
The Future of Particle Physics

•John Ellis

“...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 
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The matter particles

The ‘Standard Model’

The fundamental interactions

Gravitation electromagnetism     weak nuclear force    strong nuclear force

Where does 
mass 

come from?



Why do Things Weigh?

0

Where do the masses 
come from ?

Newton: 
 Weight proportional to Mass 

Einstein: 
 Energy related to Mass 

Neither explained origin of Mass

Are masses due to Higgs boson? 
    (the physicists’ Holy Grail)



The Large Hadron Collider at CERN



The Large Hadron Collider (LHC)

Several thousand billion protons 
Each with the energy of a fly  
99.9999991% of light speed  
Orbit 27km ring 11 000 times/second 
A billion collisions a second

Primary targets:  
•Origin of mass 
•Nature of Dark Matter 
•Primordial Plasma 
•Matter vs Antimatter



ATLAS: Higgs and dark matter

CMS: Higgs and dark matter

ALICE: Primordial cosmic plasma

LHCb: Matter-antimatter difference



Scientists from around the World



Mass Higgsteria

2012: The Discovery of the Higgs Boson



Higgsdependence Day!



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

              T.S. Eliot, Little Gidding



The Particle Higgsaw Puzzle

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



LHC Measurements

Agree with the  
Standard Model Higgs 

production



• 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



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?

BUT



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



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

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 

• New Physics  
TeV scale

≳



• «Empty» space is unstable 
• Dark matter 
• Flavour & origin of matter 
• Masses of neutrinos 
• Hierarchy problem 
• Inflation 
• Quantum gravity 
• …

•The Standard Model

Run 3

Run 3

Run 3

Run 3

SUSY

SUSY

SUSY

SUSY

SUSY

SUSY
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Is “Empty Space” Unstable?
Depends on masses of Higgs boson and top quark

Need new 

Physics?
World 

average

Mass of 
top    173 
quark



Will the Universe Collapse?

• 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?

We are here

Not if  

infinite barrier: 

Supersymmetry?

•Should it have Collapsed already?



The Dark Matter Hypothesis
• Proposed by Fritz Zwicky, based on observations of 

the Coma galaxy cluster 
• The galaxies move too quickly 
• The observations require a 
    stronger gravitational field 
    than provided by the visible matter 

• Dark matter? 
• Particles we can discover at the LHC?

Beyond the Stars: Dark Matter



The Rotation Curves of Galaxies

• Measured by Vera Rubin 
• The stars also orbit ‘too quickly’ 
• Her observations also required a 
    stronger gravitational field 
    than provided by the visible matter 
• Further strong evidence for dark matter 
•  Also: 

• Formation of galaxies, cosmic microwave 
background, …



Sample Rotation Curve: NGC 6503 

Much larger than visible galaxy



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 

New motivations 
From LHC Run 1



Minimal Supersymmetric Extension 
of the Standard Model

Dark 
Matter?



Classic LHC Dark Matter Signature

Missing transverse energy  

carried away by dark matter particles



Nothing (yet) at the LHC
Nothing else, eitherNo supersymmetry

More of same? 
Unexplored nooks? 
Novel signatures?



Direct Dark Matter Detection

Scattering of dark 

matter particle in  

deep underground  

laboratory



Direct Dark Matter Searches
• Compilation of present and future sensitivities

SUSY 
models

Neutrino 
“floor”



The Anomalous Magnetic Moment of the Muon

Dusk for the Standard Model? 
Dawn of a new age of particle physics



It began with Dirac …
• Two fundamental papers: 

• “The quantum theory of the electron” (1928) 

The Dirac equation:  predicts that the electron’s 
magnetic moment  

“That was really an unexpected bonus for me, completely 
unexpected” 

• “The Quantum Theory of the Emission and Absorption of 
Radiation” (1927) 

The basis for QED (and all of quantum field theory) enables the 
calculations of the anomaly: 

(iγμ∂μ − m)ψ = 0
g = 2

g ≠ 2



… and then 
Schwinger

• First calcula,on of leading-
order contribu,on to 

 in QED:       (1947) 

• Inscribed on his tombstone

g − 2 α
2π



 Calculations in QED𝒪( α
π )5

(2012)



Theory Initiative
• Comprehensive review of 

calculations of the Standard 
Model contributions to  

• Including discussion of the 
uncertainties 

• Particularly in calculation of 
leading-order vacuum 
polarisation

gμ − 2

Aoyama et al, arXiv:2006.04822



Experimental Principle of 
Storage Ring Experiments

             
             



Fermilab Measurement
FNAL result: 
Combined result: 
Difference from Standard Model:

Abi et al, arXiv:2104.03281



Supersymmetric Interpretation

JE, Evans, Nagata, Nanopoulos & Olive, to appear

In Flipped SU(5) GUT model



B+ to K+

B+/0 to K+/0

Likelihood 
profile

Anomalies in B Decays 

• Seen in several B to K (*) transitions 

• Also deviations from Standard Model 
predictions in kinematic distributions 

• Also in decays of other B particles

LHCb Collaboration, arXiv:2103.11769



Future Circular Colliders

The vision: 
explore 10 TeV scale directly (100 TeV pp) + indirectly (e+e-)



The LHC in Future Years
•



•

•

Possible Future e+e- Colliders: 
Luminosity vs Energy

•

•

•

•

•
•

•t



• At the LHC and beyond:

Higgs Cross Sections
•



You must be joking!

We still believe in supersymmetry 



     Squark-Gluino Plane
•

Discover 12 TeV squark, 
16 TeV gluino @ 5σ



Masses of Black Holes Deduced from 
Measured Mergers

LIGO-Virgo Black Hole & Neutron Star Masses

Intermediate-Mass black holes



AION Collaboration



Visible matter

Higgs physics? 
Dark Matter? 

Muon 
magnetic 
moment? 
B decays?

Standard Model

Summary

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

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


Hadronic Vacuum 
Polariza,on

• Most important contribu,on is from 
low energies  GeV, dominated by 

 and  peaks, taking account of 
interference effects 

• Uncertain,es dominated by  and  
region, and by region between 1 and 2 
GeV ( , etc.) 

• High energies under good control 
from perturba,ve QCD 

•

≲ 1
ρ ω

ρ ω

ϕ

Aoyama et al, arXiv:2006.04822



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



Other Measurements

Rates

Angular 
distributions



Many interpretations invoke leptoquarks  
(arXiv:2103.12504, 12724, 13991), but 

U(1)’ models of  
flavour anomalies + dark matter 

JE+Malcolm+Tunney, arXiv:1705.03447 

Altmannshofer+Stangl, arXiv:2103.13370

  



Previous LHCb Measurements


