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UV

IR

Map onto 
basis of 

operators

Integrate 
out Φ

ℒeff[ϕi, ψi] = ∑
i

ci(Λ)𝒪i

E > Λ

E ∼ v

ℒUV[Φi, ϕ, ψ]

E ∼ Λ

Calculate

ℒeff[ϕi, ψi] = ∑
i

ci(v)𝒪i ℒeff[ϕi, ψi]

ℒUV[Φi, ϕ, ψ]ℒUV[Φi, ϕ, ψ]ℒUV[Φi, ϕ, ψ]ℒUV[Φi, ϕ, ψ] E > Λ

E ∼ v

Run RGE

💥At  Granada 
dictionary can be 
inverted!

d = 6

de Blas et al. JHEP 03 (2018) 109 
Criado CPC 227 06 2018

EFT Diagrammatica: 
Bakshi et al. JHEP 06 (2021) 033 
Naskar et al. arXiv:2205.00910

j-basis/UV 
correspondence  
Talk by Li Hao-Lin 
this afternoon

⇒

Hao-Lin et al. arXiv: 2204.03660 
Hao-Lin et al. JHEP 04 (2022) 
140

Long tradition of 
approaches to 
building neutrino 
mass models! 
neutrinomass

ABC4EFT 
DEFT 
Rosetta 
…

Matchingtools 
MatchMaker 
SuperTracer 
CoDeX 
STrEAM 
Matchete, …

DsixTools 
wilson 
…

flavio 
SPheno 
…
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Tree- and loop-level completions of the 

Weinberg-like operators

Tree-level completions of  operators 

in the SMEFT

ΔL = 2

ℒΔL=2 =
C5

Λ
⋅ LLHH +

C(1)
7

Λ3
⋅ LLQd̄H

+
C(2)

7

Λ3
⋅ Ld̄ū†ē†H + ⋯

e.g. 
Babu, Leung NPD 619, 667 (2001) 
de Gouvêa, Jenkins PRD 77, 
013008 (2008) 
del Aguila et al. JHEP 06 146 
(2012) 
Herrero-García et al. JHEP 11 084 
(2016) 
Angel, Rodd, Volkas PRD 87, 
073007 (2013) 
Cai et al. JHEP 02 161 (2015) 
Gargalionis, Volkas JHEP 01 
074 (2021)

ℒW = ∑
n

C5+2n

Λ2n+1
⋅ LLHH(H†H)n

આ
ઊ આ ઊ

આ
આʿઝ

ʿજ
એ

ʿબ કBonnet et al. JHEP 07, 153 
(2012); 
Cepedello, Hirsch, Helo JHEP 
07, 079 (2017); JHEP 01, 009 
(2018) 
Cepedello, Fonseca, Hirsch 
JHEP 10, 197 (2018); 
Anamiati et al. JHEP 12, 066 
(2018)

Kobach PLB 758 (2016) 
Lehman PRD 90, 
125023 (2014) 
Ma, Liao JHEP 11 
(2020) 152, …

Review: Cai, et al. Front. in Phys. 5 (2017) 63
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Tree-level completion paradigm
Estimates of 

neutrino mass

Completion 
procedure

Full UV model

Tree-level completion

💥
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What does the UV physics look like?

ધ
ણ

ધ
ણ

઩
ધ
ણ

ધ
ણ

P. Minkowski (1977) 
T. Yanagida (1979) 
M. Gell-Mann, P. Ramond, R. Slansky (1979) 
R. Mohapatra, G. Senjanović (1980) 
S. Glashow (1980)

N ∼ (1, 1, 0)(2,1)

ℒN = yN(LiN)Hjϵij

SU(3)c ⊗ SU(2)L ⊗ U(1)Y + SU(2)+ ⊗ SU(2)−

Gauge Lorentz

{i, j, …} {α, β, …} { ·α, ·β, …}

⌅1

L

L

H

H

Ξ1 ∼ (1, 3, 1)(1,1)

ℒΞ1
= yΞ1

(LiLj)Ξkl
1 ϵikϵjl + κΞ1

HiHjΞ†
1ij

(ψχ) ≡ ψα χβϵαβ

⌃

L

H

L

H

Σ ∼ (1, 3, 0)(2,1)

ℒΣ = yΣ(LiΣ jk)Hlϵijϵkl

M. Magg, C. Wetterich (1980) 
J. Schechter, J. Valle (1980) 
T.-P. Cheng, L.-F. Li (1980) 
G. Lazarides, Q. Shafi, C. Wetterich (1981) 
C. Wetterich (1981) 
R. Mohapatra, G. Senjanović (1981)

R. Foot, X.-G. He, H. Lew, G. Joshi (1989)

(LiLj)HkHlϵikϵjl
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Tree-level matching backwards

One cannot talk about UV completions 

unambiguously without defining some 

kind of a basis of operators

Φ → heavy field
ϕ, ψ → light fields

∑
i

ci𝒪i

Fierz 
EOM 
IBP

Replace 
by 

EOM

ℒeff =
∂ℒ
∂Φ

⋅ −
1

M2 [1 +
(iD)2

M2
+ ⋯] ⋅

∂ℒ
∂Φ†

ℒΦ = − Φ†(D2 + M2)Φ + Φ† ⋅
∂ℒ
∂Φ†

+ 𝒪(Φ3)

E > M

E < M

ℒHE[Φ, ϕ, ψ]

͐ൡ
ൡ ൧ ൧

൧ ൧

Use a general spanning set of operators: 

Green’s basis, implicit Lorentz structure…
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Tree-level matching backwards

One cannot talk about UV completions 

unambiguously without defining some 

kind of a basis of operators

Use a general spanning set of operators: 

Green’s basis, implicit Lorentz structure…

Φ → heavy field
ϕ, ψ → light fields

͐ൡ
ൡ ൧ ൧

൧ ൧

Fill in all 
possible 
∂ℒ/∂Φ†

E > M

E < M

𝒪1

+𝒪2 + ⋯

∑
i

ci𝒪i

ℒHE[Φ, ϕ, ψ]

ℒeff =
∂ℒ
∂Φ

⋅ −
1

M2 [1 +
(iD)2

M2
+ ⋯] ⋅

∂ℒ
∂Φ†

ℒΦ = − Φ†(D2 + M2)Φ + Φ† ⋅
∂ℒ
∂Φ†

+ 𝒪(Φ3)
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Want general spanning set of operators, for  we care most about distinguishing 

 structures. E.g. 

mν

SU(2)L 𝒪3 = LLQd̄H

બʿહ
ણ �

ણ � ൖ ൖ
બʿહ

઺ ણ�લ

ણ �

ൖൖ
ણ �

𝒪3b = (LiQk)(Ljd̄)Hl ⋅ ϵikϵjl 𝒪3a = (LiQk)(Ljd̄)Hl ⋅ ϵijϵkl

m(3a)
ν

m(3b)
ν

∼
C3a

C3b
⋅ g2 1

16π2
→ 10−3
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Operators

Updated list of  distinguished operators up to 

 including those with derivatives, kept when: 

• Tree-level topology can accommodate as many 

arrow-preserving fermion propagators 

• Structure like  present

∼ 150

d = 11

Hi(DH) jϵij

∼
σ ⋅ p

p2 − m2

∼
m

p2 − m2
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Example of completion algorithm SU(3)c ⊗ SU(2)L ⊗ U(1)Y + SU(2)+ ⊗ SU(2)−

Gauge Lorentz

{i, j, …} {α, β, …} { ·α, ·β, …}

The procedure can be phrased as a kind of abstract term-rewriting system

ℒ = C ⋅ LiLjQ†
iaQ

†
jbū

†aū†b

LαiLβjQ† ·α
ia Q† ·β

jb ū† ·γaū† ·δb

L
L

Q

Qū

ū

{a, b, …}
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Example of completion algorithm

The procedure can be phrased as a kind of abstract term-rewriting system

ℒ = yLLΞ†
1{ij}(L

iLj) + C′ ⋅ Ξ{ij}
1 Q†

iaQ
†
jbū

†aū†b

LαiLβjQ† ·α
ia Q† ·β

jb ū† ·γaū† ·δb

→ LαiLβjQ† ·α
ia Q† ·β

jb ū† ·γaū† ·δb

Ξ1 ∼ (1, 3, − 1)(1,1)

⌅1

LL

Q
Q

ū
ū

+(i ↔ j)
⋅ ϵαβ

SU(3)c ⊗ SU(2)L ⊗ U(1)Y + SU(2)+ ⊗ SU(2)−

Gauge Lorentz

{i, j, …} {α, β, …} { ·α, ·β, …}
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Example of completion algorithm

The procedure can be phrased as a kind of abstract term-rewriting system

ℒ = yQQΥ†{ab}{ij}(Q†
aQ†

b ) + yLLΞ†
1{ij}(L

iLj) + C′ ′ ⋅ Ξ{ij}
1 Υijabū†aū†b

LαiLβjQ† ·α
ia Q† ·β

jb ū† ·γaū† ·δb

→ LαiLβjQ† ·α
ia Q† ·β

jb ū† ·γaū† ·δb

Ξ1 ∼ (1, 3, − 1)(1,1)

+(i ↔ j)
⋅ ϵαβ

⌅1

⌥

LL

ū
ū

Q

Q
→ ΞijQ† ·α

ia Q† ·β
jb ū† ·γaū† ·δb

Υ ∼ (6̄, 3̄,− 1
3 )(1,1)

+(a ↔ b)
⋅ ϵ ·α ·β

SU(3)c ⊗ SU(2)L ⊗ U(1)Y + SU(2)+ ⊗ SU(2)−

Gauge Lorentz

{i, j, …} {α, β, …} { ·α, ·β, …}
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Example of completion algorithm

The procedure can be phrased as a kind of abstract term-rewriting system

ℒ = yūūΩ†
4{ab}(ū

†aū†b) + yQQΥ†{ab}{ij}(Q†
aQ†

b ) + yLLΞ†
1{ij}(L

iLj) + C′ ′ ′ ⋅ Ξ{ij}
1 Υ{ab}ijΩab

4

LαiLβjQ† ·α
ia Q† ·β

jb ū† ·γaū† ·δb

→ LαiLβjQ† ·α
ia Q† ·β

jb ū† ·γaū† ·δb

Ξ1 ∼ (1, 3, − 1)(1,1)

+(i ↔ j)
⋅ ϵαβ

→ Ξij
1Q† ·α

ia Q† ·β
jb ū† ·γaū† ·δb

Υ ∼ (6̄, 3̄,− 1
3 )(1,1)

+(a ↔ b)
⋅ ϵ ·α ·β

→ Ξij
1Υabijū† ·γaū† ·δb

Ω4 ∼ (6, 1,− 4
3 )(1,1)

⋅ ϵ ·γ ·δ

⌅1

⌥

⌦4

LL

Q

Q

ū

ū

(LαiLβj + i ↔ j)(Q† ·α
ia Q† ·β

jb + a ↔ b)ū† ·γaū† ·δb

⋅ ϵαβϵ ·α ·βϵ ·γ ·δ

SU(3)c ⊗ SU(2)L ⊗ U(1)Y + SU(2)+ ⊗ SU(2)−

Gauge Lorentz

{i, j, …} {α, β, …} { ·α, ·β, …}
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L
L

Q

Qū

ū

⌅1

LL

Q
Q

ū
ū

L � x(LiLj)⌅1{ij}

⌅1

⌥

LL

ū
ū

Q

Q

L � x(LiLj)⌅1{ij}

+ y(Q̃k
aQ̃

l
b)⌥

{ab}
{kl}

L � x(LiLj)⌅1{ij} + y(Q̃k
aQ̃

l
b)⌥

{ab}
{kl}

+ z(ū†aū†b)⌦4{ab} + ⌅1{ij}⌥
{ab}{ij}⌦4{ab}

⌅1

'

LL

ū
Q

Q

ū

L � x(LiLj)⌅1{ij} + yQ†
aiū

†a'i

⌅1

�

LL

ū
Q

Q

ū

L � x(LiLj)⌅1{ij} + yQ†
aiū

†b�ib
a

U2

QL

L
Q

ū
ū

L � x(Li�µQ
†
ia)U

aµ
2

⌅†
1⇠(1,3,�1)

LiLjQ†
iaQ

†
jbū

†aū†b

⌥†⇠(6̄,3,� 1
3 )

⌅†{ij}
1 Q†

iaQ
†
jbū

†aū†b

⌦†
4⇠(6,1,� 4

3 )

⌅†{ij}
1 ⌥†{kl}

{ab} ū†aū†b✏ik✏jl

U†
2⇠(3̄,1,� 2

3 )

LiLjQ†
iaQ

†
jbū

†aū†b

'†⇠(1,2,� 1
2 )

⌅†{ij}
1 Q†

iaQ
†
jbū

†aū†b

�†⇠(8,1,� 1
2 )

⌅†{ij}
1 Q†

iaQ
†
jbū

†aū†b

Example of completion algorithm

Many rules implemented, most important: 

All rules that match should be applied in all 

possible ways at each step of the procedure, 

leading to a completion graph 

Validated against dimension-6 SMEFT and 

other neutrino-mass examples

∂α ·αψ†
·αϕ → Ψα

ψαϕ → Ψα

↵ ↵̇

↵ ↵

de Blas et al. JHEP 03 109 (2018) ; Criado CPC 227 06 2018; Herrero-García et al. JHEP 11 84 (2016), …

ϕ1ϕ2ϕ3 → Φ
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Caveats

• Currently have only thought about  and , with colour structure not more 

complicated than  and  

• Code is not optimised,  operators currently need to be parallelised 

• Exotic spin-1 and spin-3/2 fields are absent by design, can be included, but this needs 

thought

SU(2) SU(3)

3 ⊗ 3̄ (3 ⊗ 3̄)2

d = 11



Program and model database
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Tensor manipulations with large 
dependency on SymPy

Builds operators in our spanning 
set automatically

Implements completion 
procedure, outputs Completion 
objects containing ℒΔL=2

https://mybinder.org/v2/gist/johngarg/5aa8778dd59859f755a5a53d11d5fd54/HEAD
https://gist.github.com/johngarg/5aa8778dd59859f755a5a53d11d5fd54
https://gist.github.com/johngarg/5aa8778dd59859f755a5a53d11d5fd54
https://gist.github.com/johngarg/5aa8778dd59859f755a5a53d11d5fd54
https://gist.github.com/johngarg/5aa8778dd59859f755a5a53d11d5fd54
https://gist.github.com/johngarg/5aa8778dd59859f755a5a53d11d5fd54
https://gist.github.com/johngarg/5aa8778dd59859f755a5a53d11d5fd54
https://gist.github.com/johngarg/5aa8778dd59859f755a5a53d11d5fd54
https://gist.github.com/johngarg/5aa8778dd59859f755a5a53d11d5fd54
https://gist.github.com/johngarg/5aa8778dd59859f755a5a53d11d5fd54
https://gist.github.com/johngarg/5aa8778dd59859f755a5a53d11d5fd54
https://gist.github.com/johngarg/5aa8778dd59859f755a5a53d11d5fd54
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Tensor manipulations with large 
dependency on SymPy

Builds operators in our spanning 
set automatically

Implements completion 
procedure, outputs Completion 
objects containing ℒΔL=2

https://mybinder.org/v2/gist/johngarg/5aa8778dd59859f755a5a53d11d5fd54/HEAD
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Completion procedure produces 430,810 inequivalent  Lagrangians. About 70% 

contain seesaw fields! All published in database: https://doi.org/10.5281/zenodo.40546183 

Only ~ 3% survive filtering (11,216 models). Published with Python package

ΔL = 2

Symbolic structures mapped to 
prime IDs, used to query the 
symbolic database numerically 
(and efficiently!) using Pandas

https://doi.org/10.5281/zenodo.40546183
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Some operators 
produce no filtered 

models

Zee-Babu model

Canonical seesaw 
models

Not obvious!

Babu Phys. Lett. B203 (1998) 
132–136
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Number of models

5 7 9 11

Dimension

101

102

103

104

105

N
um

b
er

of
m

od
el

s

Democratic

Unfiltered

<latexit sha1_base64="vPcyMsqQzDGbEGGP1Oe2v5lSRqc="></latexit>

Field Interactions �L = 2 Lagrangians Models

N ⇠ (1,1, 0)F
LHN 51,245 (11.9%)

17,139 (17.1%)
Other 12,433 (2.9%)

⌃ ⇠ (1,3, 0)F
LH⌃ 87,535 (20.3%)

31,629 (31.5%)
Other 28,157 (6.5%)

⌅1 ⇠ (1,3, 1)S

LL⌅1 59,791 (13.0%)

51,576 (51.4%)
HH⌅†

1 95,410 (22.1%)

Both 10,323 (2.4%)

Other 30,761 (7.1%)
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Exotic fields

Leptoquarks

Diquarks

Dileptons

Other

¶7

≥

¶1

!1

!4
©

≠4 ≥ 0 ®
!0

4

≠2

!0
1

≠1

!0
2

S2

S1

•
£3

Vectorlike Quarks

Vectorlike Leptons

Other

T2

T1

Q1

Q5

Q7 U
D

ß1

E

¢1

¢3

In total, 84 different scalar species and 82 different fermions 

Most represented class of fields are leptoquarks

Scalars Fermions

Π7 = R2 = (3, 2, 7
6 )

ζ = S3 = (3̄, 3, 1
3 )

T2 = (3, 3, 2
3 )

T1 = (3, 3, 1
3 )
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Closing thoughts and future directions

Our model database is perhaps a good laboratory for automated phenomenology 

Can we automate the production of FeynRules files from the UV Lagrangians?  

 See talk by Renato Fonseca! 

Can we rule out a large class of models just from their effects at dimension 6? 

Symbolic Lagrangian  MatchMaker/Matchete (talks to follow)  Flavio? 

Techniques are more generally applicable! 

Is it time to think about a standardised representation for e.g. models, Lagrangians, fields?

⇒

⇒ ⇒



Backup
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Model filtering

Want to ensure that each model gives a dominant contribution to the neutrino mass, and is 

not just a small correction to it

𝒪ΔL=2

ℒΔL=2

Completion 
procedure

ℒ′ ΔL=2

Suppose , then  is only a 

small correction and should be removed 

Take a democratic approach: assume no 

special hierarchy between couplings 

Often because model already generates 

a lower-dimensional operator!

M ≫ m ℒΔL=2

with mν ∼ m
𝒪′ ΔL=2

with mν ∼ M

Generate 
full ℒ

ℒfull

Generate 
full ℒ

Completion 
procedure
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Neutrino oscillations and the implied non-zero neutrino masses cannot be accommodated 

without new physics. Nice to have: 

1. A systematic method for deriving models 

2. A(n) (preferably hierarchical) organising principle and classification 

• Can models be organised by testability, complexity, explanatory power? 

• Clustered by common features? 

Models

Class 1

Class 1.1 Class 1.2 Class 1.3

Class 2

Class 2.1

Class 2.1.1 Class 2.1.2

Class 2.2



How can we understand the smallness of neutrino masses? 

1. Large  with  

Seesaw models 

2. Small  with  

Inverse seesaw, radiative models, …

Λ C5 ∼ 1

C5 Λ > v

33

There are very many models…

v2

Λ
∼ 0.05 eV ⇒ Λ ∼ 1014 GeV

C5
v2

Λ
∼

v2

Λ ( 1
16π2 )

n

∏
i

yi

ℒ(5) =
C5

Λ
⋅ LLHH

→ C5
v2

Λ
⋅ νν

ધ ધ

ધ
ણ

ધ
ણ

Review: Cai et al. Front. Phys. 00063 (2017)

Majorana



GSM ∼ SU(3)c ⊗ SU(2)L ⊗ U(1)Y + SU(2)+ ⊗ SU(2)−

Gauge Lorentz

Quarks Leptons Higgs

ū ∼ (3̄, 1,− 2
3 )(2,1)

Q ∼ (3, 2, 1
6 )(2,1)

d̄ ∼ (3̄, 1, 1
3 )(2,1)

L ∼ (1, 2,− 1
2 )(2,1)

ē ∼ (1, 1, 1)(2,1)

H ∼ (1, 2, 1
2 )(1,1)

ν̄ ∼ (1, 1, 0)(2,1)

Gauge Bosons
G ∼ (8, 1, 0)(3,1) W ∼ (1, 3, 0)(3,1) B ∼ (1, 1, 0)(3,1)

34



The fields inside  must transform 

opposite to  

Derivatives can only arise past leading 

order

∂ℒ/∂Φ†

Φ†

35

∑
i

ci𝒪i

Fierz 
EOM 
IBP

Replace 
by 

EOM

ℒeff =
∂ℒ
∂Φ

⋅ −
1

M2 [1 +
(iD)2

M2
+ ⋯] ⋅

∂ℒ
∂Φ†

∂ℒ
∂Φ†

⊗ Φ† ∼ (1, 1,0)(1,1)

ℒΦ = − Φ†(D2 + M2)Φ + Φ† ⋅
∂ℒ
∂Φ†

+ 𝒪(Φ3)

E > M

E < M

ℒHE[Φ, ϕ, ψ]

Integrating out a scalar at tree level

͐ൡ
ൡ ൧ ൧

൧ ൧
Φ → heavy field

ϕ, ψ → light fields
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ℒΨ = iΨ†σ̄μDμΨ + iΨ̄†σ̄μDμΨ̄

+Ψ† ⋅
∂ℒ
∂Ψ†

+ Ψ̄† ⋅
∂ℒ
∂Ψ̄†

− MΨ̄Ψ

E > M
ℒHE[Ψ, Ψ̄, ϕ, ψ]

Ψ, Ψ̄ → heavy fields
ϕ, ψ → light fields

Integrating out a VLF at tree level

Replace 
by 

EOM

E < M

ℒeff =
∂ℒ
∂Ψβ

1
M2 (ϵαβ +

Xαβ − D2ϵαβ

M2
+ ⋯) iDα ·α ∂ℒ

∂Ψ†·β

ϵ ·α ·β

+
∂ℒ
∂Ψβ

1
M (ϵαβ +

Xαβ − D2ϵαβ

M2
+ ⋯) ∂ℒ

∂Ψ̄α

Fierz 
EOM 
IBP ∑

i

ci𝒪i

Derivatives can arise from arrow-

preserving fermion propagator already at 

leading order 

But not field strengths!

Ψ ∼ ΨL

Ψ̄ ∼ ΨC
R
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Summary of approach to neutrino-mass model building

1. Loop off operator into Weinberg(-like) ones 

2. Derive bounded estimates of the new-physics scale from the atmospheric bound 

predicted by each operator in newly expanded catalogue up to dimension 11 

3. Derive UV models for each operator using algorithm discussed previously 

4. Filter these models, keeping only those that contribute dominantly to the neutrino mass 

5. Package these into a convenient computation representation that is easy and efficient to 

query

બ
ʿહ ʿહ

બ
ણ ણ

ધધ
ʿહ ʿહ

ધ બધબ
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ʿહ ʿહ

ધ બધબ બ
ʿહ ʿહ

બ
ણ ણ

ધધ ∼ C ⋅
y2

d

(16π2)2
⋅

v2

Λ
> 0.05 eV

𝒪11b = LiLjd̄Qkd̄Ql ⋅ ϵilϵjl

Implies an upper bound on :Λ

Λ ≲
Cv2

0.05 eV
y2

d

16π2

≈ C ⋅ 104 TeV

IR considerations: loops and estimates of new-physics scale

Conservatively assume  in all estimates 

Automate closure procedure and validate against as many UV examples as possible 

Suppression by SM Yukawa couplings a very common feature

C = 1
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Exotic fields

By far the most common fields are those that generate dimension-6 operators at tree-level, 

i.e. that couple directly to SM fields

SM fields

Exotics coupling 
directly

Exotics coupling 
indirectly

de Blas et al. JHEP 03 109 (2018) ; Criado CPC 227 06 2018

39
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Interesting example models

<latexit sha1_base64="yYvjZ85FLZBqohx8brKBIThc7D4="></latexit>

Field content Operators ⇤ [TeV]

(3,2, 1
6 )S , (3,2, 7

6 )F 8, D15 15

(6̄,2, 7
6 )F , (8,2, 1

2 )S , (3,2, 1
6 )S 20 0.8

(6,1, 4
3 )S , (6,1, 1

3 )F , (3,2, 1
6 )S 20 0.8

(6,2, 5
6 )S , (3,2, 1

6 )F , (3,2, 1
6 )S 50a, b 10

(6̄,2, 1
6 )S , (3̄,2, 5

6 )F , (3,2, 1
6 )S 50a, b 10

Only previously 
known model

Sextet fields can be replace by triplets with different baryon-
number assignments

700 GeV < Λ < 100 TeV && n_fields < 4

L L

H H

d̄ Q5 ū Q d̄

⇧1

H

� ⇧1

W

Π1 ∼ (3, 2, 1
6 )S

Q5 ∼ (3, 2, 1
6 )F

ϕ ∼ (6, 2, 5
6 )S

Database is easy to query on fields, interactions, NP scale, etc.  

Example 1: Low-scale, simple models

Cai et al. JHEP 02 161 (2016) 
Klein et al. JHEP 03 018 (2019)
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Interesting example models

Database is easy to query on fields, interactions, NP scale, etc.  

Example 2: Connection with flavour anomalies

°2.0 °1.5 °1.0 °0.5 0.0 0.5 1.0

Cbsµµ
9

°1.0

°0.5

0.0

0.5

1.0

1.5

2.0

C
bs

µ
µ

10

flavio
Bs ! µµ 1æ

RK & RK§ 1æ, 2æ

b ! sµµ 1æ, 2æ

rare B decays 1æ, 2æ

RK(*) =
Γ(B → K(*)μμ)
Γ(B → K(*)ee)

RD(*) =
Γ(B → D(*)τν)
Γ(B → D(*)ℓν)
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Example 2: Connection with flavour anomalies 

Very many models contain the appropriate scalar leptoquarks

RK(*) =
Γ(B → K(*)μμ)
Γ(B → K(*)ee)

RD(*) =
Γ(B → D(*)τν)
Γ(B → D(*)ℓν)

ℒS1
= frsLrQsS1 + grsē†

rū†
sS1 + h.c.

ℒR2
= xrsLrūsR2 + yrsē†

rQ†
s R2 + h.c.

(LQS1 && euS1* in interactions) 
|| (LuR2 && eQR2* in interactions)

None!

ℒS3
= wrsLrQsS3 + h.c.

Most 
represented 
field in 

database!

2nd most 
represented 
field in 

database!

88 models containing  and  
178 models containing  and 

S1 S3
R2 S3

S1 in model && S3 in model 
R2 in model && S3 in model



Least suppressed neutrino masses arise from operators like

LLH(∂μH)(ψ0σμψ†
0 )

4

∏
i=1

ψ†
i ψi

LLHH ⋅
n

∏
i=1

(ψ†
i ψi) ⇒ mν ∼

C
(16π2)n

⋅
v2

Λ

Applying atmospheric bound implies  for  and , can come from 

dimension-21 operators of the form

n ≤ 5.7 C = 1 Λ = v

IR considerations: loops and estimates of new-physics scale

43
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1. Exotic fields are vector-like or Majorana fermions, or scalars  

A. Familial structure allowed if necessary 

2. Assume SM gauge group  

3. Assume  conservationB

ધ ણ
ધ ʿૉ

ʿહ ણ
LLū†d̄(∂H)H†

൧ ൧൐
ϕIϕJηKϵIJK

ൠ ൠ ๜ʿ઺ ʿૉ ધ બ
B(χ) ≠ B(χ′ )

…

ℒUV, ℒd=6, …

ʿૉ ʿહ

ધ ણધણ
…

What does the UV physics look like?

…


