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The Historical Context - |
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1964 — The Englert-Brout-Higgs mechanism
1967/8 — Weinberg-Salam model

1971/2 — Gauge theories renormalizable
1973 - Neutral currents

1974 — The November revolution

1975 — The t lepton

e*e colliders pre-eminent: SPEAR, DORIS, ...

Higher-energy machines under construction:
PETRA, PEP




Think big!
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1975/6 - Burt Richter on sabbatical at CERN
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YERY HIGH ENERGY ELECTRON-POSITRON COLLIDING BEAMS
FOR THE STUDY OF WEAK INTERACTIONS

B. RICHTER

CERN, Genera, Switzerland and Stanford Lincar Accelerator Center, Stanford, Calif. 94305, U.5.A4.

Reccived 2 April 1976

We consider the design of very high energy clcctmn—pmltmn colliding-beam storage rings for use primarily as a tool for
mvesugntmg the weak interactions. These devices gDeg g o very powerful tool for determining the properties of these
interactions. Experimental possibilities are dgs# Qization technigue is developed, and 3 model machine 1s
designed to operate atl centre-of-mass energ@s of up to 200 GeV. Chsts are discussed, and problems delineated that must be
solved before such @ machine can be finally Mhgned.
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II- A MACHINE FOR e'e™ PHYSICS

UP_TO 200 GeV c.m. ENERGY (LEP) FI rst LEP

machine
study 1976

I - Introduction

T ]

The design of a large ete” storage ring is being studied by a
small group of machine physicists, the LEP working group (K. Johnsen,
Chairman, R. Billinge, P. Bramham, E, Jones, E. Keil, B, Richter (SLAC),
W. Schnell) with the technical advice of other people at CERN and
elsewhere. The following requirements are imposed on the machine by
physics considerations :

- o maximum energy E of 100 GeV,

- a luminosity L = 1032 cm-z s-l in each intersection region at

100 GeV, and o good luminosity down to about 40 GeV. The luminosity

variation adopted in the design is L 2:1032 c:m-2 s-l from 50 to

100 GeV and L BCE2 below 50 GeV.




First LEP Study Group
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First LEP Theory Studies

I11- THEQRETICAL REMARKS

Jo Ellis, M.K. Gaillaxd

Contents

Highlights: |
Precision Z studies | - v ioraction

2,1 = Meutrol current effects
- = 2.2 - o' = T
W*W'- production 213~ Hobrons ol cvsrons
2.4 - Chorged intermediote boson production
_l 0 h 2.5 = Higgs boson production
Iggs Sea rc 2.6 — Other weak processes
2.7

Heavy quarkonia |, ..

3.1 - Logking for new guark thresholds

Higher order weok effects

interactions

] et StUd ies 3.2 - The hodronic continuum

3.3 = Unifying strong, weak and electromognetic interactions.

Appendix
Comparizon of e'e” onnihilotion with hadron collisions

for the production of heavy moss objects.




/ Cross-section & Asymmetries
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W*W- Production
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Higgs Production

Z+H: ‘Higgsstrahlung’ @ LEP 2

Then the Higgs production cross section is maximal for

Vizm + ﬁ“H and the cross section for fig. 2.10a 13) is

T (Z4H) _ 3
(i -
max

n m
B z 2,2 25 GeV
2 a G (/D) v B

(2.68)
f ;o2 B oz aur

or sin” B = 0.35, LI B0 GeV ond v/o =0.4, where v ond o are the
vector and axial Z .. couplings and cpt was defined in (2,5), If

I'H',lf‘ﬂ'lz ¥ 1/10, the I contribution to ee - wmp is obout five times
gregter than the T contributien, so

#M tatal max

for m_ = 80 GeV = 10 . Again because of the moss dependence of its
N . 1
covplings, o Higgs mesons of 8 GeV is expected %.:}. decoy mostly into

charsed particles ond heavy leptons.

(2.67)

Presumably the most reasonable signal is
-
oo — 1  +H (2.68)
bty Lhadrons
If the I leptonic branching ratio is 0 (5) percent, this will be a
few percent of the Mpmosignal at the optimal energy.

At higher energies the cross section is

2
i) 3 " ™ 2,2, .,
o) C & (W g WV o2 (2.69)
F3

far Vs = 200 GaV, m_ = 30 GeV,
Below threshold for I+H production the Higgs con be mode via
bremsstrohlung frem a virtual I, for exomple

+ =
e o H4+ou
LS

(2,70}

os illustroted in fig. 2.10b,

/ decay @ LEP 1

E(H »a) - ol T 42 =z
slefe =1 pfp7) T 3mGev s
(2.71)
. 2 2 2 ,
l {2-12-5.} ( m } ':rn:-a } ;
In - =1 v
L 5 n-z—s’ mz—s' )
z z
\E' = V;— I11H -
At resonance this becomes
m 2, m |
GF{H/‘)‘} a-_ui{ z J llllHE Z}_ 1% "—"l.ﬁ-xl'ﬂ-z
6 (o¥e~ 1=t i) 4T 386eV (2w
peak (2.72)

for n & BOGeY = anH. The totol fraction of Higgs production ot

resonance should be similar

" {2-+=H + anything) .. Lfg."_Hﬂj‘ll =107
I (Z —= enything)} T OTZ = e

but presumobly the H u . chonnel is the most occcessible experimen-

(2.73)

tally, If the In-hl,.u-+,u_ brenching ratio is O{108) we get

T !a‘a_—h- H }_-l-'g_}ln"

+ = .0 /
Ll_|:1: & =l _.nli}.lp-euk

=0 (1074, (2.74)

Below the resonance, r|H 8 8 2 nf, the cross section becomes
- - 3
l:a+t: === H ,M-+}ﬁ )] - ﬁ 1 5
[ 2449 {14 }2 {':!Bﬁﬂ'h'}&

] p‘t‘
For models beyond the minimal Weinberg-Solom one, predictions may

{2.75)

vary, but one might expect thot becouse of the Higgs rele in providing
mosses a correletion between mass aend coupling may persist, ot leost
for some of the Higgs scalers. There may also be charged Higgs
scalars which would be produced slectromognetically (fig. 2.11) ;
they might elso identify themselves through a violotion of s -e

universality

‘Bjorken’ process



Strong Interactions: Jets & Onia

il

* Gluon not yet discovered (1979)
* Search for gluon bremsstrahlung

JE, Gaillard, Ross

hadrons

* Toponia in LEP energy range?




Les Houches Summer Study 1978
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Anticipating LEP 1 Measurements
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Towards
the LEP
Experiments
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“Exam questions”
—N,Z24@60

— my <50 GeV

— Toponium




The Yellow Report Road
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working together to study physics opportunities
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Measuring the Z Mass -+ -+~
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Terrestrial Tides

Affect circumference of ring
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Trains: Currents through Magnets
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Combination of EW Measurements

Available online at www.sciencedirect.com

ﬂGIENGE@DIREGT' P‘HYS'CS R[PDRTﬂ

ELSEVIER Phiysics Reports 427 (2006) 257454

www.clsevier.comflocate/physrep
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Precision electroweak measurements on the Z resonance

‘ The ALEPH Collaboration
The DELPHI Collaboration

Unprecedented The L3 Collaboration
The OPAL Collaboration
: The SLD Collaboration
com b Ine d effo rt ) The LEP Electroweak Working Group
The SLD Electroweak and Heavy Flavour Groups

together with SLD R——

Available online 3 March 2006

r editor: J.A. Bagger

Ahstract

We report on the final electroweak measurements performed with data taken at the Z resonance by the experiments operating at
the electron—positron colliders SLC and LEP. The data consist of 17 million Z decays accumulated by the ALEPH, DELPHI, L3 and
OPAL expeniments at LEP, and 600 thousand Z decays by the SLI) experiment using a polarised beam at SLC. The measurements
include cross-sections, forward-backward asymmetries and polarised asymmetries. The mass and width of the Z boson, my and
Iz, and its couplings to fermions, for example the p parameter and the effective electroweak mixing angle for leptons, are precisely
measured:

mz =91.1875 £ 0.0021 GeV,
'z =2.4952 4+ 0.0023 GeV,
pp = 1.0050 £ 0.0010,

sin? A" = 0.23153 + 0.00016.

The number of light neutrino species is determined to be 2.9840 + 0.0082, in agreement with the three observed generations of
fundamental fermions.




Contributions of EW Measurements

Different observables l | Different laboratories E

® FB(quarks) @ FB(leptons) @ tau polarization
$® LR & DIS W mass

@ CERN @ FNAL @ SLAC @ JLab
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‘Neutrino’ Counting

Al A

One of the first LEP results: Oct. 1989

Two techniques: Z peak measurements:

— N, = 2.9840 + 0.0082 ALEPH
) ) E;I;:LPH[
Radiative return 30 | OPAL
— N, =2.92+0.05 — |
Within SM: e

b.

— determines # generations

Beyond SM:

10 |

|+ average measurements, |/
error bars increased |/
by factor 10

— constrains SUSY, ... Y osnra RN

N ——




Electroweak
Measurements

Unanticipated
precision

Unprecedented

precision

Establish validity of
SM @ per-mille level

Insights into BSM
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between different parameters




Electroweak Mixing Angle

L A
. . A e 0.23099 + 0.00053
Many contributing
electroweak
measurements Ay —v— 0.23221 + 0.00029
) Art +—+——  0.23220 +0.00081
Tension between two || = ; 0.2824+0.0012
highest-precision h Average I 0.23153 + 0.00016
measurements 1(]'3: yidof:118/5
S
Acs®, A(SLD) I‘E
Important clue for = |
e L e / Eﬁf‘ u?é’.:.”f?fié&?m
grand unification? T
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Tau Polarization Measurements

Lepton couplings
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Precision Tests of the Standard Model
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The SM works!
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Electroweak Radiative Corrections

i A
e Attainable experimental

precision greatly exceeded
initial expectations

* Heroic effort by several wsrows or 1 womkav arour
groups to calculate leading
(and most important non-
leading radiative corrections

« Combination carried s
Interpretation to
unexpected level

ORGANISATION EUROPEENNE POUR LA RECHER CHE NUCLEAIRE
CERN turork ANIZATION FOR NUCLEAR RESEARCH




Constraints on Top, Higgs Masses

A

Electroweak observables sensitive via
quantum loop corrections:

Tk

-—--
.-

m-fi_r sin? By = -m.é cos? By sin? By = — —(1+ Ar)
2Gr
Quadratic sensitivity to top: o
. — ??-I!t ol 1| 5;__ ioora il B
8122 i

Successful prediction!
Logarithmic sensitivity to m,

—_—

i 1 1° | 2
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—— My (= In —
1672 3 m3

(Successful prediction!)
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Predicting m before

NEUTRAL CURRENTS, M, AND m,

John ELLIS
CERN, CH-1211 Geneva 23, Swiizerland

and

G.L. FOuGLI
Dipartimenio di Fisica, Universita di Bari, 1-701 26 Bar, Italy
and Fstitute Nazionale di Fisica Nucleare, Sezione di Bari, I-701 26 Bavi, Iraly

Recerved 17 July 1989
We summarize and update constraints on s, from present neotral current data. Soon precision measurements of Mz will give a

tight correlation between sin® dy, and »1,, Combining this information with low-energy neutral current data will pin down sin?
and hence fix r, with an error of ~ = 35 GeV, The central value of the top quark mass will be =, =95 GeV 4+ 66{91.6 GeV = M; )

* An accurate measurement of
m, would make possible the
prediction of m,

m,=95GeV+66(91.6 GeV -M;)
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Predicting m, after the first high-

precision measurement of m.,
- _al

e Combination with low-energy data
m,=132*3) Gev| | -

* First discussion of m,,




Estimating the Higgs Mass

il

T .

* First attempts in 1990, 1991.:
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* Uncertainty before the discovery of the top




Estimating the Higgs Mass

il

e After the top discovery:
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* Solid indication that the Higgs is ‘light’




Model-Independent Analysis
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Important constraints
on BSM physics

Altarelli, Barbieri;

Peskin, Takeuchi




LEP Physics
Working Groups

Uniting collaborations and
interested theorists in
combining data analyses:

— Electroweak, Higgs,
Supersymmetry, Exotica,
QCD/yy, Heavy flavour, Energy
calibration

Set standards for
interpretation of LEP data
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The LEP 1 legacy: Precision EW
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Pulls in SM fit Fit vs measurements H mass sensitivity
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The Nobel Prize in Physics

The LEP 1 Legacy:
1999 Nobel Prize

"’
E Gerardus 't Hooft Martinus J.G. Veltman

The contributions of 't Hooft and Veltman ... made it possible to
compute quantum corrections to many processes and compare the
results with experimental observations or to make predictions. For
example, the mass of the top quark could be predicted, using high
precision data from the accelerator LEP (Large Electron Positron) at the
Laboratory CERN, Switzerland, several years before it was discovered,
in 1995 at the Fermi National Laboratory in USA. ...Similarly,
comparison of theoretical values of quantum corrections involving the
Higgs Boson with precision measurements at LEP gives information on
the mass of this as yet undiscovered particle. By Professor Cecilia
Jarlskog Member of the Nobel Committee for Physics
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= Lattice QCD (NNLO)

o ¢'e jets & shapes (res. NNLO) |
® 7 pole fit (N LO)

.::i::::. a DIS jets (NLO)
031 LY o Heavy Quarkonia (NLO)
v Pp—> jets (NLO)

The LEP 1
Legacy: QCD

0.2

= QCD og(M;) =0.1185 £ 0.0006
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Q [GeV]

* Determination of a,

* Important contributions to global average from
LEP 1 measurements: o, jets, T decay

* a(m,) =0.1185 + 0.0006
* Also 3-g coupling: C, =2.89 + 0.21




The LEP 1

Legacy:
SUSY GUTs?

Precision EW and

QCD measurements |

test GUTs
Ordinary GUTs fail

Data consistent
with SUSY GUTs

But no SUSY!
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The LEP (& Tevatron) Legacy m,
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The LEP 1 Legacy:
1944 papers, 57855 Citations

* From Inspire records

Generated on 2014-08-08
1944 papers found, 1254 of them citeable (published or arXiv)

Citeable papers

Published anly

Total number of papers analyzed: 1.254 1,036
Total number of citations: 57,855 54,605
Average citations per paper: 46.1 52.7
Breakdown of papers by citations:

Renowned papers (500+) 6 6
Famous papers (250-489) 17 15
Very well-known papers (100-249) 86 75
Well-known papers (50-89) 243 238
Known papers (10-49) 608 599
Less known papers (1-9) 175 93
Unknown papers (0) 118 10
h, - index [7 102 08
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The LEP Legacy

Al A

Establishment of the Standard Model
Hints/constraints on BSM physics

Collaborations of hundreds of physicists can
work

Collaborations can work with each other

Theorists, experimenters and accelerator
physicists can work together

Groundwork laid for the LHC
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Happy Birthday!
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