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Something Funny Happened on the Way to the 21st Century

ν Flavor Oscillations

Neutrino oscillation experiments have revealed that neutrinos change

flavor after propagating a finite distance. The rate of change depends on

the neutrino energy Eν and the baseline L. The evidence is overwhelming.

• νµ → ντ and ν̄µ → ν̄τ — atmospheric and accelerator experiments;

• νe → νµ,τ — solar experiments;

• ν̄e → ν̄other — reactor experiments;

• νµ → νother and ν̄µ → ν̄other— atmospheric and accelerator expts;

• νµ → νe — accelerator experiments.

The simplest and only satisfactory explanation of all this data is that

neutrinos have distinct masses, and mix.
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NEUTRINOS

HAVE MASS
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[albeit very tiny ones...]

So What?
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⇓
NEW PHYSICS
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What is the New Standard Model? [νSM]

The short answer is – WE DON’T KNOW. Not enough available info!

m

Equivalently, there are several completely different ways of addressing

neutrino masses. The key issue is to understand what else the νSM

candidates can do. [are they falsifiable?, are they “simple”?, do they

address other outstanding problems in physics?, etc]

We need more experimental input.
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Piecing the Neutrino Mass Puzzle

Understanding the origin of neutrino masses and exploring the new physics in the

lepton sector will require unique theoretical and experimental efforts . . .

• understanding the fate of lepton-number. Neutrinoless double-beta decay. What

else?

• A comprehensive long baseline neutrino program. (On-going T2K, NOνA, etc.

DUNE and HyperK next steps towards the ultimate “superbeam” experiment.)

• Different baselines and detector technologies a must for both over-constraining the

system and looking for new phenomena.

• Probes of neutrino properties, including neutrino scattering experiments. And

what are the neutrino masses anyway? Kinematical probes.

• Precision measurements of charged-lepton properties (g − 2, edm) and searches for

rare processes (µ→ e-conversion the best bet at the moment).

• Collider experiments. The LHC and beyond may end up revealing the new physics

behind small neutrino masses.

• Neutrino properties affect, in a significant way, the history of the universe

(Cosmology). Will we learn about neutrinos from cosmology, or about cosmology

from neutrinos?
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HOWEVER. . .

We have only ever objectively “seen” neutrino masses in long-baseline

oscillation experiments. It is one unambiguous way forward!

Does this mean we will reveal the origin of neutrino masses with

oscillation experiments? We don’t know, and we won’t know until we try!
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New Neutrino Oscillation Experiments: Missing Oscillation Parameters
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• What is the νe component of ν3?
(θ13 6= 0!)

• Is CP-invariance violated in neutrino
oscillations? (δ 6= 0, π?)

• Is ν3 mostly νµ or ντ? (θ23 > π/4,
θ23 < π/4, or θ23 = π/4?)

• What is the neutrino mass hierarchy?
(∆m2

13 > 0?)

⇒ All of the above can “only” be

addressed with new neutrino

oscillation experiments

Ultimate Goal: Not Measure Parameters but Test the Formalism (Over-Constrain Parameter Space)
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We need to do this in

the lepton sector!

What we ultimately want to achieve:
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
νe

νµ

ντ

 =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3




ν1

ν2

ν3



What we have really measured (very roughly):

• Two mass-squared differences, at several percent level – many probes;

• |Ue2|2 – solar data;

• |Uµ2|2 + |Uτ2|2 – solar data;

• |Ue2|2|Ue1|2 – KamLAND;

• |Uµ3|2(1− |Uµ3|2) – atmospheric data, K2K, MINOS;

• |Ue3|2(1− |Ue3|2) – Double Chooz, Daya Bay, RENO;

• |Ue3|2|Uµ3|2 (upper bound → evidence) – MINOS, T2K.

We still have a ways to go!
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What Could We Run Into?

since mν 6= 0 and leptons mix . . .
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What Could We Run Into?

• New neutrino states. In this case, the 3× 3 mixing matrix would not

be unitary.

• New short-range neutrino interactions. These lead to, for example,

new matter effects. If we don’t take these into account, there is no

reason for the three flavor paradigm to “close.”

• New, unexpected neutrino properties. Do they have nonzero magnetic

moments? Do they decay? The answer is ‘yes’ to both, but nature

might deviate dramatically from νSM expectations.

• Weird stuff. CPT-violation. Decoherence effects (aka “violations of

Quantum Mechanics.”)

• etc.
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Physics with Beam ντ ’s at the DUNE Far Detector Site

[AdG, Kelly, Pasquini, Stenico, arXiv:1904.07265]

ντ sample: why?

• Model independent checks.

– Establishing the existence of ντ in the beam;

– Is it consistent with the oscillation interpretation νµ → ντ?

– Measuring the oscillation parameters.

– Comparison to OPERA, atmospheric samples.

• Cross-section measurements.

– Comparison to OPERA, atmospheric samples.

• Testing the 3-neutrinos paradigm.

– Independent measurement of the oscillation parameters.

– More concretely: “unitarity triangle”-like test.

– Is there anything the ντ sample brings to the table given the νµ, νe, and

neutral current samples? [model-dependent]
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Testing the Three-Massive-Neutrinos Paradigm
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Case Studies

I will discuss a few case-studies, including the fourth-neutrino hypothesis

and non-standard neutral-current neutrino–matter interactions. In general

• I will mostly discuss, for concreteness, the DUNE setup;

• I don’t particularly care about how likely, nice, or contrived the scenarios

are. It is useful to consider them as well-defined ways in which the

three-flavor paradigm can be violated. They can be used as benchmarks for

comparing different efforts, or, perhaps, as proxies for other new

phenomena.

• I will mostly be interested in three questions:

– How sensitive are next-generation long-baseline efforts?;

– How well they can measure the new-physics parameters, including new

sources of CP-invariance violation?;

– Can they tell different new-physics models apart?
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A Fourth Neutrino

(Berryman et al, arXiv:1507.03986)

If there are more neutrinos with a well-defined mass, it is easy to extend the

paradigm:



νe

νµ

ντ

ν?
...


=



Ue1 Ue2 Ue3 Ue4 · · ·

Uµ1 Uµ2 Uµ3 Uµ4 · · ·

Uτ1 Uτ2 Uτ3 Uτ4 · · ·

U?1 U?2 U?3 U?4 · · ·
...

...
...

...
. . .





ν1

ν2

ν3

ν4
...


• New mass eigenstates easy: ν4 with mass m4, ν5 with mass m5, etc.

• What are these new “flavor” (or weak) eigenstates ν?? Here, the answer is

we don’t care. We only assume there are no new accessible interactions

associated to these states.
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Ue2 = s12c13c14,

Ue3 = e−iη1s13c14,

Ue4 = e−iη2s14,

Uµ2 = c24
(
c12c23 − eiη1s12s13s23

)
− ei(η2−η3)s12s14s24c13,

Uµ3 = s23c13c24 − ei(η2−η3−η1)s13s14s24,

Uµ4 = e−iη3s24c14,

Uτ2 = c34
(
−c12s23 − eiη1s12s13c23

)
− eiη2c13c24s12s14s34

−eiη3
(
c12c23 − eiη1s12s13s23

)
s24s34,

Uτ3 = c13c23c34 − ei(η2−η1)s13s14s34c24 − eiη3s23s24s34c13,

Uτ4 = s34c14c24.

When the new mixing angles φ14, φ24, and φ34 vanish, one encounters oscillations

among only three neutrinos, and we can map the remaining parameters {φ12, φ13, φ23,

η1} → {θ12, θ13, θ23, δCP }.

Also

ηs ≡ η2 − η3,
is the only new CP-odd parameter to which oscillations among νe and νµ are sensitive.
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Some technicalities for the aficionados

• 34 kiloton liquid argon detector;

• 1.2 MW proton beam on target as the source of the neutrino and

antineutrino beams, originating 1300 km upstream at Fermilab;

• 3 years each with the neutrino and antineutrino mode;

• Include standard backgrounds, and assume a 5% normalization uncertainty;

• Whenever quoting bounds or measurements of anything, we marginalize

over all parameters not under consideration;

• We include priors on ∆m2
12 and |Ue2|2 in order to take into account

information from solar experiments and KamLAND. Unless otherwise

noted, we assume the mass ordering is normal;

• We do not include information from past experiments. We assume that

DUNE will “out measure” all experiments that came before it (except for

the solar ones, as mentioned above).
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[Berryman et al, arXiv:1507.03986]
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January 25, 2021 New ν Phys
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[Berryman et al, arXiv:1507.03986]
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[Berryman et al, arXiv:1507.03986]
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André de Gouvêa Northwestern

Non-Standard Neutrino Interactions (NSI)

Effective Lagrangian:

LNSI = −2
√

2GF (ν̄αγρνβ)
∑

f=e,u,d

(εfLαβfLγ
ρfL + εfRαβfRγ

ρfR) + h.c.,

For oscillations,

Hij =
1

2Eν
diag

{
0,∆m2

12,∆m
2
13

}
+ Vij ,

where

Vij = U†iαVαβUβj ,

Vαβ = A


1 + εee εeµ εeτ

ε∗eµ εµµ εµτ

ε∗eτ ε∗µτ εττ

 ,

A =
√

2GFne. εαβ are linear combinations of the εfL,Rαβ . Important: I will

discuss propagation effects only and ignore NSI effects in production or

detection (ε versus ε2).
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Solar Neutrinos

We are not done yet!

• see “vaccum-matter”
transition

• probe for new physics:
NSI, pseudo-Dirac, . . .

• probe of the solar interior!
“solar abundance problem”

(see e.g. 1104.1639)

‘CNO neutrinos may provide

information on planet formation!’

[Friedland, Shoemaker 1207.6642]
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I. Esteban et al, 1805.04530 [hep-ph]
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I. Esteban et al, 1805.04530 [hep-ph]
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There are new sources of CP-invariance violation! [easier to see T-invariance violation]

[AdG and Kelly, arXiv:1511.05562]

January 25, 2021 New ν Phys
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[AdG and Kelly, arXiv:1511.05562]
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[AdG and Kelly, arXiv:1511.05562]
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[AdG and Kelly, arXiv:1511.05562]

Telling Different Scenarios Apart:
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[AdG and Kelly, arXiv:1511.05562]

How Do We Learn More – Different Experiments!

– Different L and E, same L/E (e.g. HyperK versus DUNE);

– Different matter potentials (e.g. atmosphere versus accelerator);

– Different oscillation modes (appearance versus disappearance, e’s, µ’s and τ ’s).
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The Physics Behind NSI – Comments and Concerns

There are two main questions associated to NSI’s. They are somewhat

entwined.

1. What is the new physics that leads to neutrino NSI? or are there

models for new physics that lead to large NSIs? Are these models well

motivated? Are they related to some of the big questions in particle

physics?

2. Are NSIs constrained by observables that have nothing to do with

neutrino physics? Are large NSI effects allowed at all?
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Effective Lagrangian:

LNSI = −2
√

2GF ε
αβ(ν̄αγρνβ)

(
fγρf

)
.

This is not SU(2)L invariant. Let us fix that:

LNSI = −2
√

2GF ε
αβ(L̄αγρLβ)

(
fγρf

)
.

where L = (ν, `−)T is the lepton doublet. This is a big problem.

Charged-Lepton flavor violating constraints are really strong (think

µ→ e+e−e+, µ→ e-conversion, τ → µ+hadrons, etc), and so are most of

the flavor diagonal charged-lepton effects.

There are a couple of ways to circumvent this. . .
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1. Dimension-Eight Effective Operator

LNSI = −2
√

2GF ε
αβ(ν̄αγρνβ)

(
fγρf

)
.

This is not SU(2)L invariant. Let us fix that in a different way

LNSI = −2
√

2GF
εαβ

v2
((HL)†αγρ(HL)β)

(
fγρf

)
.

where HL ∝ H+`− −H0ν. After electroweak symmetry breaking

H0 → v + h0 and we only get new neutrino interactions.

Sadly, it is not that simple. At the one-loop level, the dimension-8

operator will contribute to the dimension-6 operator in the last page, as

discussed in detail in [Gavela et al, arXiv:0809.3451 [hep-ph]]. One can,

however, fine-tune away the charged-lepton effects.
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2. Light Mediator

(Recent overview: Y. Farzan and M. Tórtola, arXiv:1710.09360 [hep-ph])

LNSI = −2
√

2GF ε
αβ(ν̄αγρνβ)

(
fγρf

)
.

This may turn out to be a good effective theory for neutrino propagation

but a bad effective theory for most charged-lepton processes. I.e.

LNSI = −2
√

2GF ε
αβ(L̄αγρLβ)

(
fγρf

)
.

might be inappropriate for describing charged-lepton processes if the

particle we are integrating out is light (as in lighter than the muon).

Charged-lepton processes are “watered down.” Very roughly

ε→ ε

(
mZ′

m`

)2

where mZ′ is the mass of the particle mediating the new interaction, and

m` is the mass associated to the charged-lepton process of interest.
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Different Oscillation Parameters for Neutrinos and

Antineutrinos?

[AdG, Kelly, arXiv:1709.06090]

• How much do we know, independently, about neutrino and

antineutrino oscillations?

• What happens if the parameters disagree?
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Other Opportunities (Very Brief)

• Near-Detector New Physics: Long-baseline experiments will collect

large samples of neutrino–nucleus and neutrino–electron scattering

events. These allow, for example, high-precision measurements of the

the Weinberg angle (see, e.g., AdG et al, 1912.06658). They are also

beam-dump-like experiments with an enormous detector – a great

place to look for new very weakly coupled states including heavy

neutrinos (HNL), hidden-sector particles (ALPs) (see, e.g. Berryman et al,

1912.07622) and the physics responsible for DM, etc.

• Supernova Neutrinos: Type-II supernova explosions are an intense

source of neutrinos. It allows one to constrain neutrino properties to

which we don’t have access in the laboratory, including new physics

associates to neutrino decays (see, e.g., AdG et al, 1910.01127 or the presence of

new oscillations associated to tiny mass-squared differences, the

so-called pseudo-Dirac neutrino scenario.

January 25, 2021 New ν Phys



André de Gouvêa Northwestern

In Conclusion

The venerable Standard Model sprung a leak in the end of the last

century (and we are still trying to patch it): neutrinos are not massless!

1. We still know very little about the new physics uncovered by neutrino

oscillations.

2. neutrino masses are very small – we don’t know why, but we think it

means something important.

3. neutrino mixing is “weird” – we don’t know why, but we think it means

something important.
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4. We need more experimental input These will come from a rich, diverse

experimental program which relies heavily on the existence of underground

facilities capable of hosting large detectors (double-beta decay, precision

neutrino oscillations, supernova neutrinos, proton decay, etc).

5. Precision measurements of neutrino oscillations are sensitive to

several new phenomena, including new neutrino properties, the

existence of new states, or the existence of new interactions.

There is a lot of work to be done when it comes to understanding

which new phenomena can be probed in long-baseline oscillation

experiments (and how well) and what are the other questions one

can ask – related and unrelated to neutrinos – of these unique

particle physics experiments.

6. There is plenty of room for surprises, as neutrinos are potentially very

deep probes of all sorts of physical phenomena. Remember that neutrino

oscillations are “quantum interference devices” – potentially very sensitive

to whatever else may be out there (e.g., Λ ' 1014 GeV).
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Backup Slides . . .
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Not all is well(?): The Short Baseline Anomalies

Different data sets, sensitive to L/E values small enough that the known

oscillation frequencies do not have “time” to operate, point to unexpected

neutrino behavior. These include

• νµ → νe appearance — LSND, MiniBooNE;

• νe → νother disappearance — radioactive sources;

• ν̄e → ν̄other disappearance — reactor experiments.

None are entirely convincing, either individually or combined. However,

there may be something very very interesting going on here. . .
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• LSND

• MB ν

• MB, ν̄

[Courtesy of G. Mills]
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[Statistical Errors Only]

[Courtesy of G. Mills]
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What is Going on Here?

• Are these “anomalies” related?

• Is this neutrino oscillations, other new physics, or something else?

• Are these related to the origin of neutrino masses and lepton mixing?

• How do clear this up definitively?

Need new clever experiments, of the short-baseline type!

Observable wish list:

• νµ disappearance (and antineutrino);

• νe disappearance (and antineutrino);

• νµ ↔ νe appearance;

• νµ,e → ντ appearance.
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[Berryman et al, arXiv:1603.00018]

Another Model: Can Neutrino Oscillation Experiments Discover A Fifth Dimension?
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[Berryman et al, arXiv:1603.00018]

Another Model: Can Neutrino Oscillation Experiments Discover A Fifth Dimension?
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