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 H ∼ (1, 2, 1
2 ), Q ∼ (3, 2, 1

6 ), ū ∼ (3̄, 1,− 2
3 ), d̄ ∼ (3̄, 1, 1

3 ), L ∼ (1, 2,− 1
2 ), ē ∼ (1, 1,1)
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Linear SM extensions
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• Patterns of minimal tree-level deviation from the 
SM can be understood in terms of linear SM 
extensions 

 

• 48 exotic multiplets generating  operators 
at tree level 

• Catalogued in the Granada dictionary 

• Fermions are vector-like or Majorana

ℒint ∼ SM ⋅ SM ⋅ X + SM ⋅ SM ⋅ SM ⋅ X + ⋯

d = 6

Granada dictionary: de Blas, Criado, Pérez-Victoria, Santiago arXiv:1711.10391 
MatchingTools: Criado arXiv:1710.06445
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Tree-level UV/IR dictionary
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28 pages…

Granada dictionary: de Blas, Criado, Pérez-Victoria, Santiago arXiv:1711.10391 
MatchingTools: Criado arXiv:1710.06445

UV IR

IR UV

Top–down

Bottom–up
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One-loop tools
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CoDeX:                  Bakshi Chakrabortty, Patra arXiv:1808.04403 
UOLEA results:          Drozd, Ellis, Quevillon, You arXiv:1512.03003 

 Ellis, Quevillon, You, Zhang arXiv:1604.02445 
 Ellis, Quevillon, Vuong, You, Zhang arXiv:2006.16260 
 Larue, Quevillon arXiv:2303.10203 

MatchMakerEFT:          Carmona, Lazopoulos, Olgoso, Santiago arXiv:2112.10787 
SOLD:                   Guedes, Olgoso, Santiago arXiv:2303.16965 
Matchete & SuperTracer: Fuentes-Martín, Koenig, Pagès, Thomsen, Wilsch arXiv:2212.04510, arXiv:2012.08506

Impressive recent progress in automating one-loop 
matching: 

• CoDeX implements UOLEA results 

• MatchMakerEFT implements diagrammatic matching 

• Matchete uses functional techniques (built upon 
SuperTracer)
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Going past tree level
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• Loop-level completions of dimension-5 Weinberg operator 
known up to three loops, for dimension-7 analogue up to 
one 

• Methods extended to general loop-level studies of e.g. 
four-fermion operators 

• Diagram-topology analysis of one-loop contributions to all 
dimension-6 and dimension-8 operators 

• SOLD provides complete one-loop dictionary for subset of 
operators at dimension 6. Mathematica package for results

Bakshi, Chakrabortty, Prakash, Rahaman, Spannowsky arXiv:2103.11593 
Naskar, Prakash, Rahaman arXiv:2205.00910

E.g. Scalar interactions allowed @ one-loop and dimension 6

Results in terms of exotic 
quantum numbers
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Cepedello, Esser, Hirsch, Sanz arXiv:2207.13714

Guedes, Olgoso, Santiago arXiv:2303.16965

Bonnet, Hirsch, Ota, Winter arXiv:1204.5862 
Aristizabal Sierra, Degee, Dorame, Hirsch arXiv:1411.7038 

Cepedello, Fonseca, Hirsch arXiv:1807.00629



Our approach: overview
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Primary aim: Use these tools to extend results for the 
linear SM extensions to the one-loop level

Linear SM extensions are a physically motivated subset of toy models that parametrise tree-level deviation from 
the SM

Extend Lagrangian 
sufficient to generate 

dimension-6 operators 
at one loop

MatchMakerParser: 
Parses Mathematica to 
Python, writes classes 

for each multiplet 
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Lagrangian
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• Similar assumptions to tree-level dictionary: limit 
ourselves to scalars and vector-like and Majorana fermions. 
Our Lagrangian matches the conventions of the tree-level 
dictionary 

• We don’t consider mixed terms 

• For one-loop matching, only need to alter scalar 
interactions

Bakshi, Chakrabortty, Prakash, Rahaman, Spannowsky 
 arXiv:2103.11593 

Δℒ = ∑
S

̂λS(H†H)(S†S) + ̂λ′ φ(H†φ)(φ†H) + ∑
i∈{1,3}

̂λ′ Θi
(Θ†

i T
a
4Θi)(H†σaH)

+ ∑
i∈{1,7}

̂λ′ Πi
(Π†

i H)(H†Πi) + ̂λ′ ΦTr[(Φ† ⋅ λH)(H†Φ ⋅ λ)]

+ ∑
S∈{ζ,Υ}

̂λ′ S fabc(Sa†Sb)(H†σcH)

+{ ̂λ′ ′ Θ1

8

3 5
(ΘI

1ϵIJ[Ta
4]J

KΘK
1 )(H†σaH̃) + ̂λ′ ′ ΦTr[(H†Φ ⋅ λ)(H†Φ ⋅ λ)] + h . c . }
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Reading the Lagrangian and parsing the output: MatchMakerParser
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• Written a lightweight 
wrapper around FeynRules to 
encode Lagrangians with less 
boilerplate code and more 
consistency checks 

• A simple implementation of 
missing PythonForm to parse 
results from MatchMaker 

• Outputs are Python classes 
with coefficients as methods.

ζ ∼ (3,3)−1/3
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Connection to Python ecosystem

13

• Plans to put one-loop dictionary on PyPI for easy use with other tools 

• Limited searching and querying ability, looking into other export options

Wilson: Aebischer, Kumar, Straub arXiv:1804.05033 
flavio: Straub arXiv:1810.08132 

MatchingDB: Criado gitlab.com/jccriado/matchingdb

ζ ∼ (3,3)−1/3
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Assumptions: 

• Only one multiplet at a time 

• All NP couplings set to 1 

• All dimensionful UV parameters set to 1 TeV

T L R
T ree generated 
L oop generated 
R GE induced
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CP-odd triple-gauge operators not generated at one loop: 
Clear already from UOLEA
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Other CP-odd bosonic operators can be generated at one loop,  
require two exotic multiplets

Bakshi, Chakrabortty, Englert, Spannowsky, Stylianou arXiv:2103.15861
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 is a case we looked at as 
an example 

New bound:  

A loosening of the bound by about 
15% due to destructive interference in 

S ∼ (1, 1,0)

κ2
S < 2.10 TeV−2

C1,3
Hl
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Conclusions and outlook
𝒪HG = H†HGA

μνGAμν

𝒪HD = (H†DμH)*(H†DμH)

𝒪ll = (l̄pγμlq)(l̄rγμls)

𝒪HB = H†HBμνBμν

𝒪(1)
lq =

𝒪(3)
lq =

• Computational tools are essential for the publishing and querying of UV/IR 

dictionaries going forward 

• We use MatchMakerEFT and our MatchMakerParser to present our UV/IR dictionary 

for the linear SM extensions at one loop 

• Useful tool for phenomenological analyses and general studies
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𝒪HG = H†HGA
μνGAμν

𝒪HD = (H†DμH)*(H†DμH)

𝒪ll = (l̄pγμlq)(l̄rγμls)

𝒪HB = H†HBμνBμν

𝒪(1)
lq =

𝒪(3)
lq =

¡Muchas gracias!
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𝒪HG = H†HGA
μνGAμν

𝒪HD = (H†DμH)*(H†DμH)

𝒪ll = (l̄pγμlq)(l̄rγμls)

𝒪HB = H†HBμνBμν

𝒪(1)
lq =

𝒪(3)
lq =

Backup
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Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → ℓνqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 0 e, µ ≥ 1 b, ≥ 2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT W ′ →WZ → ℓνqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 139 gV = 3 1906.085893.8 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

HVT W ′ →WH model B 0 e, µ ≥ 1 b, ≥ 2 J 139 gV = 3 CERN-EP-2020-0733.2 TeVW′ mass

LRSM WR → tb multi-channel 36.1 1807.104733.25 TeVWR mass

LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ℓℓqq 2 e, µ − − 139 η−LL CERN-EP-2020-06635.8 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗
Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y = 0.4, λ = 0.2, m(χ) = 10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 1,2 e ≥ 2 j Yes 36.1 β = 1 1902.003771.4 TeVLQ mass

Scalar LQ 2nd gen 1,2 µ ≥ 2 j Yes 36.1 β = 1 1902.003771.56 TeVLQ mass

Scalar LQ 3rd gen 2 τ 2 b − 36.1 B(LQu
3 → bτ) = 1 1902.081031.03 TeVLQu

3
mass

Scalar LQ 3rd gen 0-1 e, µ 2 b Yes 36.1 B(LQd
3 → tτ) = 0 1902.08103970 GeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass

VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: May 2020

ATLAS Preliminary∫
L dt = (3.2 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

See talk by Patricia Conde Muíño
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• Linear SM extensions are a physically motivated subset of toy 
models 

• Can be used to organise complex UV models 

• Can motivate directions in the space of WCs

Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779

Greljo, Salko, Smolkovic, 
Stangl arXiv:2306.09401

Herrero–Garcia, Schmidt arXiv:1903.10552

FitMaker group: Fit to top, Higgs, diboson and EW data

Study of tension in 
exclusive  
extraction

Vub
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Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779

FitMaker group: Fit to top, Higgs, diboson and EW data
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• Lagrangian contains terms up to 
dimension 5 sufficient to generate 
dimension-6 operators at tree level 

• Also includes “mixed” terms with multiple 
exotic multiplets 

Linear SM extensions are complicated

ℒ𝒮 = κ𝒮Sϕ†ϕ + ⋯

∼ |ϕ |6

Exotic fermion interactions

Dimension-5 scalar interactions

Scalar-vector mixed  
interactions

7 pages…

de Blas, Criado, Pérez-Victoria, Santiago arXiv:1711.10391 
MatchingTools: Criado arXiv:1710.06445
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Going past dimension 6
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• Tree-level completions of operators of odd mass dimension written down up to dimension 11 

• Database of 500,000 Lagrangians  Requires computational tools! 

• Matching onto any specific basis still needs to be done by hand 

⇒

Symbolic matching 
estimates

JG, Volkas arXiv:2009.13537 
https:!"github.com/johngarg/neutrinomass 

Completions database: https:!"zenodo.org/record/4054618
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Assumptions: 

• Only one multiplet at a time 

• All NP couplings set to 1 

• All dimensionful UV parameters set to 1 TeV

T L R
T ree generated 
L oop generated 
R GE induced

L Heavy loop L R Heavy-light loop Craig, Jiang, Li, Sutherland arXiv:2001.00017
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https://github.com/johngarg/linear-one-loop-dict-ref/blob/main/dict/1/13.txt
https://github.com/johngarg/linear-one-loop-dict-ref/tree/main/results/1


Investigation of magic zeros 
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• Magic zero: a quantity suppressed without an apparent symmetry explanation 

• E.g. Vanishing dipole coefficient  in model with two vector-like Dirac fermions:  and H†ℓσμνecFμν S ∼ (1,1)0

L ∼ (1,2)1/2

∼

• Generalised parity symmetry :  

• But dipole operator even under parity!

𝒫′ L0 ↔ Sc†, Lc0 ↔ S†, mL ↔ m*S , Y′ V ↔ Y′ *V , YL ↔ Y*R

ℒ ⊃ − mLL0Lc0 − mSSSc − Y′ VH0L0Sc + YLH+eSc − YRH−L0ec + h . c .

τL ≡
e

32π2
⋅

v

2
⋅

YLYRY′ *V
|mL |2 − |mS |2 ⟶ − τL

𝒫′ 

Arkani-Hamed, Harigaya arXiv:2106.01373 
Craig, Garcia Garcia, Vainshtein, Zhang arXiv:2112.05770
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