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Important topics I will not cover include:
• Flavour symmetry models
• Oscillation parameter fitting
• Neutrino interactions
• CEνNS – coherent neutrino scattering
• Sterile neutrinos
• Cosmological bounds

See the many excellent talks slides on these and other topics
from the parallel sessions here, and from Neutrino 2024.



Subtitle: 

The quest for understanding the origin 
of neutrino masses
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credit: Britannica.com
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Sir Galahad, the quest for the Holy Grail 
by Arthur Hughes (1870)

Image credits: Wikipedia & Ancient Origins 

Don Quixote by Pablo Picasso (1955)

The mad quest to revive chivalry
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+ . . . This is our quest!

Are we hopeful like Sir Galahad? What angels will guide us?
Or, are we mad like Don Quixote?
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+ . . .

Almost all of this has not
been established yet.
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Higgs self-coupling
to be confirmed



1. ν mass = new physics
2. ν mass = new mass scale?
3. Tree-level high-scale seesaw models
4. Tree-level low-scale seesaw models
5. Radiative or loop-level models
6. Closing remarks
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1. ν mass = new physics
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Minimal standard model: 

            no RH neutrinos, no Y=1 scalar triplet   ⇒    massless neutrinos, perturbative Le,μ,τ  conservation

Massive neutrinos may be Dirac or Majorana.

     If Majorana:   first such states discovered   ⇒   new physics.    Plethora of mechanisms, always new dofs.

     If Dirac:   RH neutrinos needed  ⇒  new dofs.   (For singlet νR, no Majorana masses ⇒ impose L, new principle.) 

Q = I3 +Y



2. ν mass = new mass scale?
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image credit: Nature Physics, KATRIN

KATRIN β-decay endpoint: 

Cosmology:

image credit: UC Berkeley

QCDDark energy EW
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m⌫ . 0.1 eV
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m⌫ . 0.45 eV Weisinger talk



Maybe not new scale,  despite  m𝝼 << any other known nonzero particle mass? 

Dirac ν with Yukawa coupling ~ 10-12 ?

SM says electron Yukawa ~ 10-6.

Is 10-6 OK?    If so, is another factor of 10-6 also OK?

Side remark: not yet proven that even the b and τ 
masses must have SM origin.

Radiative origin also works. Baker, Cox, RV 2021a, 2021b
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• mν is a new scale
• ν is Majorana

For rest of talk, hypothesise that:

Model building dominated by

• explaining small mν
• origin of L violation
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3. Tree-level high-scale seesaw models

Interesting, well-known fact: lowest non-renormalisable SM effective operator is the Weinberg operator

L = LH lepton doublet
H = Higgs doublet
λ = dimensionless coupling
M = new ΔL=2 physics scale

⇒ Majorana neutrinos 

seesaw formula

<latexit sha1_base64="0HFlU3tzTS3GlQXy9dBtNNaaC28=">AAACDnicbVC7TsMwFHV4U14BRhaLqhJTlSAEjBUsLEgg0YLUVJXj3rZWHSeybwpV1C9g4VdYGECIlZmNv8FpM/A6lqXjc+7V9T1hIoVBz/t0Zmbn5hcWl5ZLK6tr6xvu5lbDxKnmUOexjPVNyAxIoaCOAiXcJBpYFEq4DgenuX89BG1ErK5wlEArYj0luoIztFLbrUTtQKU0kJIOA2oPwh1mt31Q4/x5ToNejw7bbtmrehPQv8QvSJkUuGi7H0En5mkECrlkxjR9L8FWxjQKLmFcClIDCeMD1oOmpYpFYFrZZJ0xrVilQ7uxtlchnajfOzIWGTOKQlsZMeyb314u/uc1U+wetzKhkhRB8emgbiopxjTPhnaEBo5yZAnjWti/Ut5nmnG0CZZsCP7vlf+Sxn7VP6weXB6UaydFHEtkh+ySPeKTI1IjZ+SC1Akn9+SRPJMX58F5cl6dt2npjFP0bJMfcN6/AFA8mwM=</latexit>

m⌫ ⌧ v when M � v i.e. seesaw effect when L-violation scale very high
<latexit sha1_base64="J5SbbZur3F3Qj2dGWVvrJ4pu9jE="></latexit>

m⌫ ⇠ 0.1 eV, v ⇠ 102 GeV =) M ⇠ 1014 GeV

In its pure form, the seesaw scale is very high.
Testability is very low.

<latexit sha1_base64="KU2OAWHxC1B+1JoJmZnHjLgN8MY=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykwp6rLoxo1QwT6gMw6ZTKYNTTJDkimUoVs3/oobF4q49Q/c+Tem7Sy09UDgcM493NwTpowq7Tjf1srq2vrGZmmrvL2zu7dvHxy2VZJJTFo4YYnshkgRRgVpaaoZ6aaSIB4y0gmH11O/MyJS0UTc63FKfI76gsYUI22kwIY88EQGPUU59JjJRQh6sUQ4Hz3UJvntJLArTtWZAS4TtyAVUKAZ2F9elOCME6ExQ0r1XCfVfo6kppiRSdnLFEkRHqI+6RkqECfKz2eXTOCpUSIYJ9I8oeFM/Z3IEVdqzEMzyZEeqEVvKv7n9TIdX/o5FWmmicDzRXHGoE7gtBYYUUmwZmNDEJbU/BXiATI9aFNe2ZTgLp68TNq1qnterd/VK42roo4SOAYn4Ay44AI0wA1oghbA4BE8g1fwZj1ZL9a79TEfXbGKzBH4A+vzBxyvmfw=</latexit>

m⌫ ⇠ �
v2

M

<latexit sha1_base64="bGT51DS05UgbkkJDv3pHjUHtGes=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJFHVZdNNFhQr2AU0ok+mkHTp5MDMRSszCX3HjQhG3/oY7/8Zpm4W2Hhg4nHMP987xYs6ksqxvo7Cyura+UdwsbW3v7O6Z+wdtGSWC0BaJeCS6HpaUs5C2FFOcdmNBceBx2vHGN1O/80CFZFF4ryYxdQM8DJnPCFZa6ptHji8wSR2uIwOcpbcZajTq9b5ZtirWDGiZ2DkpQ45m3/xyBhFJAhoqwrGUPduKlZtioRjhNCs5iaQxJmM8pD1NQxxQ6aaz+zN0qpUB8iOhX6jQTP2dSHEg5STw9GSA1UguelPxP6+XKP/KTVkYJ4qGZL7ITzhSEZqWgQZMUKL4RBNMBNO3IjLCuhClKyvpEuzFLy+T9nnFvqhU76rl2nVeRxGO4QTOwIZLqEEdmtACAo/wDK/wZjwZL8a78TEfLRh55hD+wPj8AYi4lco=</latexit>

�

M
LLHH
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Talks: many!



Type-1,2,3 seesaw models:

“Open up” LLHH in all minimal,
tree-level ways.

Type 1

Type 2

Type 3

⌫R ⇠ (1, 1)(0)

fR ⇠ (1, 3)(0)

� ⇠ (1, 3)(2)

Advantage of effective operator 
approach to constructing models 
is that you don’t miss any.

Minkowski 1977
Yanagida 1979
Gell-Mann, Ramond, Slansky 1979
Mohapatra, Senjanovic 1980

Magg, Wetterich 1980
Schechter, Valle 1980
Cheng, Li 1980
Lazarides, Shafi, Wetterich 1981
Wetterich 1981
Mohapatra, Senjanovic 1981

Foot, Lew, He, Joshi 1989
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Type I:   Mediator is massive Majorana νR gauge singlet.

               If M very large, then untestable.

               But has leptogenesis.

                

Fukugita, Yanagida 1986

Same Lagrangian with small νR Majorana masses also interesting: the νMSM.

Type 2 and 3:   Mediators have EW quantum numbers.

                           Better (but not great) prospects at colliders.

Asaka, Shaposhnikov 2005
Asaka, Blanchet, Shaposhnikov 2005
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Example of search and bound: type 3 seesaw.

fR~(1,3)(0) = (L+,N0,L-)

Heavy lepton EW pair production.

ATLAS 2015

Benchmark BR 

CMS 2017
Flavour democratic BR choice

 Mass (GeV)Σ
200 300 400 500 600 700 800 900 1000

 (p
b)

σ

-310

-210

-110

1

10
) with unc.ΣΣ→(ppσ

95% CL upper limits
Observed
Expected

 1 s.d.±Expected 
 2 s.d.±Expected 

CMS
 (13 TeV)-135.9 fb
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Comments on Type I seesaw

At SM gauge group level, very compelling: 
• Simply add gauge-singlet RH neutrinos
• Use most general renormalisable Lagrangian (standard Yukawa, νR Maj. masses)  
• Get leptogenesis as wonderful byproduct
• Can identify seesaw and Peccei-Quinn scales (SMASH, νDFSZ+VISHν)

But more complicated when νR embedded in non-trivial gauge multiplet:
• LR symmetric model: νR masses from Yukawa with RH triplet scalar
• Pati-Salam: need (10*,1,3) scalar
• SO(10): need 126 scalar

Some may like the connection with GUT breaking, but if you like smaller multiplets then …

Langacker, Peccei, Yanagida 1986
Shin 1987
Salvio 2015, 2019
Ballesteros+ 2017a, 2017b, 2019
RV+ 1988;     Clarke, RV 2016
Sopov, RV 2022
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4. Tree-level low-scale seesaw models

⇣
⌫L, (⌫R)c(SR)c

⌘
2

4
(3, 1)(2) (2, 2)(0) (2, 1)(�1)
(2, 2)(0) (1, 3)(2) (1, 2)(�1)
(2, 1)(�1) (1, 2)(�1) (1, 1)(0)

3

5

0

@
(⌫L)c

⌫R
SR

1

A

In LRSM = SU(2)L x SU(2)R x U(1)B-L, add a gauge singlet fermion SR:

The triplet scalars are not needed.  Doublets suffice.

2

4
126 10 + 120 16

10 + 120 126 16
16 16 1

3

5
SO(10) level:

126 can be replaced by 16.
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2

4
0 m mL

m 0 mR

mL mR µ

3

5Putting in mass scales:

Inverse seesaw:  mL = 0 and μ << m << mR
Wyler, Wolfenstein 1983
Mohapatra 1986
Mohapatra, Valle 1986
Ma 1987

m⌫ ⇠ µ

✓
m

mR

◆2

Double suppression: small μ and m/mR.

Sterile admixture ~ m/mR, so relatively large if mR ~ few TeV.

Small μ explicitly violates L.  Technically natural.

Putting mR ~ 10 TeV gives  

Light neutrino mass:

µ

MeV
⇠ 10

(m/GeV)2
so not ridiculously small.

mν ~ 0.1 eV
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Linear seesaw: μ=0, mL ≤ m << mR
Akhmedov+ 1996
Malinksý, Ramão, Valle 2005

Light neutrino mass:

mL=0 restores L conservation, so mL << m technically natural.

Thus double suppression possible: small mL and m/mR.

Scale of new physics can again be relatively low e.g. mR ~ 10 TeV get

m⌫ ⇠ mmL

mR

mL

MeV
⇠ 10�3

m/GeV
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ISS & LSS produce small mν

 � without tiny ν Dirac masses, and
                            � with low scale of new physics,

but at the expense of introducing (technically natural) small L-violation scales μ and mL. 

Q: Are they improvements over regular Dirac neutrinos?
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For discovery prospects for ν-mass and leptogenesis-related heavy neutral leptons see e.g.
talks by A. Golutvin (SHiP) & N. Valle (FCC-ee), and the theory papers (very incomplete, sorry!):

Drewes+ 2024; Drewes+ 2022; Hernández+ 2022; Klarić+ 2021; Drewes+ 2017; Hernández+ 2016; Canetti+ 2013 



5. Radiative or loop-level models
<latexit sha1_base64="ReEmWja8cndcanultDTU0JiJP5o=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5CUBshqIWFRQRjArkj7G32kiV7H+zOCeHI37CxUMTWP2Pnv3GTXKGJDwYe780wM89PpNBo299WYWV1bX2juFna2t7Z3SvvHzzqOFWMt1gsY9XxqeZSRLyFAiXvJIrT0Je87Y+up377iSst4ugBxwn3QjqIRCAYRSO57g2XSMkduSS1XrliV+0ZyDJxclKBHM1e+cvtxywNeYRMUq27jp2gl1GFgkk+Kbmp5gllIzrgXUMjGnLtZbObJ+TEKH0SxMpUhGSm/p7IaKj1OPRNZ0hxqBe9qfif100xuPAyESUp8ojNFwWpJBiTaQCkLxRnKMeGUKaEuZWwIVWUoYmpZEJwFl9eJo+1qnNWrd/XK42rPI4iHMExnIID59CAW2hCCxgk8Ayv8Gal1ov1bn3MWwtWPnMIf2B9/gD+pJBc</latexit>

�L = 2 effective operator → open it up, aka UV complete → neutrino self-energy and mass at loop level 

<latexit sha1_base64="mLDJGtqBvs3Endtqqi0TWOSAZpQ=">AAACFnicbVDLSgMxFM3UV62vqks3wSJUxDJTirosuplFhQr2AZ22ZDKZNjSTGZKMUIb5Cjf+ihsXirgVd/6N6WOhrQcCh3PO5eYeN2JUKtP8NjIrq2vrG9nN3Nb2zu5efv+gKcNYYNLAIQtF20WSMMpJQ1HFSDsSBAUuIy13dDPxWw9ESBryezWOSDdAA059ipHSUj9/7vgC4cRhesRDaXLbS6yzMk9TWKvZNizaPcdDgwER0D7t6XzBLJlTwGVizUkBzFHv578cL8RxQLjCDEnZscxIdRMkFMWMpDknliRCeIQGpKMpRwGR3WR6VgpPtOJBPxT6cQWn6u+JBAVSjgNXJwOkhnLRm4j/eZ1Y+VfdhPIoVoTj2SI/ZlCFcNIR9KggWLGxJggLqv8K8RDpnpRuMqdLsBZPXibNcsm6KFXuKoXq9byOLDgCx6AILHAJqsAGddAAGDyCZ/AK3own48V4Nz5m0YwxnzkEf2B8/gAjWJ4T</latexit>

�

M1+2n
LLHH(H†

H)n

Systematic model-building and classification procedure.

Two complementary approaches:

(Generalised) Weinberg operators Valencia group: Hirsch, Cepedello et al
                                        (many papers) 

Non-Weinberg operators → ν self-energy graphs with both SM particles and exotics Babu, Leung 2001
de Gouvêa, Jenkins 2008
Melbourne group:
Bigaran, Gargalionis, RV et al
         (many papers)
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Talks by Vatsyayan, Santos Leal, Mohanta, Cárcamo Hernández, 
Sadhukhan, De Melo, Fridell. (Apologies if I missed any!)
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ec ec
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L LLL

H H

ec ec

h h

k

O9

O9 = LLLe
c
Le

c

Historic example: Zee-Babu model

Effective op Opening it up 2-loop ν mass diagram

Doubly-charged
scalar k

Singly-charged
scalar h

The exotics k and h can be searched for at the LHC. 
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Rich phenomenological implications. 
                                   Connections with many other areas e.g.

• Dark matter e.g. scotogenesis
• Charged-lepton flavour violation
• Quark flavour physics
• Collider searches for exotics
• Anomalous magnetic moments
• CPV and electric dipole moments
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Dark matter connection e.g. scotogenesis Ma 2006
Many subsequent papers

Talks: e.g. Mohanta, 
Cárcamo Hernández,
Sadhukhan, De Melo

neutral component of inert scalar doublet

heavy neutral Majorana fermions

Both are Z2 odd DM candidates
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Quantum numbers of the exotics

<latexit sha1_base64="7TvmMIeUxLx4XMom7sb6eCSXgW8="></latexit>

⇧7 = R2 ⇠ (3, 2, 7
6 )

⇣ = S3 ⇠ (3̄, 3, 1
3 )

⇧1 = R̃2 ⇠ (3, 2, 1
6 )

!1 = S1 ⇠ (3̄, 1, 1
3 )

!4 = S̃1 ⇠ (3̄, 1, 4
3 )

LQs in decreasing
order of frequency

S1, R2 of great interest for the
B-meson RD(*) anomaly and 
g-2 and EDM of muon and electron.

Most induce quark and/or charged 
lepton flavour BSM at some level.

scalars

fermions

Table from Doršner+ 2020
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From survey by Gargalionis, RV 2021

Very relevant for collider searches.



Which exotics often occur together?

Each point on circumference is an exotic field.
Lines between points indicate those fields occur together.
The darker the colour, the more often a pairing occurs. The ten most common pairings.
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From survey by Gargalionis, RV 2021



6. Closing remarks
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• We know neutrinos have tiny masses, but not what Lagrangian to write in the textbooks.
• Whatever it is, it is New Physics.
• Neutrino mass scale probably a new mass scale in physics.
• High-scale seesaw models: well-motivated, leptogenesis benefit, but not very testable.
• The νMSM, inverse and linear seesaws are interesting lower-energy alternatives.
• Radiative models have much New Physics: charged-fermion flavour effects, 
    g-2 contributions, and collider search targets for exotica.

Reasonable things to hope for: Positive neutrinoless double beta decay signal.
Low mass heavy neutral leptons.
Charged-lepton flavour violation.
Deviations in g-2.
Non-SM quark flavour effects.
Exotica at (future?) colliders.
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