵erent
for neutrinos and anti-neutrinos and CP-violating phenomena can emerge. The modifications to
the far detector event spectra observed in MINOS can be induced by (i) operators leading to a
modified flux of ⌫µ at the far detector, but not at the near detector, and (ii) by operators leading
to the production of muons in interactions of ⌫⌧ . (We neglect the possibility of non-standard inter-
actions of ⌫e since their flux at the far detector is between one and two order of magnitude smaller
than that of ⌫µ because of the low ⌫e contamination of the NuMI beam and the smallness of the
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Non-standard interactions

General way to parametrize new physics

Coloma et al 1701.04828
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Non-standard interactions - criticisms

No SU(2) invariance

LNC
NSI = �2

p
2GF ✏(⌫̄L�µ⌫L)(f̄�

µf)

No model

Other observables are likely to 
be much more stringent than 

neutrino oscillations

LHC monojet searches surpass 
sensitivity of neutrino exps

Berezhiani Rossi hep-ph/0111137
Gavela et al 0809.3451

Davidson Sanz 1108.5320
Friedland et al 1111.5331

Farzan Shoemaker 1512.09147
Franzosi Frandsen Shoemaker 1507.07574

Choudhury Ghosh Niyogi 1801.01513
…
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do not necessarily have to lead by themselves to ONSI structures: for them, cancellations
similar to those in our toy model could be considered. However, it remains to be explored
how difficult is to circumvent the constraints which electroweak precision tests impose on
exotic leptons, and whether the necessary cancellations are feasible without running into
extreme fine-tunings, for instance enlarging the scalar sector of the theory.

During the completion of this work, Ref. [23] appeared. It explores (but is not limited
to) the possible exchange of exotic fields which in our notation have quantum numbers
of a scalar 1s

−1 (to obtain d = 6 NSI) and of a fermion 1R
0 (to obtain d = 8 NSI). The

latter induces also d = 6 interactions, which lead to non-unitary contributions to the PMNS
matrix, as it is well known and is further explored in that reference. Ref. [23] performs
a systematic topological scan of the d = 8 operators, based on Feynman diagrams, trying
to obtain the interaction ONSI directly from just one Feynman diagram while avoiding any
harmful d = 6 and d = 8 contribution. Our tables correspond to the topologies 2 and 3
in this reference, whereas the previous paragraph in this subsection would correspond to
their topology 1. Since all possibilities in our tables contain at least one mediator leading
to harmful d = 6 effects if one does not allow for cancellations, Ref. [23] effectively exclude
topologies 2 and 3 in their scan (apart from our #46, which does not induce harmful d = 6
four charged lepton interactions, but the mediator 1s

−1 is constrained otherwise, as we and
Ref. [23] discussed before). Therefore, our work is complementary to that reference. Note
that they find that the NSI in matter and the NSI at source or detector are correlated in all
of their examples by the non-unitary effects of the heavy fermions, whereas it is easy to see
that uncorrelated scenarios are achievable when one allows to combine different operators
from our Table 3 (such as #7, #8, #13 and #14). As the most important difference, we
relate the operators obtained from mediator exchanges to a complete basis of independent
operators, which allows us to deduce the general cancellation conditions.

5 Summary and conclusion

In this study, we have discussed the possibility of large non-standard interactions (NSI) in
the neutrino sector. Since any model of new physics has to recover the Standard Model at
low energies, we have required gauge invariance under the SM gauge group and studied the
possible effective theories. The focus is set on purely leptonic NSI, that is, on operators in
which the only fermion fields appearing are leptons. Our analysis has been based on the
full (analytical) decomposition of all possible dimension six and eight effective operators,
which can be induced at tree-level by any hypothetical beyond the SM theory. Special
focus has been set in the scenario in which the exotic mediators couple to SM bilinear field
combinations.

The aim is to gauge the theoretical price of achieving phenomenologically viable large neu-
trino NSI, and to establish the minimal constraints that models have to respect for this
purpose. Our main requirements were:

• Interactions with four charged leptons have to be absent or highly suppressed, since
these would lead to charged lepton flavor violation or corrections to GF .

24
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Non-standard interactions
Theory developments: realistic models with large NSIs 

New insights on what NSI can teach us
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Non-standard interactions

Example 1: new force that acts 
only on 3rd family fermions

Complementarity between several 
observables:  ν oscillations, meson 

decay and oscillation, parity 
violation, kaon physics…

Babu Friedland M Mocioiu 1705.01822

Theory developments: realistic models with large NSIs 
New insights on what NSI can teach us
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Non-standard interactions
Theory developments: realistic models with large NSIs 

New insights on what NSI can teach us

Example 1: new force that acts 
only on 3rd family fermions

Complementarity between several 
observables:  ν oscillations, meson 

decay and oscillation, parity 
violation, kaon physics…

Example 2: LHC physics and 
NSIs in simplified models

Non-trivial complementarity 
between collider and oscillation 

measurements
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100

|✏|

✏ee
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inconsistent
theory

LHC13

HL-LHC

Babu Friedland M Mocioiu 1705.01822

Babu Gonçalves Jana M , to appear
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Atmospheric ν

46

ultra-light

Unification

Natural seesaw

Flavor puzzle

Dark matter?warm

Leptogenesis

ν masses Icecube HE neutrinos

eV YeVMeV GeV TeV PeVtiny! keV

Reactor ν
Accelerator νGeo ν

Supernova ν
ν matter effect

Coherent ν-N scat.

Solar ν

WIMP

0νββ

ν@LHC
Proton decay

…

Neutrinos are everywhere in nature

non-ν low energy obs.
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The liquid argon program
SBN program

DUNE

For a review of SBN physics, see M Palamara Schmitz 1903.04608
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Why Liquid Argon Time Projection Chamber?

ArgoNeuT produced physics results with a “table-top” size experiment  [240 Kg LArTPC]  
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Why Liquid Argon Time Projection Chamber?

ArgoNeuT produced physics results with a “table-top” size experiment  [240 Kg LArTPC]  

LAr TPC:  Bubble chamber quality of data with  
added calorimetry 
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Why Liquid Argon Time Projection Chamber?

ArgoNeuT produced physics results with a “table-top” size experiment  [240 Kg LArTPC]  

LAr TPC:  Bubble chamber quality of data with  
added calorimetry 

…or LArTPC is “a “colored” bubble chamber” 
(theorist simplified view!) 
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ArgoNeuT 1810.06502

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

Palamara JPS 12 010017 (2016)

Event topology carries 
extra information
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SBN program

DUNE

For a review of SBN physics, see M Palamara Schmitz 1903.04608
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What sort of new things  
can we do with that?
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Low energy atmospheric neutrinos
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Low energy atmospheric neutrinos Kelly et al 1904.02751

The main goal of DUNE is to 
measure leptonic CP violation

For DUNE’s beam, CP will be a 
small effect (few %)
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Low energy atmospheric neutrinos Kelly et al 1904.02751

DUNE

ν

core

crust

ν

ν

mantle

The main goal of DUNE is to 
measure leptonic CP violation

For DUNE’s beam, CP will be a 
small effect (few %)
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Sub-GeV atmospheric neutrinos are one of the richest 
neutrino samples we have access to.
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DUNE
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The main goal of DUNE is to 
measure leptonic CP violation

For DUNE’s beam, CP will be a 
small effect (few %)
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Sub-GeV atmospheric neutrinos are one of the richest 
neutrino samples we have access to.
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The main goal of DUNE is to 
measure leptonic CP violation

For DUNE’s beam, CP will be a 
small effect (few %)
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Sub-GeV atmospheric neutrinos are one of the richest 
neutrino samples we have access to.
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The main goal of DUNE is to 
measure leptonic CP violation

For DUNE’s beam, CP will be a 
small effect (few %)
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Sub-GeV atmospheric neutrinos are one of the richest 
neutrino samples we have access to.
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Low energy atmospheric neutrinos Kelly et al 1904.02751

But very difficult…

n

p

µ�⌫µ
Nucleus

Needs to know neutrino direction

Low E protons are invisible                 
@ Cherenkov detectors

Liquid Argon TPCs can do it!
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Low energy atmospheric neutrinos Kelly et al 1904.02751

Palamara JPS 12 

Event topology carries extra information

Extra information on DUNE’s main 
physics goal: leptonic CP violation
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Low energy atmospheric neutrinos Kelly et al 1904.02751

Extra information on DUNE’s main 
physics goal: leptonic CP violation

Hyper-Kamiokande 1805.04163

DUNE
40 kton, 10 years, only sub-GeV atm-ν

Hyper-Kamiokande
187 kton, 10 years, all atm-ν
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Millicharged Particles
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Millicharged particles Harnik Liu Palamara 1902.03246

Q(down quarks) = -1/3          Q(up quarks) = +2/3          Q(e,μ,τ) = –1

Are there particles with tiny charges?

These can easily be there if there is “dark electromagnetism” 

Low production, difficult detection
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Millicharged particles Harnik Liu Palamara 1902.03246
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Are there particles with tiny charges?
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Millicharged particles Harnik Liu Palamara 1902.03246

Q(down quarks) = -1/3          Q(up quarks) = +2/3          Q(e,μ,τ) = –1

Are there particles with tiny charges?

These can easily be there if there is “dark electromagnetism” 

Low production, difficult detection
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Dark Matter
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Light dark matter

DM interacts with “dark electromagnetism” which has a “dark photon”

Whatever couples to the photon will couple to the dark photon
(kinetic mixing)

π0 > A A’ > A χ χ
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Light dark matter
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Light dark matter
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Light dark matter
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Light dark matter
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Light dark matter de Romeri Kelly M 1903.10505

Neutrino flux is higher on-axis
DM flux is relatively higher off-axis
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Light dark matter de Romeri Kelly M 1903.10505

Neutrino flux is higher on-axis
DM flux is relatively higher off-axis
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Accelerator neutrinos at Fermilab

SBN program will set the stage for the future DUNE experiment

CP violation
Mass ordering

Precision oscillation physics

unitarity of PMNS matrix neutrino tridents

low scale neutrino mass models

millicharged particles

light dark matter

ultra-light dark matter

atmospheric neutrinos

neutrino cross sections

proton decay

Dark neutrinos
sterile neutrinos

Lorentz violation
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Accelerator neutrinos at Fermilab

SBN program will set the stage for the future DUNE experiment

CP violation
Mass ordering

Precision oscillation physics

unitarity of PMNS matrix neutrino tridents

low scale neutrino mass models

millicharged particles

light dark matter

ultra-light dark matter

atmospheric neutrinos

neutrino cross sections

proton decay

Dark neutrinos

LArTPC unique capabilities still to be fully exploited
Recent TH developments push in this direction, but still much work to do

SBN and DUNE will be multi-purpose experiments

sterile neutrinos

Lorentz violation
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Accelerator neutrinos at Fermilab

SBN program will set the stage for the future DUNE experiment

CP violation
Mass ordering

Precision oscillation physics

unitarity of PMNS matrix neutrino tridents

low scale neutrino mass models

millicharged particles

light dark matter

ultra-light dark matter

atmospheric neutrinos

neutrino cross sections

proton decay

Dark neutrinos

LArTPC unique capabilities still to be fully exploited
Recent TH developments push in this direction, but still much work to do

SBN and DUNE will be multi-purpose experiments

sterile neutrinos

Lorentz violation

Roni Harnik’s slides in PONDD 2019
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Conclusions?

Descobrimento do Brasil, Aurélio de Figueiredo, Museu Histórico Nacional, Rio de Janeiro - Brazil
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Conclusions?

ν

Descobrimento do Brasil, Aurélio de Figueiredo, Museu Histórico Nacional, Rio de Janeiro - Brazil
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Conclusions?

ν

In the standard model, neutrinos are still terra incognita to be explored

Is there CP violation in the lepton sector? 
What is the neutrino mass spectrum?

What are the absolute values of neutrino masses?
What is the mechanism of neutrino masses?

Are neutrinos Dirac or Majorana?
Are there light sterile neutrinos?

Can we overcome the neutrino cross section challenge?
Can we overcome experimental challenges?

Is there a reason for the mass and mixing pattern of the SM?
Do protons decay?

Do the forces of nature unify?
…

What else may be hiding in the neutrino sector?
Descobrimento do Brasil, Aurélio de Figueiredo, Museu Histórico Nacional, Rio de Janeiro - Brazil
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