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Context: the Gauge Theory Revolution

• `t Hooft and Veltman: renormalizable

• Kobayashi and Maskawa show how to include CP 

violation in the Standard Model with 6 quarks

• Neutral currents in Gargamelle

• J/Ψ discovered

• Tau lepton discovered

• Charmed particles discovered

1971/2

1973

1973

1974

1975

1975/6



A Phenomenological Profile 

of the Higgs Boson

• First attempt at systematic survey

1975



Pioneering Study

of Scaling for

High-Energy

e+e- Colliders

Burt Richter on 

sabbatical leave 

at CERN 1975/6

1976



Gluon Radiation in e+e- Annihilation

• Gluon discovery method

• Jets of hadrons produced by gluons

detected at DESY (Hamburg) in 1979

• Second force particle discovered

• Big topic at LEP

1976

JE, Gaillard & Ross



First LEP Physics Study
1976

First step in a long 

experiment/theory collaboration



Sensitivity to Top Mass

Effects ~ mt
2

1977



Sensitivity to Higgs Mass

Effects ~ ln mH

“Screening Theorem”

1977



Discovery of the W and Z

• The top quark still undiscovered

• The search for the Higgs moved up the agenda

1983

How did it get so heavy?



Prospects for LEP Searches
1986



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



Estimating the Top Quark Mass

• Needed as a partner of the bottom quark

• Not discovered in 1975 or 1984

• Many speculations about its mass

• Indication of large mass from B physics

• Estimate from radiative corrections in neutral currents

“In the minimal standard model with ρ = 1 and

equal Higgs and Z masses we find that mt < 168 GeV

a at 90% confidence level”

• Not so bad!

1987



Into the LEP Era

• Yellow Reports: several groups calculated 

radiative corrections to LEP observables

• Including effects of top and Higgs loops

• Estimated accuracy of mZ measurement ~ 50 

MeV

• No calculation of potential accuracy in 

estimate of mt, mH

1980s



Z Physics at LEP 1
1989



Z Physics at LEP 1
1989



The Top Mass after First Precise mZ

• In combination with low-energy measurements

• A first discussion of mH

1989

mH
2/mZ

2

= 100, 1, 0.01

Low energies

Vector boson

masses

JE & Fogli



Cosmic Neutrino Counting Then

• Neutrinos from Supernova 1987A: Nν < 6

• Big Bang Nucleosynthesis: neutron lifetime (τn), 

baryon/entropy ratio (η10), 
4He (Yp), D + 3He, Li 

abundances:

• Using knowledge of other abundances: 

• Current upper limit on Yp = 0.250  Nν < 4.2

1989



Cosmic Neutrino Counting Today

• Big Bang 

Nucleosynthesis:

• Cosmic Microwave 

Background:

• Combination of 

BBN and CMB:

2019

7Li puzzle?



LEP Neutrino Counting Today

• Official LEP result:

• Electromagnetic effects of dense bunches modify 

the effective acceptance of luminometers, biasing 

luminosity measurement by ~ 0.1%

• Modified LEP estimate: 

2019 Voutsinas, Perez, Dam & Janot, arXiv:1908.01704



Precision Tests of the Standard Model

Lepton couplings

It works!

Pulls in global fit

Gfitter collaboration



LEP Electroweak Working Group

Translation into Haïtian creole



LEP Electroweak

Working Group

1991

1993

1994



Discovery of 

the t Quark

1995

CDF Collaboration

- Mass consistent with prediction 

from precision electroweak data

- Check of SM at loop level



“The Theory’s Predictions Verified”

• “… it was only through ‘t Hooft’s and Veltman’s work that more precise 

prediction of physical quantities involving properties of W and Z could 

start. Large quantities of W and Z have recently been produced 

under controlled conditions at the LEP accelerator at CERN. 

Comparisons between measurements and calculations have all the time 

showed great agreement, thus supporting the theory’s predictions.”

• “One particular quantity obtained with ‘t Hooft’s and Veltman’s

calculation method based on CERN results is the mass of the top 

quark, the heavier of the two quarks included in the third family in the 

model. This quark was observed directly for the first time in 1995 at 

the Fermilab in the USA, but its mass had been predicted several 

years earlier. Here too, agreement between experiment and theory was 

satisfactory.”

• “When can we expect the next great discovery?”

Nobel Prize 1999



• From early attempts

• Difficult before the discovery of the top quark

Estimating the Higgs mass

1990

JE, Fogli & Lisii

to the blue band plot

2009

LEPEWWG



Combining Information from

Previous Direct Searches and Indirect Data

mH = 125 ± 10 GeV Gfitter collaboration

2011



Standard Model as an 

Effective Field Theory

• Supplement Standard Model with higher-

dimensional interactions generated by new 

physics at scale Λ

• Leading dimension-6 operators:

• Use data to constrain operator coefficients

• Look for indirect effects of physics beyond the 

Standard Model

Buchmueller & Wyler, 1986



Previous Fit to Electroweak Precision Data

• Constraints from LEP et al. data

• Fits to individual dimension-6 operators

• Global fit to all operators together

• New physics > TeV scale? JE, Sanz & Tevong You, arXiv:1410.7703

Leptonic

observables

+ hadronic

observables



No sign of BSM

Using all LEP & LHC Data
JE, Murphy, Sanz & You, arXiv:1803.03252



Measurement of sin2θW

2014

Gfitter collaboration



Circumstantial 

Evidence for 

Supersymmetric

Grand Unification

1991

Amaldi, de Boer & Furstenau

JE, Kelley & Nanopoulos

“The precision of sin2θw(m z) extracted from

LEP data (0.233±0.001) confirms the prediction of 

minimal supersymmetric GUTs (0.235±0.004) 

within the errors of about 2%”



Higgs Mass in Supersymmetry
1990/1

JE, Ridolfi & Zwirner;

Haber & Hempfling

Pushed beyond reach of LEP2

by radiative corrections?

Could be 125 GeV!



LEP SUSY Working Group

Desperately seeking SUSY



Nothing (yet) at the LHC, either

Nothing elseNo supersymmetry

More of same?

Unexplored nooks?

Novel signatures?



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



You must be joking!

We still believe in supersymmetry



The vision:
explore 10 TeV scale 

directly (100 TeV pp) + 

indirectly (e+e-)

Future 

Circular 

Colliders

Born LEP3, 

then TLEP



Projected e+e- Colliders:

Luminosity vs Energy



Precision Electroweak Measurements

Present and future EWPO errors

Comparison of future EWPO errors with TH estimates

Blondel et al, arXiv:1809.01830



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 did LEP take us?

Tested < 0.1%

at LEP

Indirect

evidence

Only 3

generations
Top mass

What lies beyond?


