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References to other lectures series for those interested in phenomenology/theory:

https://npc.fnal.gov/neutrino-university-past-series/

1) Mainz lectures on Lab probes of DM and neutrinos  — Brian Batell 

2) TASI lectures on neutrino mass models  — André de Gouvea 

3) ICTP lectures on neutrino physics  — Pedro Machado 

4) TASI lectures on neutrino physics  — Shirley Li 
 

+ many others… 
 

Much more at the International Neutrino Summer School (INSS) 2025  
 

We hope to record the INSS lectures, stay tuned!

New Physics with Neutrinos: way more than I can cover in one lecture

https://npc.fnal.gov/neutrino-university-past-series/
https://www.youtube.com/watch?v=7By2yXGBPSk
https://www.youtube.com/watch?v=m_HKocZ4ZdI
https://www.youtube.com/watch?v=3eNELjVnct8
https://www.youtube.com/watch?v=EGMR1hIh6EQ
https://indico.fnal.gov/event/68891/page/3877-school-curriculum


By the way… what does phenomenology mean?

Experiment: 

Measurements of known and unknown 
phenomena, expansion of our  

empirical boundaries.

Theory:  
 

Ideas to answer conceptual and  
empirical puzzles. Make sense of data.



Fermilab
CERN theory division

Phenomenology

https://indico.fnal.gov/category/1432/

The interface or transition between the two worlds.
Interprets and predicts measurements using existing or proposed theories.

Fermilab Theory division

Joint workshops

CERN

https://indico.cern.ch/event/1424413/timetable/#20250619.detailed
https://indico.cern.ch/event/1424413/timetable/#20250619.detailed
https://indico.global/event/13925/overview
https://indico.nevis.columbia.edu/event/6/


This Lecture / Talk

1) Neutrinos in the Standard Model — do they fit? 

The Higgs and fermion masses: Dirac? Majorana? Both? 

A taste of neutrino mass theories. 

2) Neutrinos as probes of new fundamental physics

New forces and particles. 

Neutrinos as portals to dark matter. 

Note: I will take lots of shortcuts and will have to talk about things superficially.  
Please ask questions!



This Lecture / Talk

1) Neutrinos in the Standard Model — do they fit? 

The Higgs and fermion masses: Dirac? Majorana? Both?  

A taste of neutrino mass theories.

2) Neutrinos as probes of new fundamental physics

New forces and particles. 

Neutrinos as portals to dark matter.



The Standard Model

Quanta Magazine: A New Map of the Standard Model of Particle Physics

https://www.quantamagazine.org/a-new-map-of-the-standard-model-of-particle-physics-20201022/


Field ϕ(x)

Energy

Particle

Energy

Particles are the smallest excitations of “quantum field”

Particles and Fields

Each particle is associated with its own field
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Left and right-handed quarks 
with 3 colors  

and 3 generations (u, c, t and d, s, b)
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How many neutrinos?
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Usual lepton flavors.



eR

νR

νμ μL

ντ τL

How many neutrinos?

If they exist,  neutrinos  
would not interact with any known force

νR

μR

τR

νe eL νR

Usual lepton flavors. “Sterile” or “right-handed" neutrinos.

?



Dirac Mass Majorana Mass

Going from particle to antiparticle

Fermion Masses

ψRψL × ψL × ψL

mD mL

Couples two chiral particles

Put in “by-hand”: a mass is an intrinsic property of the field.

It should be Lorentz-invariant, so I need to associate it with a combination that has “no spin”: 
   or  ψLψR ψLψL



Dirac Mass Majorana Mass

ψRψL × ψL × ψL

mD mL

QEM QEM QEM −QEM

Any quantum number associated with the fermion is violated by a Majorana mass

Reason why all other SM fermions can only have a Dirac mass. 

Electromagnetic charge  conservation is incompatible with a Majorana massQEM

Fermion Masses



Dirac Mass Majorana Mass

νRνL × νL × νL

mLmD

What about neutrinos?

Neutrinos carry no electromagnetic charge, so Majorana masses are allowed.

The only fundamental fermion we know of that can do this.

QEM = 0 QEM = 0 QEM = 0 −QEM = 0



However! 
 

Left- and right-handed particles carry different charges (“ ”) under the Weak force 
(the charge responsible for weak  and  interactions).  

Shouldn’t “ ” also be conserved?

QW
Z W±

QW

What about neutrinos?

νRνL × νL × νL

mLmD

Dirac Mass Majorana Mass

QW ≠ 0 QW = 0 QW −QW

 is actually a combination of the fermion charge under the  gauge symmetries.QW SU(2)L × U(1)Y



The Higgs Mechanism

vh Higgs field  h(x)

Potential energy V(x)

V(x) ∼ (h2 − v2
h)2



h(x)

h(x) → h(x) + vh

⟨h(x)⟩ = vhvh

⟨h(x)⟩ = 0

Energetically favorable

v

V(x) ∼ (h2 − v2
h)2

Higgs field  h(x)

Potential energy V(x)

The Higgs Mechanism

vh

Higgs develops a non-zero “vacuum 
expectation value” (v.e.v.)



Cartoonish picture  fermion masses from the Higgs field

Electron-Higgs interactions give rise to the electron mass. 

As we will see, “ ” and “ ” are two sides of the same coin:  
the Dirac fermion “ "

eL eR
e

eReL

h(x) + vh

This is a “phib” (a physics fib): see this nice discussion by M. Strassler

eL

eR

h(x) + vh eL
eL

eR
eR

eL

https://profmattstrassler.com/articles-and-posts/particle-physics-basics/how-the-higgs-field-works-with-math/


It turns out that the Higgs background allows this charge to be effectively violated. 

 
The Higgs acts to “store” and “lend” any leftover “ ”. 

 and  are now no longer intrinsic properties of the field, but the result of  
the Higgs (background) interacting with fermions, conserving  overall.

QW

mD mL
QW

“Dirac Mass”

QW QW = 0

νL νRmD

vh
× QW mD = y × vh

 Is called the Yukawa coupling 
(Typically between 0 and 1)

y



νL(x)

νL

The problem with neutrinos

Without , the Standard Model predicts massless neutrinos. 

As you know, this is not compatible with the fact that neutrinos oscillate!

νR

h(x) + vh



“Majorana Mass”

What about Majorana masses?

 implies the existence of a new energy scale  that is different from  
The SM is then an effective theory and recognize the existence of new physics at scale .

Not a solution on its own, but a useful framework.

mL Λ vh
Λ

νL νLmL

vh vh

× ×

QW −QW

−QW QW

mL = coupling′ ×
v2

h

Λ



νR × νR

mR

What about right-handed neutrinos?

 is “sterile” — it need not carry any (conserved) quantum number. 
 

Unless new symmetries exist in nature,  should have a Majorana mass. 

This can now be a genuine fundamental parameter.

νR

νR

“Dirac Mass”

νL νRmD

vh
×

Majorana Mass



νR × νR

mR

What about right-handed neutrinos?

One such symmetry could be Lepton Number: 

 

If conserved,  and , and neutrinos are simply Dirac particles.

L(νL) = L(νR) = + 1

mR = 0 mL = 0

“Dirac Mass”

νL νRmD

vh
×

Majorana Mass



Neutrino Masses (seesaw)

(νL νR) ( 0 mD
mD mR) (νL

νR)

Mass matrix of  and :νL νR



Neutrino Masses (seesaw)

(νL νR) ( 0 mD
mD mR) (νL

νR)
Mass (physical) states

(ν1 ν2) (m1 0
0 m2) (ν1

ν2)
Interaction (flavor) basis

Diagonalize to  
mass basis

|νL⟩ = cos θ |ν1⟩ + sin θ |ν2⟩ |νR⟩ = − sin θ |ν1⟩ + cos θ |ν2⟩

General 2 neutrino picture: m1,2 ∼
m2

R ± 4m2
D + m2

R

2mR

Weakly-interacting neutrino (standard) Sterile neutrino (new physics, not observed)

Let’s investigate a few regimes



Neutrino Masses (seesaw)

(νL νR) ( 0 mD

mD 0 ) (νL
νR)

Mass (physical) states

mν+
= mD

(ν− ν+) (
mν−

0
0 mν+) (ν−

ν+)

Interaction (flavor) basis
Diagonalize to  

mass basis

mν−
= mD

|νL⟩ =
|ν+⟩ + |ν−⟩

2
|νR⟩ =

|ν+⟩ − |ν−⟩

2

ν−

ν+Dirac Neutrinos: degenerate states  
mR = 0

Weakly-interacting neutrino (standard) Sterile neutrino (new physics, not observed)

θ =
π
4



νL

νR
νR

νL νL

νL

νR

h(x) + v



Neutrino Masses (seesaw)

(νL νR) ( 0 mD
mD mR) (νL

νR)
Mass (physical) states

mν+
∼ mD +

mR

2

(ν− ν+) (
mν−

0
0 mν+) (ν−

ν+)

Interaction (flavor) basis
Diagonalize to  

mass basis

Quasi-Dirac Neutrinos: quasi-degenerate states 
mR ≪ mD mν−

∼ mD −
mR

2

|νL⟩ ∼
|ν+⟩ + |ν−⟩

2
|νR⟩ ∼

|ν+⟩ − |ν−⟩

2

ν−

ν+

Weakly-interacting neutrino (standard) Sterile neutrino (new physics, not observed)

θ ∼
π
4



Neutrino Masses (seesaw)

(νL νR) ( 0 mD
mD mR) (νL

νR)
Mass (physical) states

mν ∼
m2

D

mR

(ν N) (mν 0
0 mN) (ν

N)

Interaction (flavor) basis
Diagonalize to  

mass basis

mN ∼ mR

|νL⟩ ∼ |ν⟩ + θ |N⟩ |νR⟩ ∼ |N⟩ − θ |ν⟩

Weakly-interacting neutrino (standard) Sterile neutrino (new physics, not observed)

N
ν

Seesaw Mechanism: large Majorana masses 
mR ≫ mD

θ ≪ 1



Yet another cartoon: the seesaw mechanism

νL

νL

νRνR

νL νR
νL

νL

νR

δtδE >
ℏ
2

⟹ δt ∼
1

mR
“The larger  is, the less time  has to fluctuate into existence”mR νR

h(x) + v

Again, just a cartoon, don’t take this too seriously!



Neutrino Masses (seesaw)

(νL νR) ( 0 mD
mD mR) (νL

νR)
Mass (physical) states

(ν N) (mν 0
0 mN) (ν

N)

Interaction (flavor) basis
Diagonalize to  

mass basis

Physicists

Let’s put some numbers in  
(assuming “couplings” = 1 so that ) 

What we want:  

What we get:       and   

mD ∼ vh

mν ∼ 0.1 eV

mν ∼
m2

D

mR
= 0.1 eV ( vh

100 GeV )
2

( 1014 GeV

mN ) θ2 ∼ 10−24



Neutrino Masses (seesaw)

( ⃗νL ⃗νR) ( 0 MD
MD MR) ( ⃗νL

⃗νR)

Interaction (flavor) basis
Diagonalize to  

mass basis

In reality, this is a matrix multiplication problem:
(3x3) (3x?) (?x?) (?x3)

Mν ∼ MDM−1
R MT

D

We know nothing about the matrix :  

How many right-handed neutrinos (how many entries in )?  
Do they respect new kinds of symmetries?  

Do they feel new interactions?

MN

⃗νR

( ⃗ν ⃗N) (Mν 0
0 MN) ( ⃗ν

⃗N)
Mass (physical) states



Neutrino Masses (the inverse seesaw)

Interaction (flavor) basis

(νL νR ν′ R)
0 mD 0

mD 0 M
0 M mR

νL
νR

ν′ R

Now there are two kinds of RH neutrinos for a single νL

eRνR
νe eL ν′ R

νR ν′ R

“Left for the reader”: Diagonalize this mass matrix assuming  and .mD ≪ M mR ≪ M

L = + 1 L = − 1L = + 1 L = + 1



Neutrino Masses (the inverse seesaw)

Interaction (flavor) basis Now there are two kinds of RH neutrinos for a single νL

eRνR
νe eL ν′ R

νR ν′ R

You should find:  

 (Majorana particle) and   (quasi-Dirac pair). 

 
A “seesaw”, but the smaller the “Majorana” mass  is, the lighter neutrinos are.  

 
Lepton number is almost a good symmetry (it is exact if  and “lightest” neutrinos are massless)

m1 =
m2

D

M2
mR m2,3 ∼ M ± mR

2

mR

mR = 0

L = + 1 L = − 1L = + 1 L = + 1

(νL νR ν′ R)
0 mD 0

mD 0 M
0 M mR

νL
νR

ν′ R



Neutrino Masses (the inverse seesaw)

Interaction (flavor) basis Now there are two kinds of RH neutrinos for a single νL

eRνR
νe eL ν′ R

νR ν′ R

Heavy neutrinos can be within experimental reach: 

L = + 1 L = − 1L = + 1 L = + 1

(νL νR ν′ R)
0 mD 0

mD 0 M
0 M mR

νL
νR

ν′ R



Neutrino  
masses

 existsνR  onlyνL

Effective theory
 scaleΛ

Dirac sν Quasi-Dirac ν

mR = 0 0 < mR ≪ mD

Majorana ν
 symmetryL Tiny  violationL  violationL

Seesaw(s) 
mR ≫ mD

 violationL
Majorana ν

New scalar particles Ultra-light fields

Summary



This Lecture / Talk

1) Neutrinos in the Standard Model — do they fit? 

The Higgs and fermion masses: Dirac? Majorana? Both? 

A taste of neutrino mass theories. 

2) Neutrinos as probes of new fundamental physics

New forces and particles. 

Neutrinos as portals to dark matter. 



Dark matter

 Neutrino masses and mixing

Fermion mass pattern?

Incompleteness problems:

Predictivity problems:

Higgs mass and naturalness?

Matter-antimatter asymmetry?

No CP violation in strong force?

STANDARD 
MODEL
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M

g

In
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m

or
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→

Is more massive →

Intensity Frontier

Energy Frontier

Neutrino experiments
and high-intensity facilities 

Large Hadron
Collider 



New particles carry no SM charge 

New fundamental mass scales 

New particles can be light 

Testable at low energies!

DARK SECTOR
STANDARD 

MODEL



Neutrino portal

×
Nν

Heavy Neutrinos

θ
DARK SECTOR

STANDARD 
MODEL



Neutrino portal

×
Nν

Heavy Neutrinos

νe

νμ

μ+

e+

GF

Weak interaction

GF ∼
1

m2
W

μ+

ν

N

Weaker-than-Weak interactions ( )θ ≪ 1

θ × GF

τN

τmuon
∼ (

mμ

mN )
5

×
1
θ2

e−

θ
DARK SECTOR

STANDARD 
MODEL



Near detector

p+
νμ

νμ → νe

Far Detector

Accelerator neutrino experiments 



Accelerator neutrino experiments  
(the near detector — largest intensity of neutrinos)

Near detector

νμ → νeνμ
p+

π+ → μ+νμ

> 1052 ≪ 1

Neutrino experiments are, by construction, sensitive to very rare phenomena. 

Really good at searching for new effects that compete with the weak force.

Nevents ∼ (NPOTNnucleons) × (
G2

FEνmp

L2 )



Accelerator neutrino experiments  
(the near detector — largest intensity of new particles?)

N → νe+e−π+ → μ+N
p+

Near detector

N
ν

e+

e−

ν
π+

μ+

Nν θ2

× ×
θ2



1) as close to the source as possible (high intensity & not interested in standard oscillations) 
2) have good particle identification (neutrino vs other BSM phenomena).

40Ar

e+

e−
ν

ν4

DUNE near detector complex T2K near detector

MicroBooNE detector

Near Detector and Short-Baseline Experiments

νμ → νeX → e+e−π+ → X + …
p+



“Lower bound” from 
neutrino masses

mν ∼ m 2
D

mR
= θ 2mN

θ2  (
M

uo
n 

ne
ut
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o 

m
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g)

Parameter Space of Hypothetical Heavy Neutrinos

 github.com/mhostert/Heavy-Neutrino-Limits

http://github.com/mhostert/Heavy-Neutrino-Limits


 github.com/mhostert/Heavy-Neutrino-Limits

θ2  (
M

uo
n 

ne
ut

rin
o 

m
ix

in
g)

Parameter Space of Hypothetical Heavy Neutrinos

“Lower bound” from 
neutrino masses

mν ∼ m 2
D

mR
= θ 2mN

http://github.com/mhostert/Heavy-Neutrino-Limits


Neutrino portal

×
Nν

Heavy Neutrinos

θ
DARK SECTOR

STANDARD 
MODEL



Neutrino portal

Dark photons

Dark Higgs

×

DARK SECTOR
STANDARD 

MODEL

γ
×

×

Axions

γd

hdh

Photon portal

Higgs portal

Nν

Axions and Axion-like-particles

Heavy Neutrinos Weaker-than-Weak force

Weaker-than-EM force

Weaker-than-Yukawa force



Neutrino portal

Dark photons

Dark Higgs

×

DARK SECTOR
STANDARD 

MODEL

γ
×

×

γd

hdh

Photon portal

Higgs portal

Nν

Heavy Neutrinos

Axions and Axion-like-particles Axions



Neutrino portal

Dark photons

Dark Higgs

×

DARK SECTOR
STANDARD 

MODEL

γ
×

×

γd

hdh

Photon portal

Higgs portal

Nν

Heavy Neutrinos

Axions and Axion-like-particles Axions

Just the “starter” portals.  
Many possibilities to be explored.

χ

dark matter?



Light dark matter example:

Idea in A. de Gouvea, P. J. Fox, R. Harnik, K. J. Kelly, 
and Y. Zhang (2018) 

Results from MicroBooNE collaboration (2024)



Light Dark Matter

NOvA Experiment

Light dark matter example:



MicroBooNE coll. + theorists! 
arxiv.org/abs/2502.10900

νμ

40Ar

MicroBooNE LArTPC

e+

e−
ν

ν4
Carbon

νμ
ν4

ν

A′ 

e+

e−

A′ 

MiniBooNE detector 

Neutrino upscattering as a source of heavy neutrinos  

Decay  and  mimic electron and photon 
signals at Cherenkov detectors.

N → νA′ A′ → e+e−

“Dark” heavy neutrino example:

http://arxiv.org/abs/2502.10900


Other examples of beyond-the-Standard Model applications:

New Forces
Non-Standard Interactions (NSIs)

Light Dark Matter

Long-Lived ParticlesSterile Neutrino Oscillations

Z′ 

A A

νν

Z′ 

e e

νν
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Take Home

`

Neutrino masses gives us “reasonable doubt” that the SM is incomplete. 

Many explanations: challenge is in testing them. Need data! 
 

Particle physics entered a new era of studying rare phenomena  
and neutrino experiments can help us navigate it 

This is a fertile ground for phenomenology!
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Improvements 
103 − 104

W+
<latexit sha1_base64="qjLZPOYyT2lkGymnDoymbre/R6g=">AAACAnicbVDLTsJAFL3FF+ILdelmIpiYmJAWF7okunGJiQUSqGQ6TGHCdNrMTE1Iw869W/0Fd8atP+If+BlOoQsBTzLJyTn3NcePOVPatr+twtr6xuZWcbu0s7u3f1A+PGqpKJGEuiTikez4WFHOBHU105x2Yklx6HPa9se3md9+olKxSDzoSUy9EA8FCxjB2khutf14Ue2XK3bNngGtEicnFcjR7Jd/eoOIJCEVmnCsVNexY+2lWGpGOJ2WeomiMSZjPKRdQwUOqfLS2bFTdGaUAQoiaZ7QaKb+7UhxqNQk9E1liPVILXuZ+J/XTXRw7aVMxImmgswXBQlHOkLZz9GASUo0nxiCiWTmVkRGWGKiTT6lhTXZcKkCNTXROMtBrJJWveZc1uz7eqVxk4dUhBM4hXNw4AoacAdNcIEAgxd4hTfr2Xq3PqzPeWnBynuOYQHW1y8pyZc3</latexit>

μ+ e+

N′ N

γ

×

e+

e−

Indirect probes of neutrino mass physics

Rare muon decays as probes of new physics 


