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• Excluding this talk, there were around 30 presentations related to

neutrinos: three on Monday, three on Tuesday, three on Wednesday,

eighteen(!) on Thursday, and three on Friday.

– some were related to ντ , (but what is a ντ?)

– some were related to new neutrino states that couple to the τ , ⇒
– some were about neutrinos and their properties,

– some had no neutrinos at all. By design! (⇒ 0νββ)

• There were theoretical and experimental talks, and we learned about

results from current, near future and not-so-near future experiments.

• I won’t try to summarize all these talks. Instead, I will use

some (a small fraction) of what we heard throughout the week to

color the different points I want to make. If your favorite talk was not

mentioned, either directly or indirectly, I apologize in advance!
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Over the last 25 years, a brand new, realistic, reasonable, and

simple paradigm has emerged for neutrinos:


νe

νµ

ντ

 =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Ueτ2 Uτ3




ν1

ν2

ν3


Definition of neutrino mass eigenstates (who are ν1, ν2, ν3?):

• m2
1 < m2

2 ∆m2
31 < 0 – Inverted Mass Hierarchy

• m2
2 −m2

1 ≪ |m2
3 −m2

1,2| ∆m2
31 > 0 – Normal Mass Hierarchy

tan2 θ12 ≡ |Ue2|2
|Ue1|2 ; tan2 θ23 ≡ |Uµ3|2

|Uτ3|2 ; Ue3 ≡ sin θ13e
−iδ
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This Standard Three-Massive-Active Neutrinos Paradigm fits,

for the most part, all data very wella

Furthermore, most of the oscillation parameters have been measured quite

precisely: (see, for example, http://www.nu-fit.org)

∆m2
21 = (7.42± 0.21)× 10−5 eV2 (3%)

|∆m2
31| = (2.50± 0.03)× 10−3 eV2 (1%)

sin2 θ12 = 0.304± 0.013 (4%)

sin2 θ13 = 0.02220± 0.00068 (3%)

sin2 θ23 = 0.573± 0.023 (5%)

δCP = (105− 405)◦ (3σ) (unknown)

sign(∆m2
31) = +, slightly favored (unknown) (1)

aModulo the short-baseline anomalies.
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NEUTRINOS
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[albeit very tiny ones...]

So What?
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[albeit very tiny ones...]

So What?

⇓
NEW PHYSICS
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Nonzero neutrino masses imply the existence of new

fundamental fields ⇒ New Particles

We know nothing about these new particles. They can be bosons or

fermions, very light or very heavy, they can be charged or neutral,

experimentally accessible or hopelessly out of reach. . .

——————

There is only a handful of questions the standard model for particle physics cannot

explain (these are personal. Feel free to complain).

• What is the physics behind electroweak symmetry breaking? (Higgs ✓).

• What is the dark matter? (not in SM).

• Why is there so much ordinary matter in the Universe? (not in SM).

• Why does the Universe appear to be accelerating? Why does it appear that the

Universe underwent rapid acceleration in the past? (not in SM).
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Neutrino Masses, Higgs Mechanism, and New Mass Scale of Nature

The LHC has revealed that the minimum SM prescription for electroweak

symmetry breaking — the one Higgs doublet model — is at least approximately

correct. What does that have to do with neutrinos?

The tiny neutrino masses point to three different possibilities.

1. Neutrinos talk to the Higgs boson very, very weakly. And lepton-number

must be an exact symmetry of nature (or broken very, very weakly);

2. Neutrinos talk to a different Higgs boson – there is a new source of

electroweak symmetry breaking!;

3. Neutrino masses are small because there is another source of mass out

there — a new energy scale indirectly responsible for the tiny neutrino

masses, a la the seesaw mechanism.

We are going to need a lot of experimental information from all areas of particle

physics in order to figure out what is really going on!
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What Is the ν Physics Scale? We Have No Idea!

Different Mass Scales Are Probed in Different Ways, Lead to Different Consequences,

and Connect to Different Outstanding Issues in Fundamental Physics.
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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.

• A comprehensive long baseline neutrino program.

• 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. These

can be “seen” in cosmic surveys of all types.

• Astrophysical Neutrinos – Supernovae and other Galaxy-shattering phenomena.

Ultra-high energy neutrinos and correlations with not-neutrino messengers.
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Missing Oscillation Parameters: Are We There Yet? (NO!)

(∆m2)sol

(∆m2)sol

(∆m2)atm

(∆m2)atm

νe

νµ

ντ

(m1)
2

(m2)
2

(m3)
2

(m1)
2

(m2)
2

(m3)
2

normal hierarchy inverted hierarchy

• What is the νe component of ν3?
(θ13 ̸= 0!)

• Is CP-invariance violated in neutrino
oscillations? (δ ̸= 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)

December 8, 2023 ν Wish
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We need to do this in

the lepton sector!

What we ultimately want to achieve:
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What we have really measured (very roughly):

• Two mass-squared differences – many probes;

• |Ue2|2 – solar data;

• |Uµ2|2 + |Uτ2|2 – solar data;

• |Ue2|2|Ue1|2 – KamLAND;

• |Uµ3|2(1−|Uµ3|2) – atmospheric data, long-baseline accelerator experiments;

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

• |Uµ3|2|Uτ3|2 – atmospheric, OPERA;

• |Ue3|2|Uµ3|2 – NOvA, T2K. We still have a long way to go!
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[Ellis, Kelly, Li, arXiv:2004.13719]
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[Ellis, Kelly, Li, arXiv:2008.01088]
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[Ellis, Kelly, Li, arXiv:2008.01088]
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Golden Opportunity to Understand Matter versus Antimatter?

The SM with massive Majorana neutrinos accommodates five irreducible

CP-invariance violating phases.

• One is the phase in the CKM phase. We have measured it, it is large, and

we don’t understand its value. At all.

• One is θQCD term (θGG̃). We don’t know its value but it is only constrained

to be very small. We don’t know why (there are some good ideas, however).

• Three are in the neutrino sector. One can be measured via neutrino

oscillations. 50% increase on the amount of information.

We don’t know much about CP-invariance violation. Is it really fair to presume

that CP-invariance is generically violated in the neutrino sector solely based on

the fact that it is violated in the quark sector? Why? Cautionary tale: “Mixing

angles are small.”

Indirect connection to the matter–antimatter asymmetry of the universe. The

existence of new sources of CP-invariance violation is a necessary requirement.
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What Could We Run Into?

since mν ̸= 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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1 - Resolve the short-baseline anomalies.
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Are We Sitting on More New Neutrino Physics?

[courtesy of P. Machado]
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Are We Sitting on More New Neutrino Physics?

[courtesy of P. Machado]
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André de Gouvêa Northwestern

Is it BSM? Lots of possibilities. For example. . .

[MicroBooNE talk at Neutrino 2022]
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. . . and SBND will start taking data before 2025!
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2 - More results from the ongoing long-baseline

experiments.
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3 - Steady progress on the construction of

next-generation long-baseline experiments. No

“surprises” would be nice. (Good surprises, however,

are allowed.)

Same for searches for neutrinoless double-beta decay.
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4 - More on what ντ is good for. And on how do we

get to see ντ experimentally!
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5 - Progress in our Understanding of Neutrino–Nucleus

Scattering at “Low Energies” (below the DIS regime)

December 8, 2023 ν Wish
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6 - SN2024A
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In conclusion. . .
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http://www.particlezoo.net
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The Picture Changed!

http://www.particlezoo.net
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• We still know very little about the new physics uncovered by neutrino

oscillations.

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

means something important.

• We need more experimental input (neutrinoless double-beta decay,

precision neutrino oscillations, UHE neutrinos, charged-lepton precision

measurements, colliders, etc).

• 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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