
… to make an end is to make a beginning. 
The end is where we start from. 

T.S. Eliot, Little Gidding
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Higgstorical Summary

• Speculation

• Hypothesis

• Theory

• Search

• Discovery

• Building-block

Time to
repeat?
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• « Empty » space is unstable
• Dark matter
• Origin of matter
• Sizes of masses
• Masses of neutrinos
• Inflation
• Quantum gravity
•…

The Standard Model

LHC
LHC
LHC
LHC
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Everything about Higgs is Puzzling

• Pattern of Yukawa couplings y:
– Flavour problem

• Magnitude of mass term μ:
– Naturalness/hierarchy problem

• Magnitude of quartic coupling λ:
– Stability of electroweak vacuum

• Cosmological constant term V0:
– Dark energy

+ …

Higher-dimensional interactions?5



Sic Transit Gloria 𝑅! Anomaliae

6



Elementary Higgs or Composite?
• Higgs field: 

v = <0|H|0> ≠ 0
• Quantum loop problems
• Mh, v, other masses have 

quadratic divergences

• Fermion-antifermion 
condensate?

• Just like π in QCD, Cooper 
pairs in BCS superconductivity

• Need new ‘technicolour’ force
- Heavy scalar resonance?
- (Problems with precision 

electroweak data)
- Pseudo-Nambu-Goldstone 

boson?Cut-off Λ ~ 1 TeV with
Supersymmetry?

Cutoff 
Λ = 10 TeV

Theoretical worries about the Higgs boson
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Loop Corrections to Higgs Mass2

• Consider generic fermion and boson loops:

• Each is quadratically divergent: ∫Λd4k/k2

• Leading divergence cancelled if
Supersymmetry!

2

x 2

Naturalness of hierarchy of mass scales
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What lies beyond the Standard Model?

Supersymmetry
• Stabilize electroweak vacuum
• Successful prediction for Higgs mass

– Should be < 130 GeV in simple models
• Successful predictions for couplings

– Should be within few % of SM values

• Naturalness, GUTs, string, dark matter, 𝑔! − 2, …

New motivations
from LHC
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1/2
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Survey of SUSY searches in pMSSM
ATLAS Collaboration, arXiv:2402.01392 

Lines = chargino/neutralino exclusions in searches with 
simplifying assump8ons on spectrum and decay modes

Black = < 10% of pMSSM models excluded
Cream = > 90% of pMSSM models excluded

Many low-mass pMSSM models consistent with constraints
“Not dead yet”

Chargino-Neutralino plane Neutralino2-Neutralino1 plane

Monty Python and the Holy Grail15



•Tunnel through barrier
•in current Universe?

•Fluctuate over barrier?

•Fluctuate over 
barrier?

Fluctuate over barrier
in the early Universe?

Quantum fluctuations

The Big Crunch

Tunnel through
barrier now?

Not if 
infinite barrier:

Supersymmetry?

Will the Universe Collapse?
Should it have Collapsed already?

•Fluctuate 
over barrier?

We are here
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Depends on 
masses of Higgs 
boson and top 

quark

Is “Empty Space” Unstable?
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Is “Empty Space” Unstable?
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Looking Beyond the Standard Model with 
the SMEFT

• “...the direct method may be used...but indirect methods will be needed 
in order to secure victory….” 

• “The direct and the indirect lead on to each other in turn. It is like 
moving in a circle….”

• Who can exhaust the possibili?es of their combina?on?” 

Sun Tzu
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A Note on Units and Dimensional Analysis

• Use “natural” units: Planck’s constant, velocity of 
light = 1

• Count mass dimensions: [M] = 1 = [E] = [p] = [𝜕]
• Consistent with Lorentz invariance: 𝐸! = 𝑝! +𝑚!

• Quantum mechanics: [x] = [t] = -1
• Action 𝐴 = ∫ ℒ𝑑"𝑥 has [A] = 0, so [ℒ] = 4

ℒ ∋ 𝜕𝜙𝜕𝜙, 𝜓𝜕𝜓, 𝐹#$𝐹#$

• So [𝜙] = 1, [𝜓] = 3/2, [𝐴#] = 1
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Effective Field Theories (EFTs) 
a long and glorious History

• 1930’s: “Standard Model” of QED had d=4

• Fermi’s four-fermion theory of the weak force

• Dimension-6 operators: form = S, P, V, A, T?
– Due to exchanges of massive parNcles?

• V-A ➔ massive vector bosons ➔ gauge theory

• Yukawa’s meson theory of the strong N-N force
– Due to exchanges of mesons? ➔ pions

• Chiral dynamics of pions: (∂π∂π)ππ clue ➔ QCD 21



Standard Model Effective Field Theory
a more powerful way to analyze the data

• Assume the Standard Model Lagrangian is correct 
(quantum numbers of particles) but incomplete

• Look for additional interactions between SM particles due 
to exchanges of heavier particles

• Analyze Higgs data together with electroweak precision 
data and top data

• Most efficient way to extract largest amount of 
information from LHC and other experiments

• Model-independent way to look for physics beyond the 
Standard Model (BSM)
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• Include all leading dimension-6 operators?

• Simplify by assuming flavour SU(3)5 or 
SU(2)2 X SU(3)3 symmetry for fermions

• Work to linear order in operator 
coefficients, i.e. 𝒪(1/Λ!)

• Use GF, MZ, α as input parameters 

Summary of Analysis Framework
JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

• Include all leading dimension-6 operators?
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Dimension-6 SMEFT Operators
• Including 2- and 4-

fermion operators
• Different colours 

for different data 
sectors

• Grey cells violate 
SU(3)5 symmetry

• Important when 
including top 
observables

JE, Madigan, Mimasu, Sanz & You, 
arXiv:2012.02779

Baryon

decay

Flavour anomalies

Anomalous

magneDc

moments
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• Global fit to dimension-6 operators using precision 
electroweak data, W+W- at LEP, top, Higgs and diboson 
data from LHC Runs 1, 2

• Search for BSM
• Constraints on BSM

• At tree level
• At loop level

Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data 

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

341 measurements
included in

global analysis 25



Operators included in Global Fit
• 20 operators in flavour-universal SU(3)5 fit

• 34 operators in top-specific SU(2)2 x SU(3)3 fit

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

Colours indicate
which sectors 

constrain
which operators

Positive
contributions to mW
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Data included in Global Fit

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

341 measurements
included in

global analysis
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Dimension-6 Constraints 
with Flavour-Universal

SU(3)5 Symmetry

• Individual 
operator 
coefficients

• Marginalised 
over all other 
operator 
coefficients

JE, Madigan, Mimasu, Sanz & You, 
arXiv:2012.02779

No significant devia8ons from SM
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Model-Independent BSM Survey
Switch on random subsets of 2, 3, 4 or 5 operators

JE, Madigan, Mimasu, Sanz & You, 
arXiv:2012.02779

No stand-outs 
Sugges:ng

BSM physics
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CDF Measurement of mW
compared with other measurements

Tension: 7-𝜎 discrepancy with Standard Model?

Update of ATLAS result
𝑚! = 80360 ± 16MeV
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SMEFT Operators that can 
Contribute to W Mass

• Relevant SMEFT operators

• Contribu8ons to W mass

• Contribu8ons to S and T oblique parameters
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SMEFT Fit with the Mass of the W Boson

Non-zero coefficients for any of four operators can fit W mass
Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260         34



Single-Field Extensions of the Standard Model

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

Spin zero

Vector
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Single-Field Models that can 
Contribute to W Mass

Operators
contribu:ng to mW

X
X

X

X

Wrong sign

Right sign

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260         Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260         

X
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Models Fitting the Mass of the W Boson

68 and 95% CL ranges of masses assuming unit couplings,
mass range propor:onal to coupling

Bagnaschi, JE, Madigan, Mimasu, Sanz and You arXiv:2204.05260 

Spins
V

S

V

F

F

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260         37



LHC Search for Triplet Vector Boson

Baker, Martonhelyi, Thamm & Torre, arXiv:2207.0509138



HL-LHC Search for Triplet Vector Boson

Baker, Martonhelyi, Thamm & Torre, arXiv:2207.0509139



Searching for Models Fi<ng the 
Mass of the W Boson

• W: Isotriplet vector boson, mass ~ 3 TeV x coupling, electroweak produc>on, 
accessible at LHC?

• B: Singlet vector boson, mass ~ 8 TeV x coupling, phenomenology depends 
on fermion couplings, too heavy for LHC?

• Ξ: Isotriplet scalar boson, mass ~ 3 TeV x coupling, detectable in LHC 
searches for heavy Higgs bosons?

• N: Isosinglet neutral fermion, mass ~ 4 TeV x coupling, similar to (right-
handed) singlet neutrino

• E: Isosinglet charged fermion, mass ~ 6 TeV x coupling, similar to (right-
handed) singlet electron

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260         40



CMS Measurement of MW

Requiem for another anomaly?
41



Beyond Dimension-6:

Dimension-8 Operators
• Most analyses focus on dimension-6: 

• Dimension-8 contribu:ons scaled by quar:c power of new physics scale:

• Study correc:ons to dimension-6 analysis

• Or study processes without dimension-6 contribu:ons, 

e.g., light-by-light scaKering, 𝑔𝑔 → 𝛾𝛾, 𝑍𝛾, …

Neutral triple-gauge couplings (nTGCs): 𝛾𝛾∗𝑍, 𝛾𝑍𝑍 ∗
42



SMEFiT Analysis • Includes linear 
dimension-8 as 
well as quadratic 
dimension-6

• No significant 
evidence for non-
zero operator 
coefficients

• Experiments, 
please enter the 
game!
Celada et al, arXiv:2004.1280943



Dimension-8 Operators Contribu?ng to On-Shell nTGCs

• 𝒪!",!$ related to 𝒪
%",%$,&

˜
'

by equations of motion:

• nTGCs generated:

JE, Ge, He & Xiao, arXiv:1902.06631
JE, He & Xiao, arXiv:2008.04298
JE, He & Xiao, arXiv:2206.1167644



Operator Sensi6vi6es of 𝑝𝑝
Colliders

JE, He & Xiao, arXiv:2206.116762 − 𝜎 sensitivities 5 − 𝜎 sensi@vi@es
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Operator Sensitivities of 𝑒!𝑒"
Colliders

JE, Ge, He & Xiao, arXiv:1902.06631
JE, He & Xiao, arXiv:2008.04298

JE, He & Xiao, arXiv:2206.11676
2 − 𝜎 sensi@vi@es 5 − 𝜎 sensi@vi@es
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Future SMEFT Prospects

de Blas et al (Snowmass), arXiv:2206:08326
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Quo Vadis SMEFT?
• Powerful framework for global analyses of LHC and other data

• Systema8c way to search for BSM physics

• Can be used in principle to iden8fy “interes8ng” BSM scenarios

• Dimension-6 operators are a first approxima8on

• Important to check lesser importance of dimension-8, convergence 
towards ultraviolet-complete model

• Interes8ng direct windows on dimension-8 operators
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