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A Mixed Bag: Lectures on Neutrino
Physics

Dr Innes Bigaran

The Standard Model (SM) of particle physics is the closest we have to a complete theory
of nature. It describes the constituents of matter (spin 1/2 fermions: quarks and leptons) and
three fundamental forces (strong, weak, and electromagnetic) in terms of the Standard Model
gauge symmetry group GSM = SU(3)C ⊗ SU(2)L ⊗ U(1)Y . In these lectures we will focus in
on the lepton sector of the SM, in particular the electrically neutral ones: the neutrinos.

In 1930, Wolfgang Pauli wrote an open letter to attendees at the Gauverein meeting in
Tübingen on radioactivity [1]. He had been dwelling on the problem of nuclear beta decay,
where the nuclei were observed to transmute and emit a visible beta particle (electron),
although the sum of energies in the initial and final states didn’t seem to match – marking
an ‘energy crisis’. Rather than detect a peak of electron energies, a spectrum of energies was
observed. He cautiously suggested the possibility the nuclei were spitting out a new electrically
neutral, spin-1/2 particle (fermion) in addition to the electron, which carried away some of the
energy but remained undetected. Two years before the discovery of the neutron we know and
love, he proposed to call this new particle the ‘neutron’. I say this was a cautious proposal, as
he said he did “not dare to publish anything about this idea” because this was the proposal
of a particle that could (in his eyes) never be detected.

I like to imagine Pauli looking at the landscape of neutrino physics today. Once the nuclear
model was completed with James Chadwick’s discovery of the neutron [2], Pauli’s ‘neutron’
was renamed the ‘neutrino’ – using the Italian diminutive in to indicate its relative size to
the heavier subnuclear particle – by Enrico Fermi and Edoardo Amaldi. In 1952 the neutrino
was first detected in the Cowan-Reines experiment [3] using neutrino capture, confirming
Pauli’s proposal. Fast forward to today, and we have many neutrino experiments worldwide:
exploiting neutrino fluxes from reactors, the Sun, the atmosphere, particle accelerators, and
elsewhere in the Universe. It is a rich and exciting discipline of experimental and theoretical
particle physics research which I am excited to take you on an introductory journey through.

For external readers, this is designed as a series of three lectures for graduate students in
experimental and theoretical nuclear and particle physics for the 2026 Australian Institute of
Physics’ Nuclear and Particle Physics Summer School at UNSW, Sydney, Australia.
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1 Neutrinos in the Standard Model

To understand why the neutrino is so peculiar as a Standard Model particle, we have to
introduce some SM details. I will assume that some of this is delved into deeper in other
lectures in this School, and because of time constraints we can only scrape the surface. I
encourage you to ask lots of questions during the week to fill in some of the inevitable gaps.

In the SM, the fundamental symmetry SU(2)L⊗U(1)Y is broken by the Higgs mechanism
into the electromagnetic symmetry U(1)Q.

1 Among other things, this electroweak symmetry
breaking (EWSB) is responsible for mass generation for fundamental fermions. For every
continuous global symmetry there is an associated conserved charge (this is called Noether’s
theorem), and the associated conserved charge for U(1)Q is standard electric charge, called Q
and normalized so that the electron has charge Q = −1. We live in a post-EWSB world, so
this is the most familiar of the charge-conservations for most everyday people.

Neutrinos in the Standard Model are massless particles. To understand why, we need
to take a step back from U(1)Q and examine the structure of SM fermions. Working with
SU(2)L ⊗ U(1)Y , we identify a field (the mathematical precursor to a particle) by how it
transforms under these symmetries. The fundamental SM lepton fields are defined as LL and
eR, which transform as

eR ∼ (1,−1) and LL ∼ (2,−1

2
). (1)

where the first bold entry of the tuple is the transformation property under SU(2)L and the
second tuple entry is the U(1)Y “hypercharge”. Under SU(2)L, a bold 1 indicates that eR
transforms as a singlet and carries zero charge, denoted T3 = 0. A bold 2 indicates that LL

is a doublet, containing two entries denoted

LL =

(
νL
eL

)
(2)

the upper entry carries T3 = 1/2 and the lower T3 = −1/2. Before EWSB this upper and
lower entry always interact together, but after EWSB they decouple and each carry an electric
chargeQ = T3+Y . Calculating theQ charge of each of these entries, using the LL hypercharge,
explains why I have labeled them as I have: the upper entry is the electrically-neutral SM
neutrino.

The subscripts L and R denote the chirality of these fields. For the purpose of these
lectures, we just need to understand that a chirally left-handed fermion field transforms non-
trivially under SU(2)L, while the right-handed does not – which is why we use ‘L’ as a label
for SU(2)L.

2

1Leptons in the Standard Model do not interact via Quantum Chromodynamics (QCD, the strong force,
mediated by gluons g), so I will not discuss the SU(3)C part of the SM gauge group for the remainder of these
lectures.

2There’s a related but distinct property of particles which leads to the labeling as ‘left’ or ‘right’ handed
called helicity, which we will not need for our discussions here but I want to emphasize that these not identical.
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1.1 SM neutrinos are massless

The final ingredient in our recipe for lepton masses is the Higgs field,

H =

(
H+

H0

)
∼ (2,

1

2
) (3)

To define interactions of fields in the Standard Model, we use the Lagrangian, L. To construct
a term in the Lagrangian, and thus an interaction ‘allowed’ by the Standard Model symmetries,
we take the product of the fields to form a neutral singlet. For conserved charge this just
means summing the charges to zero. For SU(2), like with standard matrix multiplication,
combining the two ‘column matrix’ 2 fields requires that we transpose one of these fields to
construct a product: 2̄×2. The ‘bar’ on the field in a Lagrangian includes the action of both
transposing and conjugating the field.

The unique viable combination of the three fields LL, eR, H is

L̄L × eR ×H = (2̄× 2,−1 +
1

2
+

1

2
= 0), (4)

where we have summed charges and taken the product of the SU(2)L representations. Each
Lagrangian term is assigned a ‘coupling’, which is a coefficient for the interaction term. We
label the coupling of this combination Ye: a so-called ‘Yukawa’ coupling for the leptons.
Putting this all together, the term in the SM Lagrangian is

LSM ⊃ −YeL̄LHeR (5)

where we have used ⊃ to indicate this is one of many interactions present in LSM. Expanding
this term out under SU(2)L we find

LSM ⊃ −Ye
(
ν̄L ēL

)(H+

H0

)
eR = −Ye

(
H+ν̄LeR +H0ēLeR

)
. (6)

Now the mechanism of EWSB involves the neutral component of the Higgs field getting a
vaccum expectation value v. This means that any term containing H0 is perturbed around
the vaccum, H0 + ⟨H0⟩, and ⟨H0⟩ = v/

√
2 where v is known as the electroweak Vaccum

Expectation Value (VEV). This has the action of generating a term in the Lagrangian,

LSM ⊃ − Ye√
2
vēLeR ≡ −MeēLeR. (7)

This is a fermion mass term: a direct contact interaction term featuring a single field. This
type of mass term, between a left- and right-handed component of the same SM particle type
is called a Dirac mass term. Notice that no mass term appears in the SM featuring the
neutrino, ν, and so the neutrino remains massless.

1.2 Other SM lepton interactions

Prior to EWSB, the SU(2)L⊗U(1)Y interactions are mediated by four massless gauge bosons
(bosons have spin-0). After EWSB, three of these gauge bosons gain a mass, and mediate
weak interactions: W+,W− and Z0 boson. The massless photon, γ, mediates electromagnetic
interaction, associated with the remaining unbroken gauge symmetry U(1)Q.
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The SM neutrinos are all left-handed and have Q = 0. This means that they will not
interact with the photon, but can interact via the electroweak interactions. To ensure charge
conservation, the interactions with neutrinos and the charged bosons always feature a charged
lepton: a consequence of them appearing in the same SU(2)L doublet!

At this point, we need to make a caveat to our earlier discussion of lepton masses. In the
SM, there are three flavours of lepton: the electron e, muon µ, and tau(on) τ . To calculate
the masses of the charged leptons, we diagonalize the Yukawa matrix Ye, which is a 3 × 3
matrix with eigenvalues corresponding to the masses of e, µ, τ . This is achieved by rotating
both fields eL and eR.

In a theory of massive SM leptons, there is an accidental global symmetry corresponding
to lepton flavour conservation. This means that each of the neutrinos is coupled by the SM
forces only to one associated charged lepton: the electron with the electron neutrino, muon
with muon neutrino and tau with tau neutrino. Mathematically, this is a consequence of
how we can diagonalize the charged-lepton mass matrix. We don’t build this symmetry into
the model, it comes “for free” from the structure. Like we mentioned above, a continuous
global symmetry yields a conserved charge: here this is called flavoured ‘lepton number’. An
electron carries Le = 1 and an anti-electron (positron) carries Le = −1, and similarly for the
other two flavours. Each of these lepton numbers is conserved individually, and so too is total
lepton number.

Now let’s imagine we have a neutrino incoming on a target: how can we detect it? Neutri-
nos only interact via the weak interaction, which (like it says on the label) is very short-ranged,
and so these interactions are very rare and neutrinos typically pass through a target unim-
peded. On top of this, the neutrino needs to interact with a target and produce observable
(charged) final states. Typically this involves scattering of the neutrino mediated by the
charged-current interactions (W+,W−) and producing a charged lepton in the final state.
The neutrino typically needs to have large enough energy to produce the mass of the final
state lepton. 3

As the electron is the lightest of the charged leptons, followed by the muon and the
tau, the electron neutrino is much easier to detect. The flavour of (anti)neutrino that was
initially detected by the 1956 Cowan-Reines inverse-beta-decay experiment [3] was the electron
antineutrino:

ν̄e + p+ → n0 + e+, (8)

sourced from a nuclear reactor particle flux. This discovery was recognized with the Nobel
Prize in Physics forty years later in 1995. In 1962 Leon Lederman, Melvin Schwartz, and Jack
Steinberger detected the muon neutrino (from light meson decays) at Brookhaven National
Laboratory [4], confirming the hypothesis that the muon neutrino was distinct from that
associated with the electron, resulting in the Nobel Prize in 1988. The third and final neutrino
flavour, ντ , was discovered by the DONUT (Direct Observation of the NU Tau) collaboration
at Fermilab in 2000 [5] in the decay of charmed mesons.

3This is not strictly true. The initial state consists of the target particle/s plus the neutrino, so if there
is a change in the target then the neutrino can ‘borrow some energy’ from the target. In scattering theory
of neutrinos, the nature of the target is important and varies over probed energy scales: elastic scattering,
quasi-elastic scattering, deep inelastic scattering... are all possible. I don’t have time to discuss details of
neutrino scattering here, but I will link you to some good lectures on this by Dr Noemi Rocco here.
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Question 1

In Fermi’s theory of Beta decay, the neutron decays into a proton together with two leptons.

1. Balance conserved charges on both sides of this decay to propose which of the following
particles are in the final state together with the proton: e+, e− νe, or ν̄e.

2. It is safe to assume to first approximation that the initial and final state nuclei are
stationary but differ in mass, and remain bound in states with mass Mi (initial) and Mf

(final). Use conservation of energy/momentum to calculate the maximum and minimum
energy of the charged lepton in terms of a hypothetical neutrino mass. This is the
same methodology presently used to constrain neutrino mass scales using beta decay
experiments; they measure the endpoint of the energy spectrum of the emitted electron!
(See for example, [6]) We will discuss the phenomenon of neutrino masses later in this
lecture series.

Question 2

For those not familiar, in particle physics we often use Feynman diagrams to depict interac-
tions. These diagrams generally run left to right in time, so a particle begins and travels to
the left and at a vertex (representing an interaction) it splits into new particles allowed by a
term in the SM Lagrangian. From our discussion above, fill in the Feynman diagrams for the
allowed SM lepton weak interactions. I have included the SM bosons in the diagrams. A line
with an arrow facing forward in time is a fermion, and against time is an anti-fermion.

W+ W− Z0 Z0

Note for those interested: when discussing weak interactions, one may use an alternate ba-
sis for expressing the interaction ‘currents’. A left-handed interaction may be expressed as the
combination of the axial-vector and vector interaction, V − A, and right-handed interactions
V +A.
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2 Neutrino Flavour Oscillations

So the takeaway messages from Lecture 1 are that: neutrinos in the SM are massless particles,
in the SM lepton flavour is always conserved, and neutrinos are difficult to detect because
they only interact weakly. This was the well-accepted framework of neutrino physics until at
least the 1990s or early 2000s.

In the 1960s, the Homestake experiment made the first measurement of the flux of electron
neutrinos arriving from the Sun [7]. A 380 cubic meter tank (roughly the size of a two-bedroom
apartment) of common drycleaning fluid (perchloroethylene, C2Cl4) rich in Chlorine was
placed around 1400m underground in the Homestake gold mine in in Lead, South Dakota. It
utilized a process called neutrino capture on the Chlorine atoms

νe +
37 Cl →37 Ar+ + e−, (9)

which has an extremely small cross-section of the order of σ ∼ 10−46 cm2. To calculate the
interaction rate from the cross section, we use the formula for the number of signal interactions
Ns per unit time, given an incident particle flux Φ (per unit area per unit time) and number
of target particles Nt,

dNs

dt
= σ × Φ×Nt. (10)

Therefore, to overcome the small neutrino cross section they needed both a large flux and a
large number of target particles.

The Sun is powered by a continuous chain of nuclear fusion reactions, producing a large
flux of electron neutrinos predicted by the “Standard Solar Model”. The flux of neutrinos
reaching earth from the sun is predicted (and observed) to be of the order of 1010 per cm2

per second. They found a flux between one third or one half of that predicted by the model
– some of the electron-neutrinos had disappeared on the path from production to detection.
This discrepancy was known as the Solar Neutrino problem, and remained unresolved for
decades.

Question 3

Estimate the number of neutrino events per year that the Homestake mine experiment was
expecting to see from a solar neutrino flux. The density of the fluid in the tank is 1.622 g/cm3.

Bruno Pontecorvo first considered what would be a viable solution to the Solar Neutrino
Problem in 1957, which he then further developed over the following decade (see e.g. [8]).
He proposed that neutrino flavours could convert from one to another, drawing a comparison
between this proposed phenomenon and that of K meson decays in quark flavour physics.
Importantly, however, for this to be possible, neutrinos must have at least a small non-zero
mass – contrary to the prediction of the SM.

To demonstrate the theory of neutrino oscillations, we first note that we measure neu-
trinos with the weak interactions, so we call our “interaction neutrinos” |νe⟩ and |νµ⟩. Our
propagating neutrinos each carry a mass mi, and are labeled |ν1⟩ and |ν2⟩, and each is a
superposition of interaction neutrinos,

|νi⟩ =
∑

α=e,µ,τ

Uαi |να⟩ (11)

6



The matrix U is a unitary matrix.

Each of these (orthogonal) mass eigenstates will evolve in time as |νi⟩ → e−iĤt |νi⟩ =
e−iEit |νi⟩ and therefore the probability of oscillation of the electron neutrino into a muon
neutrino is given by the square of the amplitude,

A(νe → νµ) = ⟨νµ| e−iĤt |νe⟩ =
∑

j=1,2,3

UµjU
∗
ej exp (−iEiL) . (12)

Let’s take a two-flavour approximation so that we can simplify our mathematics a bit, and
so U is 2× 2 and characterised by a single mixing angle θ,(

|νe⟩
|νµ⟩

)
=

(
cos θ sin θ
− sin θ cos θ

)(
|ν1⟩
|ν2⟩

)
(13)

and so the oscillation probability is given by

P (νe → νµ) = |A(νe → νµ)|2 = sin2 2θ12 sin2
(
∆m2

21L

4E

)
(14)

where ∆m2
21 = m2

2−m2
1 and we have assumed that the neutrino has oscillated over a baseline

length L over the time period from production to detection, and the reference neutrino source
energy is E.

Question 4

Fill in the gaps in the derivation of equation (14). Note that we have assumed that the neu-
trino mass is small relative to its momentum. Notice that we can proceed with the calculation,
but the probability of oscillation will be zero if the neutrinos have equal (including if they’re
all zero) masses.

Question 5

Present constraints on neutrino mixing fit the difference ∆m2
21 ∼ 10−5eV2. What is the ideal

baseline to energy ratio to probe this oscillation in the two-neutrino picture? How does this
compare to the baseline to energy ratio of solar neutrinos detected on earth?

Water Cerenkov experiments confirmed the Solar neutrino deficit by the 1980s (see e.g. [9]).
Although physicists tried, the deficit could not be remedied by modifications of the Standard
Solar Model, and so oscillations were looking more and more likely. To confirm the oscilla-
tion picture required exploiting other neutrino sources outside of just the sun. In 1987, the
Kamiokande experiment and the IMB experiment detected real-time bursts of neutrinos from
the Supernova 1987A explosion [10, 11]. The time of arrival of separate neutrino events at
these experiments differed, indicating that the particles were not traveling at the speed of
light and thus supporting the claim that neutrinos were not massless.4However since these

4Note that the neutrinos were actually observed before optical detection of the supernova. This was the first
evidence for consistency with the model of supernova evolution, where neutrino bursts are produced before
photons escape in the process. This means signals in neutrino detectors can be treated as an early warning
sign for future supernova, and tell us where to point telescopes for optical observation – an example of so-called
‘multimessenger astronomy’.
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were small event numbers this could not be claimed as a definitive discovery. Representatives
of both the Kamiokande and Homestake experiments were awarded the Nobel Prize in 2002
for establishing the first evidence for neutrino oscillations.

Neutrinos are also produced in abundance in the atmosphere, through interactions between
the cosmic rays and atoms in the Earth’s atmosphere. Unlike the solar source, these neutrinos
are both electron and muon flavours, and have a different characteristic energy scale. In 1998
the Super Kamiokande experiment (the successor of the Kamiokande experiment) detected
results consistent with atmospheric muon-neutrino disappearance into tau neutrinos while
traversing the earth [12]. Fewer atmospheric neutrinos reached the detector coming from
below the detector, from the other side of the earth, than arrived to the surface from above.
One year later, the Sudbury Neutrino Observatory [13] observed solar neutrino flux consistent
with the oscillation picture including the in-matter effects predicted to occur as the neutrinos
traversed the Sun (called the MSW effect [14, 15, 16]). These two observations are considered
the ‘nail in the coffin’ of the SM neutrino picture: neutrinos are massive and neutrinos oscillate
between flavours. The SNO and Super-Kamiokande experiments were awarded the 2015 Nobel
prize in physics for these observations.

Nowadays, neutrino experiments are performed over many energy scales and baselines,
sourced from difference places: reactors (see for example, the Daya Bay experiment [17], and
JUNO experiment – which has just recently taken first data [18]), particle accelerators (see
FASERν at CERN ( e.g. [19]), and the Hyper-Kamiokande ( e.g. [20]) and DUNE ( e.g. [21])
experiments currently under construction), and extragalactic point sources (see for example
the IceCube experiment e.g. [22]). I wish I had time to discuss these in more detail, but I
hope you will have a chance to look into them on your own.

2.1 The modern neutrino oscillation picture

The matrix U from earlier is called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [23, 24]
and is defined such that it diagonalizes a neutrino mass matrix via

U†MνU
∗ = diag(m1,m2,m3). (15)

It can be written as the product of three rotation matrices, the second of which depends on
a phase δCP, and a diagonal matrix of phases P:

U =

1 0 0
0 c23 s23
0 −s23 c23

 c13 0 s13e
−iδCP

0 1 0
−s13e

iδCP 0 c13

 c12 s12 0
−s12 c12 0
0 0 1

P. (16)

where sij = sin θij and cij = cos θij . If neutrinos were Dirac, the matrix P would be the
identity matrix. Majorana neutrino masses permit two additional arbitary phases α1 and α2

contained in P. We will discuss Dirac and Majorana masses in Section 3.
An overview of the most recent global fit to these oscillation parameters are typically

given by the NuFit Collaboration, which combines all the present neutrino oscillation re-
sults [25]. The angle θ12 and mass-difference ∆m2

12 are known as the solar mixing parameters
and specify the leading physics from oscillations over these energies and baselines from an
electron-neutrino source. The angle θ13 and mass-difference ∆m2

13 are the reactor/accelerator
parameters, and θ23 and mass-difference ∆m2

23 are the atmospheric/accelerator parameters.
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Note that for neutrino measurements, the source flavour content, baseline and energies of
these experiments will determine the sensitivity to different areas of this parameter space.
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3 Neutrino Masses beyond the Standard Model

So now we know neutrinos have a mass, we have to consider how the Standard Model can be
extended to include massive neutrinos. Present constraints on the size of neutrino mass imply
it is below 0.01 eV [26, 27]. The electron mass is roughly 500 keV, so this is significantly
smaller than even the lightest of the SM particles. This suggests perhaps the mechanism
of neutrino mass generation isn’t the same as that of SM fermions, or perhaps the SM is a
good-enough approximation which is simply perturbed by higher-order interactions.

3.1 Dirac Neutrino Masses

The simplest method for remedying the neutrino mass problem involves mirroring the SM
charged-leptons. This requires adding a right-handed neutrino,

νR = (1, 0) (17)

The allowed interactions in this model now include

L ⊃ YDL̄LνRH̃ +mM ν̄cRνR (18)

where H̃ = ϵabH
∗b = (H0,∗,−H−)T ∼ (2,−1/2) is a SU(2)L relation to the Higgs scalar

field.5 The field ν̄cR transforms as (1, 0) but we need to introduce the charge conjugation
operator (superscript ‘c’) for the purpose of retaining Lorentz invariance – for the purpose of
our discussion, you just need to know that this field in the Lagrangian annihilates a particle
and creates an antiparticle like the unbarred field. On that note, see that a second type of
mass term appears here: an interaction between same-chiral fields, called a Majorana mass
term. In this model lepton flavour is no longer a conserved quantity. Neither is total lepton
number unless we set mM = 0. 6

At this point, I think it’s important to specify something about how to read a Lagrangian
into a Feynman diagram vertex, which will make it easier to understand the later content
of this lecture. A barred field in a Lagrangian term corresponds to: a fermion creation,
or antifermion destruction at the vertex; an unbarred fermion corresponds to a a particle
destruction or antiparticle creation. This makes the lepton number violation from a Majorana
mass term apparent: at this vertex represented by the final term above, an antiparticle is
destroyed and effectively flipped into a particle: corresponding to a violation of lepton number
by two units. Typically a Dirac neutrino mass doesn’t feature lepton number violation because
the Majorana mass term is fixed to zero.

In a Dirac neutrino mass model, to fit the observed neutrino mass scale, the Yukawa YD
should be very small. This can be achieved using many sorts of of different theoretical models,
and constructing and testing these remain active areas of research.

5Note that those familiar with SU(2) algebra may note that 2 × 2 is a viable product but that this index
contraction needs to be performed with a Levi-Civita tensor ϵab in SU(2) space. I have avoided the need
to introduce this second type of product here by convention, absorbing the Levi-Civita into the definition of
H̃ = ϵabH

∗b.
6An interesting feature of this model is that if we fix the value of mM to zero, the total lepton number

symmetry is restored. When such a feature exists in a model, we say that this choice is ‘technically natural’:
it increases the symmetry of the model we have constructed.
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3.2 Majorana neutrino masses

A question which may have arisen to some of you is why I have only ever considered a
maximum of three fields in any Lagrangian term containing a fermion when I say “these are
the allowable interactions”. The reasoning is deeper in quantum field theory than I would like
to touch in these lectures, but primarily centers on a concept called “renormalizability” (in
case you would like to look it up on your own). The condition is that we only ever construct
terms with mass-dimension four in the SM Lagrangian. A mass term for a fermion typically
looks something like this,

L = Mf̄f (19)

So in order for M to have units of mass, the mass dimension of a fermion needs to be such that
the total term has mass dimension two, and therefore the fermion (and antifermion) carries
mass-dimension 3/2. Back-calculating from the Yukawa terms in the SM, this means that a
scalar like the Higgs carries a mass-dimension of 1.

It can be useful to consider terms of higher mass dimension, however we see that if we
construct these terms then the prefactor needs to come with mass dimension less than one.
This corresponds to a suppression by some higher mass scale: a feature of a perturbative
expansion. This method of construction of extended interactions in a Lagrangian is known as
“effective field theory” (EFT). These terms are understood to be generated by SM or beyond
the SM (BSM) interactions in some “complete” theory of dimension-four terms.

The lowest dimensionality possible for these EFT operators is dimension five, and for this
term there is only one term constructed from SM fields, called the Weinberg operator

L ⊃ 1

Λ
(L̄cH)(LLH̃

∗), (20)

Note the action of charge conjugation here means that L̄c ∼ (2̄,−1/2), i.e. the charge flips
again on top of barring the field. After EWSB, this interaction generates a mass term for the
neutrino

L ⊃ v2

2Λ
(ν̄cL)(νL) (21)

which has the structure of a mass term. Note that, as above, this Majorana mass term violates
lepton number by two units: the rightmost field annihilates a fermion and the leftmost creates
an antifermion. 7

The mass scale of neutrinos generated by the Weinberg operator is then given by

Mν ∼ v2

Λ
(22)

Simple completions of this interaction are called “seesaw models” of neutrino mass. In essence,
the larger the new mass scale Λ, the smaller the neutrino mass scale. There are three of these
so-called “tree-level” seesaw neutrino mass models: Type I [28, 29, 30, 31], Type II [32, 33,
34, 35, 36, 37] and Type III [38], each featuring new BSM fields.

7Note that introducing and using charge conjugation we can restore the correct Lorentz transformation of
this term. We can search for evidence for this lepton number violation at experiments such as the search for
neutrinoless double-beta decay.
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Question 6

Investigate the Type I Seesaw model! In this model we introduce a singlet fermion which
transforms as (1, 0) under the SM gauge group. Think about how such a particle can generate
an effective interaction of the form of the Weinberg operator: essentially by sticking viable
vertices from a Lagrangian featuring this particle together. If you’re more familiar with QFT,
you may want to extend this investigation to look at the other seesaw models, and perhaps
even the inverse seesaw model...

We can rewrite the seesaw neutrino mass scale as the following,

Mν ∼ v2

Λ
= 0.01 eV λ

( v

102GeV

)2
(
1014GeV

Λ

)
(23)

where I have grouped units together on the right-hand side of this equals sign to demonstrate
the relative sizes of this mass scale to generate the observed scale of neutrino masses. We
see that a feature of these seesaw models is that generally the new physics scales required to
generate neutrino masses that are small enough are at least 1014 GeV. For reference, we are
probing 1000 GeV = 1 TeV scale at present collider experiments.

Since this very large mass scale generally leads to models which are more difficult to
observe, many model-builders then seek alternative routes to generate neutrino masses: in-
cluding higher-dimension EFT interactions, hidden dimensions, loop-level mass generation,
and many others. There are a large number of proposed models explaining neutrino mass
generation, and model-building for neutrino mass remains an active area of research, as does
the phenomenology of testing these models.
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