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Before We Met
• 1967 – Coleman & Mandula: cannot combine Lorentz and 

internal symmetries
• 1970 – Berezin & Kac: anticommuting group parameters
• 1971 - Likhtman: supermultiplets, zero vacuum energy
• 1971 – Ramond, Neveu & Schwarz: 2-D supersymmetry 

(string theory)
• 1972 - Gol’fand & Likhtman: super-Poincaré, massive 

super-QED
• 1972 - Volkov & Akulov: neutrino as Goldstone particle 

(conjectured by Heisenberg in 1966)



First Stirrings
• 1973/4 – Wess & Zumino: 4-D supersymmetry
• 1974 – Ferrara, Iliopoulos & Zumino: no-renormalization 

theorems
• 1974 – Ferrara, Zumino & Wess: superfields
• 1974 - Salam & Strathdee: superspace
• 1974 - Volkov & Soroka: super-Higgs mechanism
• 1976 – Freedman, van Nieuwenhuizen & Ferrara, Deser & 

Zumino: supergravity
• 1977 – Polonyi: local supersymmetry breaking



Early Russian 
& Ukrainian 

Papers



Supersymmetry & Hierarchy Problem

No quadratic divergences, fewer logarithms
• 1979 – Maiani: Lectures at Gif-sur-Yvette School
• 1981 – Witten: “Mass hierarchies in supersymmetric 

theories”
• 1981 – Kaul: “Gauge hierarchy in a superysmmetric 

model”

First attraction



Elementary Higgs or Composite?
• Higgs field: 

<0|H|0> ≠ 0
• Quantum loop problems

• Fermion-antifermion
condensate
• Just like π in QCD, BCS 

superconductivity
• 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



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



My Early Personal Efforts

• 1979 – Barbiellini, JE et al: Search for 
supersymmetric particles at LEP
• 1980 – JE, Gaillard & Zumino: A GUT from N=8 

supergravity
• 1981 – JE, Campbell: Search for gluinos
• 1981 – JE, Nanopoulos & Rudaz: GUTs vs 

superGUTs
• 1982 – JE & Nanopoulos: Flavour-changing neutral 

interactions in broken supersymmetric theories
• 1982/3 – Electroweak symmetry breaking

Our first dates



• Double up the known particles:

• Two Higgs doublets
- 5 physical Higgs bosons:
- 3 neutral, 2 charged

• Lightest neutral supersymmetric Higgs looks like the 
single Higgs in the Standard Model

Minimal Supersymmetric Extension of 
the Standard Model (MSSM)



We        Supersymmetry

Super-GIM

1981



• One-loop contribution 
from smuon/neutralino 
loop

• where
• and

𝑔! − 2 in 
Supersymmetry

(1982)



• B-violating operators of dimension 5 with squarks, 
sleptons: qqql
• Dressed with Higgsino, Wino exchange è operators of 

dimension 6 with quarks, sleptons

• Coefficient
• Antisymmetry in colour indices èu,d,s quarks
• Preferred decay modes:

B Decay in Supersymmetric SU(5)

~~

Dimopoulos, Raby & Wilczek1982

JE, Nanopoulos & Rudaz



Inflation Cries out for Supersymmetry

One of our best-ever paper titles!

1982



The Big Picture

Inflation Cries out for Supersymmetry

• Want “elementary” scalar field
(at least looks elementary at energies << MP)

• To get right magnitude of perturbations
prefer mass << MP

(~ 1013 GeV in simple φ2 models)
• And/or prefer small self-coupling λ << 1
• Both technically natural with supersymmetry

JE, Nanopoulos, Olive  & Tamvakis 1982

1982



Electroweak Symmetry Breaking

• Could be triggered by renormalization effects:

• Driven by large Yukawa coupling of top quark:

• Higgs mass2 → negative
• Electroweak scale 

naturally ~ 100 GeV 
for mt ~ 60 to 200 GeV

JE, Hagelin, Nanopoulos, & Tamvakis;
Alvarez-Gaumé, Polchinski & Wise, 1983



1983

(One of) the first calculation(s) of 
Electroweak SUSY production at hadron collider



Lightest Supersymmetric Particle

• Stable in many models because of conservation of R 
parity:

R = (-1) 2S –L + 3B 

where S = spin, L = lepton #, B = baryon #
• Particles have R = +1, sparticles R = -1:

Sparticles produced in pairs
Heavier sparticles à lighter sparticles

• Lightest supersymmetric particle (LSP) stable



Weakly-Interacting Massive Particles (WIMPs)

• Numerous in primordial hot soup in primordial 
Universe when it was a fraction of a second old

• Would have cooled down as the Universe 
expanded

• Interactions would 
have weakened 

• WIMPs decoupled 
from visible matter

• “Freeze-out”
• Larger σ à lower Y



1983 We       Supersymmetric WIMPs



Discovery of no-scale supergravity

1983



Application of no-scale supergravity:
SUSY-breaking scale also fixed dynamically

1983



• Stabilize ‘elementary’ scalar inflaton
(needs mass << mP and/or small coupling)

• Supersymmetry
• The only good symmetry is a local symmetry

(cf, gauge symmetry in Standard Model)
• Local supersymmetry = supergravity
• Early Universe cosmology needs gravity
• Supersymmetry + gravity = supergravity

Inflation cries out for Supergravity
1984



No-Scale Inflation

A love to which we returned recently

1984



A Preview of Supersymmetry @ LHC
1984

JE, Gelmini & Kowalski, 1984

Gluinos
Squarks



1986

First Formulation of Naturalness



1987

GUT derivable from string



1988

GUT derived from string



• Extend GUT SU(5) with additional U(1) [motivated by string 
theory]

• “Flipped” fermion assignments to representations:

• Break GUT symmetry with 10-dimensional Higgses, 
electroweak symmetry with 5-dimensional Higgses:

• Superpotential:

• Scan free parameters of model:

Flipped SU(5) GUT
Antoniadis, JE, Hagelin & Nanopoulos, 1987

Lightest neutralino
& lighter smuon
can have small masses



B Decay in Flipped SU(5)

• Flip quark and lepton assignments in 5, 10
u çè d, e,μ çè ν

• Dimension-5 operators suppressed
• Back to dimension-6, larger
• No prediction for mb, could change multiplet

assignments
• Dominant decay could be
•

or or 

_

Antoniadis, JE, Hagelin & Nanopoulos1987



Hyper-Kamiokande Experiment
Water Čerenkov 

detector
Being built to measure 

CP violation in 
neutrino oscillations

2027



Higgs Bosons in Supersymmetry
• Need 2 complex Higgs doublets

(cancel anomalies, form of SUSY couplings)
• 8 – 3 = 5 physical Higgs bosons

Scalars h, H; pseudoscalar A; charged H±

• Lightest Higgs < MZ at tree level:

• Important radiative corrections to mass:

ΔMH|TH ~ 1.5 GeV

1990/1

JE, Ridolfi & Zwirner,
Haber & Hempfling

Okada, Yamaguchi & Yanagida



MSSM Higgs Masses & Couplings

Lightest Higgs mass
up to ~ 130 GeV

Heavy Higgs masses
quite close

Consistent
With LHC

1990/1



Estimating Masses with Electroweak Data

• High-precision electroweak measurements are 
sensitive to quantum corrections

• Sensitivity to top mass is quadratic:

• Sensitivity to Higgs mass is logarithmic:

• Measurements at LEP et al. gave indications first on 
top mass, then on Higgs mass

Where are the top and  Higgs?

Veltman

1990-2011



Combining Information from
Previous Direct Searches and Indirect Data

mH = 125 ± 10 GeV Gfitter collaboration

2011



Grand Unification
• At one-loop order without/with supersymmetry:

• At two-loop order without/with supersymmetry:

• At three-loop order …

1991

Dimopoulos, Raby & Wilczek,
Ibanez & Ross, 1982



Electroweak Mixing Angle
• Related to ratio of SU(2), U(1) couplings:

• At one loop:

• One-loop coefficients w’out/with supersymmetry:

• Data:

1991

JE, Kelley & Nanopoulos



LEP Data 
Consistent with
Supersymmetric 

Grand Unification

1991

Amaldi, de Boer & Furstenau

JE, Kelley & Nanopoulos



Is “Empty Space” Unstable?

Depends on 
masses of Higgs 
boson and top 
quark, strong 

coupling

Instability scale
~ 1012 GeV

Politzer & Wolfram,
Hung,

Cabibbo, Maiani, Parisi & Petronzio;

1979+

Buttazzo et al, arXiv:1307.3536;
Franceschini et al, 2203.17197



•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?

•Fluctuate 
over barrier?

We are here

Will the Universe Collapse?
Should it have Collapsed already?



How to Stabilize a Light Higgs Boson?

• Top quark destabilizes potential: introduce introduce 
stop-like scalar:

• Can delay collapse of potential:
• But new coupling must be

fine-tuned to avoid blow-up:
• Stabilize with new fermions:

• just like Higgsinos
• Very like Supersymmetry!

JE & D. Ross, 2000

2000



BNL 𝑔! − 2 Experiment
E821 experiment, 2001 - 2006



𝛿𝑎 = ±0.47ppm
BNL E821 experiment, 2001 - 2006

Possible Discrepancy with Theory?
2001/6



𝑔! − 2 in 
Supersymmetry v2:

the CMSSM

(2001)



2013

No-Scale supergravity + Wess-Zumino
model è Starobinsky-like inflation



ϕ2

Inflationary Landscape

Starobinsky
R + R2 model,

Higgs inflation,
No-scale models

ϕ

ϕ3



A Model of Everything
• Simple GUT models (SU(5), SO(10)) not obtained 

from weakly-coupled string
• They need adjoint Higgs, …

• Flipped SU(5)×U(1) derived, has advantages
• Small (5-, 10-dimensional) Higgs representations
• Long-lived proton, neutrino masses, leptogenesis, …

• Construct model of Starobinsky-like inflation within 
flipped SU(5)×U(1) framework

Flipped
ê

Almost
ê

Below the Planck Scale

ê

JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1704.07331

2017



The Big 
Picture

JE, Garcia, Nagata, Nanopoulos & Olive,
arXiv:1704.07331



Fermilab 𝑔$ − 2 Experiment

Does the magnet look familiar?

2021



• Review of calculations of 
the Standard Model 
contributions to 𝑔! − 2

• Including discussion of the 
uncertainties

• Particularly in calculation 
of leading-order vacuum 
polarisation

Aoyama et al, arXiv:2006.04822

𝑔! − 2 Theory 
Initiative

2020



Fermilab 𝑔$ − 2 Measurement

Abi et al, arXiv:2104.03281

FNAL result:
Combined result:
Difference from Standard Model:

2021





LHC vs Supersymmetry
• LHC does not exclude (relatively) light electroweakly-

interacting particles, e.g., sleptons

• LHC favours squarks & gluinos > 2 TeV (but loopholes)



Smuon

Neutralino DM

MasterCode, E. Bagnaschi, …, JE et al, arXiv:1710.11091

𝑔! − 2 in Phenomenological
Supersymmetry (pMSSM11)

No problem accommodating BNL/FNAL result
Neutralino DM, smuon masses ∼ 300/400 GeV

Can accommodate

𝑔! − 2 result

No relation between squark/gluino masses
and slepton/neutralino masses



Supersymmetry & 𝑔! − 2
• 𝑔! − 2-friendly scenario with light neutralino, chargino, slepton

• Red star points include all relevant LHC and direct scattering 
constraints

Chakraborti, Heinemeyer & Saha, arXiv:2104.03287

2021



Scan of 𝑎
˜
% as function of Higgs mass, Higgs mixing

JE, Evans, Nagata, Nanopoulos & Olive, arXiv:2107.03025

𝑔! − 2 in CMSSM & Flipped SU(5)
vs Lattice, Data-Driven Calculation

2022

2021

New lattice calculation
Similar to BMW

Cè et al, arXiv:2206.06582



CDF Collaboration, Science 376 (2022) p1702022



Tension: 7-𝜎 discrepancy with Standard Model?

CDF Measurement of the W Mass
Compared with Previous Measurements

2022



Biggest uncertainties: lepton energy, pT model, parton distributions, backgrounds
CDF Collaboration, Science 376 (2022) p170

CDF Measurement of the W Mass
2022



W Mass in Supersymmetry?

• Survey of possible 
contributions from 
electroweak particles
•Can reach old world 

average, but not CDF or 
new world average
•Additional contribution 

from stops?

CDF     

80.42 —

80.43 —

80.44 —

New World
Average

Bagnaschi, Chakraborti, Heinemeyer, Saha & Weiglein, arXiv:2203.15710         

2022



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 Runs 1 & 2

2022


