
Beyond the Standard Model = 
Into the Unknown

Known knowns 
Known unknowns 

Unknown unknowns
John Ellis



The Standard Model & its Current Status

Why the Higgs boson? 
What can the Higgs boson tell us? 

Looking beyond it 



Fundamental Particle Interactions
• Strong, weak and electromagnetic 
• Three separate gauge group factors: 

– SU(3) × SU(2) × U(1) 
• Three different gauge couplings: 

– g3, g2, g ́ 
• Similar structures, important difference 
• The carrier particles of the weak interactions are 

massive: mW ~ 80 GeV, mZ ~ 91 GeV 
• What is the origin of these masses (also electron, …)

Is the Higgs Boson the answer?



To Higgs or not to Higgs?

• Need to discriminate between different types of 
particles: 
– Some have masses, some do not 
– Masses of different particles are different 

• In mathematical jargon, symmetry must be 
broken: how? 
– Break symmetry in equations? Inconsistencies … 
– Or in solutions to symmetric equations? 

• Latter is the route proposed by Higgs (et al.) 
– Is there any other way?



• Throughout all space? 
– Route proposed by Higgs et al 
– Universal scalar field breaks symmetry 

• Or at the edge of space? 
– Break symmetry at the boundary? 

• Not possible in 3-dimensional space 
– No boundaries 
– Postulate extra dimensions of space 

• Different particles behave differently in the extra 
dimension(s)

Where to Break the Symmetry?



The Founding Fathers
Tom Kibble Gerry Guralnik Carl Hagen François Englert Robert Brout

1964

Peter Higgs



The (G)AEBHGHKMP’tH Mechanism

The only one 
who mentioned a 

massive scalar boson

1964



   Nambu, EB, GHK     & Higgs

Spontaneous symmetry breaking: massless Nambu-Goldstone 
boson                   ‘eaten’ by gauge boson‘eaten’ by massless gauge boson

Accompanied by massive particle

EB, H, GHK 



The Nambu-Goldstone Mechanism

• Postulated effective scalar potential: 

• Minimum energy at non-zero value: 

• Components of scalar field: 
• π massless, σ massive:



Abelian EBH Mechanism

• Lagrangian 

• Gauge transformation 

• Choose 
• Rewrite Lagrangian:



Hungry Higgs



The ‘Standard Model’ of 
Particle Physics

Tested by experiments 
at CERN

Proposed by Abdus Salam,  
Glashow and Weinberg

Perfect (?) agreement  
between theory and  

experiments 
in all laboratories



Parameters of the Standard Model

• Gauge sector: 
– 3 gauge couplings: g3, g2, g ́ 
– 1 strong CP-violating phase 

• Yukawa interactions: 
– 3 charged-lepton masses 
– 6 quark masses 
– 4 CKM angles and phase 

• Higgs sector: 
– 2 parameters: µ, λ 

• Total: 19 parameters

Unification?

Flavour?

Mass?



Summary of the Standard Model
• Particles and SU(3) × SU(2) × U(1) quantum numbers: 

• Lagrangian:    gauge interactions 
      matter fermions 
       Yukawa interactions  
       Higgs potential

•

•

•

Where are we?

Tested < 0.1% 
before LHC

Testing now 
in progress



The Standard Model Lagrangian

✓ Experiment: accuracy < %

No direct evidence  
until July 4, 2012



Masses for SM Gauge Bosons

• Kinetic terms for SU(2) and U(1) gauge bosons: 

 where 
• Kinetic term for Higgs field: 

• Expanding around vacuum: 

• Boson masses:



Higgs Boson Couplings



A Phenomenological Profile  
of the Higgs Boson

• First attempt at systematic survey

1975



Status of the Standard Model before 
the LHC

• Perfect agreement with all confirmed accelerator 
data 

• Consistency with precision electroweak data 
(LEP et al) only if there is a Higgs boson 

• Agreement seems to require a relatively light 
Higgs boson weighing < ~ 180 GeV 

• Raises many unanswered questions: 
   mass? flavour? unification?

2011



Constraints on Higgs Mass

• Electroweak observables sensitive via quantum loop 
corrections: 

• Sensitivity to top, Higgs masses: 

• Preferred Higgs mass:  mH ~ 100 ± 30 GeV 
• Compare with lower limit from direct search at LEP:  
     mH > 114 GeV 
    and exclusion around (160, 170 GeV) at TeVatron



Precision Tests of the Standard Model

Lepton couplings Pulls in global fit

It works!



Combining Information from  
Previous Direct Searches and Indirect Data

mH = 125 ± 10 GeV
Gfitter collaboration

2011



Higgs Production at the 
LHC

A la recherche 
du  
Higgs perdu …

Many production modes measurable if Mh ~ 125 GeV

LHC Higgs Cross-Section  
Working Group 

(LHXSWG)



Higgs Production at the LHC

Cross sections for 
Higgs mass near 

125 GeV

LHC Higgs Cross-Section  
Working Group 

(LHXSWG)



• Couplings proportional to masses (?) 

• Important couplings through loops: 
– gluon + gluon → Higgs →  γγ

Higgs Decay Branching Ratios

Many decay modes measurable if Mh ~ 125 GeV



Dominant decay 
branching ratios for 

mH ~ 125 GeV

Higgs Decay Branching Ratios

LHC Higgs Cross-Section  
Working Group 

(LHXSWG)



What was Expected

What do we know?



LHC Measurements
Agree with the  
Standard Model

Higgs 
production



The Particle Higgsaw Puzzle

Has LHC found the missing piece? 
Is it the right shape? 
Is it the right size?



• Do couplings scale ~ mass? With scale = v?

It Walks and Quacks like a Higgs

JE & Tevong You

Red line = SM, dashed line = best fit

Global 

fit



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

              T.S. Eliot, Little Gidding



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?



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 possibilities of their 
combination?”  

 Sun Tzu, The Art of War •John Ellis



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 particles? 

• 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



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)



• 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.  

• Use GF, MZ, α as input parameters 
𝒪(1/Λ2)

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



Dimension-6 Operators in Detail

• 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



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

Indicating which  
sectors constrain 
which operators



• 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



Data included in Global Fit

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

328 measurements 
included in 

global analysis



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



Impacts of Measurements



Dimension-6 
Constraints with 

Top-Specific 
SU(2)2 x SU(3)3

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

• Individual 
operator 
coefficients 

• Marginalised 
over all other 
operator 
coefficients



Correlation 
Analysis

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

• EWPO and 
boson sectors 
correlated 

• Also within top 
sector 

• Weaker 
correlations 
between sectors



Example of Interplay between Data Sets

• Higgs data 
• Include ttH 
• Include top data 
• Global analysis

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



Principal 
Component 

Analysis

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

R
elative im

portance (%
)

Less constrained operator combinations ➔

• Diagonalise correlation 
matrix 

• Analyze eigenvectors 
and eigenvalues 

• Scales from 20 TeV to 
100 GeV 

• Strongest constraints 
from Electroweak, H



Single-Field Extensions of the Standard Model

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

Spin zero

Vector



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

Contributions to SMEFT Coefficients

Spin zero

Spin zero

Spin zero
Vector

Vector



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

• No significant 
pulls away 
from SM 

• Any single-
field 
extension of 
SM must 
have mass 
scale > 800 
GeV if 
coupling = 1

Scalar could  
weigh ~ 1 TeV

Vector must 
weigh > 1.5 TeV

                   Mass limits (TeV) if coupling = 1        Coupling limit if mass = 1 TeV

Constraints on Single-Field BSM Scenarios



SMEFT Constraints 
on Light Stops

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

(Almost) model-independent lower limit on stop squark mass

From quantum loop corrections:



Direct Search Constraints on Light Stops

• Patchwork of 
many model-
dependent 
searches 

• Indirect constraint 
excludes low-
mass region 
(almost) model-
independently



Model-Independent BSM Survey

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

• Top-less sector 
fits SM very 
well 

• Top sector does 
not fit so well 

• Overall, pulls 
not excessive 

• No hint of BSM



Comparison of Linear and Quadratic Fits

Ethier et al., arXiv:2105.00006

• Quadratic fit 
assuming EW data = 
Standard Model 

• Tighter constraints in 
general 

• What about dimension 
8, also contribute at 

? 
• Fitting process slower, 

difficult to make 
broad BSM survey

𝒪(1/Λ4)



Summary
• Remember Sun Tzu: search for new physics 

indirectly as well as directly 
• SMEFT is an effective, model-independent tool for 

probing indirectly possible physics beyond the SM 
• It can be used to analyze jointly precision 

electroweak, diboson and top quark data from LHC 
and elsewhere 

• Our current analysis indicates that the scale of new 
physics is probably > TeV 

• Useful for assessing sensitivities of proposed future 
accelerators



Summary

  Dimension 4

SMEFT 
dimensions > 4

Standard Model

•https://www.youtube.com/watch?v=Ts6vS-qYuY4


