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1. Introduction
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The discovery of neutrino masses is the discovery of New Physics (NP).

But exactly what that physics is remains unknown.



Pure type-I seesaw model: NP at an inaccessibly high scale. 

Great feature: connection with baryogenesis via leptogenesis.
That doesn’t improve the discovery prospects, unfortunately. 
I know there are other games one can play, e.g. seesaw = PQ!

For some scenarios, connections with discoverable NP could signpost 
us to the origin of neutrino masses.

4



A driver of neutrino mass model building: the tiny mν.

Two common approaches: (i) high seesaw scale
                                                (ii) loop-level, radiative models
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2. Radiative models: connections with flavour and 
     collider physics 
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Despite the leftmost plot, 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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Side remark:



<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 

Systematic model-building and classification procedure
(Majorana case)

Babu, Leung 2001;   de Gouvêa, Jenkins 2008;   Melbourne group (many papers);
Valencia group: Hirsch, Cepedello+ (many papers)
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They occur at mass dimension 5, 7, 9, 11, … 
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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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The following discussion is based on J. Gargalionis and RV, JHEP 01, 074 (2021) 
“Exploding operators for Majorana neutrino masses and beyond”

J. Gargalionis (2020), “neutrinomass” at https://github.com/johngarg/neutrinomass
Full database at https://doi.org/10.5281/zenodo.4054618
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Assumptions: exotics are scalars, vector-like or Majorana fermions only, up to dim=11.

How many models?

11,216 genuine models!

Most models have 5 exotics

https://github.com/johngarg/neutrinomass


Quantum numbers of the exotic species

<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, S3, R2 (were?) of great interest
for B-meson anomalies. RD(*) anomaly
still alive …

S1, R2 of great interest for
g-2 of muon and electron.

scalars

fermions

Table from Doršner+ 2020
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Economical and testable models:  less than 4 exotic multiplets and Λ < 100 TeV

Dominant contribution is
from loop-level exotic-only
completion of Weinberg operator.

The Y models have upper bounds on
New Physics scale in the range 0.8-15 TeV.

Note: Sextets can be replaced by anti-triplets.

The only previously known model.
Y. Cai+ 2015
Klein, Lindner, Ohmer 2019
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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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3. Seesaw scale = Peccei-Quinn scale
Solution of strong-CP problem by PQ mechanism => axion DM for PQ scale of 1010 – 1011 GeV.

Seesaw formula gives M ~ 1010-11 GeV for λ ~ 10-2, -1.5 
(like mb/v and mτ/v).

Modify type-1 seesaw model through
<latexit sha1_base64="cGhu+enicd+pdIMnelB2Qd0Qvxk="></latexit>

L � h (⌫R)c ⌫R SPQ + h.c. with M ~ h <SPQ>.

Langacker, Peccei, Yanagida (1986)
Shin (1987)
Fukugita, Yanagida (1986)

And leptogenesis, of course.

13

<latexit sha1_base64="901GtqK0oHLcC5c51ptW4e8IsDA="></latexit>

M = �2 v2

m⌫
⇠ �2 1014 GeV



And old idea, but a bit neglected.   Recent developments:   SMASH model (KSVZ extension)
Salvio (2015, 2019) 
Ballesteros, Redondo, Ringwald, Tamarit (2017a, 2017b, 2019)

VISHν model (DFSZ extension/variant)
Sopov, RV (2022)
Sopov, Tamarit, RV (work in progress)
building on RV, Davies, Joshi (1988) & Clarke, RV (2016)

Explain: strong-CP, neutrino masses, baryogenesis, dark matter.
VISHν and SMASH added inflationary cosmology via non-minimal
coupling to gravity.

What would be evidence for VISHν model? Axion dark matter.
Two Higgs doublets.
Flavour-changing Higgs processes (to solve domain wall problem).
Continued excellent agreement with inflationary observables.
Lack of evidence for alternative mν and baryogenesis mechanisms!
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4. To take home
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• We know neutrinos have tiny masses, but not what Lagrangian1 to write in the textbooks.
• Whatever it is, it is New Physics.
• Radiative models have much new physics; connections with B-meson and g-2 anomalies.
• Type-1 seesaw scale could also be Peccei-Quinn scale; multiple connections.

1 I really really want to know this.
   I really really want to know what dark matter is too.



National Partners

International Partners



Back up slides



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>
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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



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



Babu, Leung 2001
de Gouvêa, Jenkins 2008
Angel, Rodd, RV 2013
Angel, Cai, Rodd, Schmidt, RV 2013
Cai, Clarke, Schmidt, RV 2015
Bigaran, Gargalionis, RV 2019
Gargalionis, Popa-Mateiu, RV 2020
Gargalionis, RV 2021

There are many operators 
up to mass dimension 11 …

…
…

…
… 4 pages omitted



Example: opening of  
<latexit sha1_base64="u4sGdqcyIuDmJxM+cgNaMqZ/cVI="></latexit>

O12a = LiLjQ̃kQ̃`ū†ū†✏ik✏jl
2-component notation:

<latexit sha1_base64="DFPbHO7+YSgFo/HLBnD+qzFExE0=">AAACFXicbVDLSgMxFM34rPU16tJNsAgupMxIUZdFNy5bsA/otCWTuW3TZjJjkimUoT/hxl9x40IRt4I7/8b0sdDWA5d7OOdeknv8mDOlHefbWlldW9/YzGxlt3d29/btg8OqihJJoUIjHsm6TxRwJqCimeZQjyWQ0OdQ8we3E782BKlYJO71KIZmSLqCdRgl2kht+9zTjAeQlscthj14SNjQtFgxHolWyvpjXG55Ael2Qbb7bTvn5J0p8DJx5ySH5ii17S8viGgSgtCUE6UarhPrZkqkZpTDOOslCmJCB6QLDUMFCUE10+lVY3xqlAB3ImlKaDxVf2+kJFRqFPpmMiS6pxa9ifif10h057qZMhEnGgSdPdRJONYRnkSEAyaBaj4yhFDJzF8x7RFJqDZBZk0I7uLJy6R6kXcv84VyIVe8mceRQcfoBJ0hF12hIrpDJVRBFD2iZ/SK3qwn68V6tz5moyvWfOcI/YH1+QNRPZ+N</latexit>

Q̃i ⌘ ✏ijQ†
j

<latexit sha1_base64="7U7cEJ2Lqy2bro+VdwMek3yk+vk=">AAACHXicbVBNS8NAFNz4bf2qevSyWARPJZGiXoSiF48KVgtNLZvNa7q42YTdF6GE/BEv/hUvHhTx4EX8N25qD9o6sDDMvMe8nSCVwqDrfjkzs3PzC4tLy5WV1bX1jerm1rVJMs2hxROZ6HbADEihoIUCJbRTDSwOJNwEd2elf3MP2ohEXeEwhW7MIiX6gjO0Uq/a8FHIEPLLgvoB03lW3PohiyLQ9IT6McOBjvMyJtM+NUJFErDoVWtu3R2BThNvTGpkjIte9cMPE57FoJBLZkzHc1Ps5kyj4BKKip8ZSBm/YxF0LFUsBtMdxeqC7lklpP1E26eQjtTfGzmLjRnGgZ0s7zWTXin+53Uy7B93c6HSDEHxn6B+JikmtKyKhkIDRzm0hHEt7K2UD5hmHG2hFVuCN/nlaXJ9UPcO643LRq15Oq5jieyQXbJPPHJEmuScXJAW4eSBPJEX8uo8Os/Om/P+MzrjjHe2yR84n9/t16MV</latexit>

Q̃ū† = colour singlet

Effective operator 

The yellow boxes track one pathway to opening
O12a at tree level, producing a scalar-only completion.

The starts of other pathways are indicated 
in light grey.



Example: closing                             into a Majorana neutrino mass diagram. 

Q
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<latexit sha1_base64="Vl8YNFbEu/h+d0N4UJ6OdJpHFGY=">AAACE3icbVBNS8MwGE79nPOr6tFLcAjiYbQy1Isw9OJBcAP3AWspaZptYWlaklQYpf/Bi3/FiwdFvHrx5r8x3Sro5vsS8vA870vyPH7MqFSW9WUsLC4tr6yW1srrG5tb2+bObltGicCkhSMWia6PJGGUk5aiipFuLAgKfUY6/ugq1zv3REga8Ts1jokbogGnfYqR0pRnHjshUkOMWHqbealtZ/AC3uhu6nZ8JNIg+7k9s2JVrUnBeWAXoAKKanjmpxNEOAkJV5ghKXu2FSs3RUJRzEhWdhJJYoRHaEB6GnIUEummE08ZPNRMAPuR0IcrOGF/b6QolHIc+noydyBntZz8T+slqn/uppTHiSIcTx/qJwyqCOYBwYAKghUba4CwoPqvEA+RQFjpGMs6BHvW8jxon1Tt02qtWavUL4s4SmAfHIAjYIMzUAfXoAFaAIMH8ARewKvxaDwbb8b7dHTBKHb2wJ8yPr4BmTycvw==</latexit>

O11 = LLQQd̄d̄

O11 ➞ LLHH at 2-loop order

O11

Opening up O11 at tree level
produces a 2-loop contribution
to neutrino mass. The virtual states
consist of both exotics and SM fields.

This enables the systematic construction 
of radiative neutrino mass models.

Tiny ν mass due to (i) large exotic masses,
(ii) 1/16π2 loop factors, and (iii) products
of mag.<1 coupling constants.

Review of radiative models: Cai, Herrero-García, Schmidt, Vicente, RV Frontiers in Physics 5, 63 (2017)



Filtering

Opening up an operator produces sets of exotic field content, defining unfiltered models.

These fields then implicitly define the most general renormalisable Lagrangian.

If necessary, baryon-number conservation is imposed. Fields with the same SM quantum 
numbers but different B are considered different.

It often happens that the resulting interactions generate the largest* contribution to neutrino
masses from an effective operator that is different from that used to derive the field content.

The resulting models are then re-tagged against the dominant operator, giving filtered models.
* We assume that there are no special parameter hierarchies when deriving the neutrino mass.
   This is called democratic filtering in the paper.

   Our analysis looked at tree-level openings only. Some of our filtered models may produce exotic-only, loop-level
   contributions to the Weinberg operator that are larger than the closure of the dominant operator: use Valencia 
   group’s results to do more filtering.



…

unfiltered

Scale of new physics
assuming O(1) exotic
couplings

Some operators produce
no filtered models

The tree-level seesaw models

Subtlety to do with the
higher-dim Weinberg ops

Models with exotic scalars and fermions only.

Zee-Babu model


