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Genesis of the high energy e*e” colliders: LEP

Hard to be certain of when the first proposal was advanced for a high-energy
e*e" collider for precise studies of the Z and W. The leading candidate is
NIM 136 (1976) 47, written during Burt Richter’s sabbatical year at CERN.

20+
MUCLEAR INSTRUMENTS AND METHODS 136 (1976) 47-60; © NORTH-HOLLAND PUBLISHING CO.

VERY HIGH ENERGY ELECTRON-FPOSITRON COLLIDING BEAMS oL
FOR THE STUDY OF WEAK INTERACTIONS C

B. RICHTER

Radius (km)
o
T

CERN, Geneva, Switzerland and Stanford Linear Accelerator Center, Stanford, Calif. 94305, U.S.A.

Received 2 April 1976

We consider the design of very high energy clectron—positron colliding-beam storage rings for use primarily as a tool for
investigating the weak interactions. These devices appear to be a very powerful tool for determining the properties of these Z
interactions. Experimental possibilities are described, a cost minimization technique is developed, and a model machine is
designed to operate at centre-of-mass energies of up to 200 GeV. Costs are discussed, and problems delineated that must be
solved before such & machine can be finally designed,

| I [ |

80 100 150 200 300 400

Centre-of -mass energy {GeV)

e

Right at the outset, it was clear that such a collider would have to be very large.
Soon appreciated that the tunnel could be reused to house a hadron machine.

7. and W measurements at LEP and SL.C
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‘ Genesis of the high energy e*e” colliders: SL.C

Following discussions at 1978 FNAL workshop, Richter proposed repurposing
SLAC's single linac with a “tennis racket’ addition to be a collider for Z° physics.

LIMITATIONS ON PERFORMANCE OF e+e‘_ STORAGE RINGS AND ~| Final Focus |-

LINEAR COLLIDING BEAM SYSTEMS AT HICH ENERCY

Collider Arcs

* .

J.-E. Augustin , HN. DikanskiT, Ya. Darbenevr, J. Rees?,
* . t . ki .

B. Richter , A, Skrinski , M. Tigner , and H. Wiedemann®

Transport from

Linac
Introduction

Existing Linac

This note is the report of working Group I (J. Rees - Group Leader). Booster L
We were assisted at times by U. Amaldi and E. Keil of CERN. We concerned
Target —1
ourselves primarily with the technical limications which might present
themselives to those planning a new and higher-energy electron=-positron

colliding=beam facilicy in a future era in which, it was presumed, a W

10-GeV to 100-GeV LEP-like faeility would already exist. In such an era, gositroy
eturn
Line

[eConf C781015 (1978) 009]

we reasonetl, designers would be striving for center-of-mass energies of
at least 700-CeV to 1-TeV. Two different approaches to this goal immedi=-

Damping Rings
ately came to the fore: one, a storage ring based on the principles of e Blistisiiinge
xisting Li

FEF, PETRA, and LEF and the other, a system in which a pair of linear \)ngmn Booster
lectron G
accelerators are aimed at one another so that their beams will collide. Electron Gun

SLC SCHEMATIC
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https://inspirehep.net/literature/138170

' The lightning speed of the past

Astonishingly, first physics results emerged barely a decade after these proposals.

Approval 1981
Tunnel construction begins 1983
LEP installation begins 1987
First octant test July 1988
First turn 14 July 1989
First collisions and first Z% recorded 13 August 1989
First physics run begins 20 September 1989

First results announced, including N, 13 October 1989

RUN 443 Evt 22734 ToulZ(IB): 34.0GeV, fa chisters: 31.8G¢Y Clistens(ZB): 13Muoa Dhs: ©  Iilter Type: 3 w;.“::.
N1 Gel (EB)

25 Gel (FD)

First Z% recorded at SLC in April 1989.
OPAL —

Wednesday April 12, 1989 ERICE ="

..........................................

! 1

% £33 FIRST Z DETECTED AT SLC. %% L/
!

! A TWO-JET HADRONIC EVENT HAS BEEN IDENTIFIED IN MARK II DATA !

! AT A CMS COLLISION ENERGY OF $2.2 GEV. NINE CHARGED TRACKS

!  ARE ASSOCIATED WITH THE EVENT, AND 70 GEV IS ACCOUNTED FOR IN

!  THE DETECTOR.
!
© ,
® !
i !
!
1

. 13/08/1989 23:16:46

Bhabha update: 1 more Bhabha was seen in the SAM and 4 in the
mini-SAM last night, for a total this year of 5 in the Si&M and
10 in the mini-SAM.

:
!
!
!
3
!
3
!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!i



LEP and SLC: performance

LEP operated at the Z resonance from 1989-1995, with two high statistics scans
in 1993 and 1995, and then at and above the W*W- threshold (161-210 GeV)
up until 2000. SLC operated at the Z resonance from 1989 until 1998.

Maximum luminosity achieved Maximum luminosity achieved at LEP1 (LEP2):
at SLC: 3 x 1039 cm=3s1 34 (100) x 10%° cm=2 s1: around 3x design
| 250000 240 Physics 93 Z,
20000 mm SLD Zfweek —o-Physies94 2, 4
—a—SLD Z total —a— Physics 95 Z, 65-70 GeV
500000 < 200 —o—Physics 96 80.5-86 GeV y &
= o Physics 97 91-92 GeV s
15000 - 20000 E. 160~ o Physics 98 94.5 Gev 4
§ : é +Pnys@99 96-102 GeV
Emw polarisation level e :E; % 120 e e (14.0641331):" a7|ge1z pb?
~ J 7% 77‘% 150000 E ;‘Sgo g0
5000 \ = wd G g
0 0 0 ) —T T T T T T T T T T T T
1992 1993 --1994----- 1995 1996 1997. ----1958--
Unique feature: longitudinal polarisation —  Unique feature: transverse polarisation —
direct access to certain EW parameters invaluable for E, calibration

7. and W measurements at LEP and SL.C
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LEP and SLC: dramatis personae

LEP operated at the Z resonance from 1989-1995, with two high statistics scans
in 1993 and 1995, and then at and above the W*W- threshold (161-210 GeV)
up until 2000. SLC operated at the Z resonance from 1989 until 1998.

ALEPH DELPHI OPAL L3
(296 pubs.) (342 pubs.) (422 pubs.) (310 pubs.)

LEP accumulated ~17 million Z°% and ~40k WSs. SLD

(72 pubs.)
During similar period SLD experiment [replaced
at SLAC collected ~1 million Z°s. Mark Il
in 1991]

(Publication statistics from INSPIRE)

7. and W measurements at LEP and SL.C
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Z. metrology: original expectations

Outlook shortly before LEP turn on: “The overall conclusion is that at LEP the
Z% mass and width can be measured with relative ease down to ... +/- 50 MeV.
A factor of 2-3 improvement can be reached with a determined effort...”

CERN 86-02 ‘Physics at LEP’, ed.

Vertical-scale uncertainty

Ellis and Peccei.

dominated by luminosity, largely o

correlated between experiments. A

It was assumed this

could be done to ~2%. \

Horizontal-scale uncertainty set
by knowledge of collision energy,
also common between experiments.

It was guessed that ~10 MeV

uncertainty might be possible. T

G[O
| (WTH I5R)

Also vital Is
understanding
of shape, in
particular effect
of QED radiative
corrections.

Important, but
not discussed
further today.

Z and W
31/10/23

measurements at LEP and SL.C
Guy Wilkinson


https://cds.cern.ch/record/166310/files/CERN-86-02-V-1.pdf

‘ What was achieved

LEP knowledge of line-shape parameters largely derived from two three-point
scans in 1993 and 1995, with final

precision on mass and width of: E o
— 40 5 2
OM = 2.1 MeV E : ALEPH
Z O i DELPHI
Or = 2.3 MeV 30 B BSI;AL _
Z |
<<50 MeV !I' How did that happen ? [
20 + -

Another noteworthy output of scans:

L ¢ measurements (error bars
increased by factor 10)

NV = 2.9840 + 0.0082 10 -'_ofromfit

[ eanan QED corrected

in agreement with the three observed : 1y .
generations of fundamental fermions 86 88 90 92 9'4
(although, intriguingly, 2 sigma low...). E_ [GeV]

cm -

7. and W measurements at LEP and SL.C
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Luminosity measurement

Lumi measured in QED-dominated low-angle e*e—e*e-.

LEP was expected to measure lumi to ~2%, but in fact did better than 0.1% !

Enormous theoretical Precision luminometers,
o : e.g. OPAL
Two work, resulting in a with 5 pm tolerances &  _ picveq
Ingredients:  LEP-wide correlated excellent understanding ~3x 10
error of 0.06% of acceptance

There is an amusing epilogue. Reviews of the luminosity determination with
the FCC-ee in mind has discovered an overlooked source of bias,

L

PR\l

beam-beam effects modifying acceptance /
[Voutsinas et al., PLB 800 (2020) 135078] = e — - >
plus updates to the LEP-era calculations with o L=l
current knowledge [Janot & Jadach, PLB 803 (2020) 135319]. “The 20-years-old
20 tension...
N, =2.9840 + 0.0032 wp N, = 2.9963 % 0.0074 is gone” !

7. and W measurements at LEP and SL.C
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https://arxiv.org/abs/1908.01704
https://arxiv.org/abs/1912.02067

God’s gift to synchrotrons:

resonant depolarisation (RDP)

Transverse polarisation builds up naturally in a synchrotron.

Spin tune v, = precession frequency of electrons, normalised by revolution
frequency, and is directly proportional to beam energy

E,=2v.m,c?/(g,—2) E (MeV)
44717 44718 44719
Monitor polarisation levels through g T
reverse Compton scattering. as —+++_+_+ """""
Kick beam with oscillating field, and vary E - + o
e ) : =05 4! precision
frequency until it is in phase with spin tune, & [ L 2500 keV
when depolarisation occurs — spin tune, 03 PR
and hence beam energy, determined ! ; 4 UL
-
As always, the devil is in the detalil. Lol;al ‘0‘;82' - 40—‘;84"
This was not a day-1 procedure. ' ' '101
v -

7. and W measurements at LEP and SL.C
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‘ The long road to a precise

1990: polarisation established.

Initially 9%. In time, 60% achieved.

[PLB 270 (1991) 97]

Physics Letters B 270 (1991) 97-104.
Morth-Holland

PHYSICS LETTERS B

e ——

First observation of transverse beam polarization in LEP

L. Knudsen, J.P. Koutchouk, M. Placidi, R. Schmidt
[European Labaratory for Particle Physies (CERN), CH-1211 Geneva 23, Switzerland

M. Crozon
Laboratoire de Physique Corpusculaire, Collége de France. IN2P3-CNRS, 11 pi. M. Berthelot, F-75231 Paris Cedex. France

1. Badier, A. Blondel
Labuorataire de Physique Nucléaire ei des Hautes Energies, Ecole Poiytechnique. IN2P3-CNRS, F-91128 Palsiseau Cedex, France

and

B. Dehning
Max-Planck-Institit fiir Physik und Astrophysik, Werner-Hetsenberg-lastinit fiir Physik, W-5000 Munich, FRG

Received 15 August 1991

The resulis of beam polarization measurements performed in 1990 at the CERN Large Ekectron Positron storage ring (LEP)
are reported. A significant asymmetry was observed in the Compion back-scaiered phaton disisibution when illuminating the
LEP electron beam with circularly polarized laser light. The correspanding polarization level is estimated 1o be 9.1%£0.3%
{taisinl) 1% {sysicmatic). The vaidity o the polsization tigol was ssessed by varying the lascr light polarization and
by applying to the electror is consistent with the predicled polarization
degree.

1991: RDP performed for first time.

Physics Letters B 284 (1992) 431-439
North-Holland PHYSICS LETTERS B

Measurement of LEP beam energy by resonant spin depolarization
LEP Polarization Collaboration

L. Arnaudon, L. Knudsen, I.P. Koutchouk, R. Olsen, M. Placidi, R. Schmidt
European Laboratory for Pariicle Physics (CERN), CH- 1211 Geneva 23, Switzeriand

M. Crozon
Laboratoire de Physique Corpusculaire, Coliége de France, IN'PI-CNRS, F-75231 Parts Cedex, France

A. Blondel
Laboratoire de Physique Nucléaire des Hauies Energies, Ecole Polytechnique, ¥ °P/-CNRS, F-91128 Paiaisean Cedex. France

R. ABmann and B. Dehning
Max-Planck: )i vsik und Astrophysik, We

g dnstitn i Physik, W-8000 Munich, FRG

Received § April 1992

A transverse beam polarization of around 10% reproducibly obscrved in LEP in 1991, Resonant spin depolarization was per-
formed at four occasions, from September 16 1o November 11, providing measurements of he beam crcry with 8 precision of
£1.5% 10 Several eross-checks rved spin
precession frequency. The varability of the results, 4 65¢ 10 the i the
machine

[Te¥ (¢66T) ¥8¢ a1dl

[ZPC 66 (1995) 567]

1993: first major Z scan.

Z Phys, € 66, 567-582 (1995) O
FUR PHYSIK C
195

© Speinger-Verlag

The energy calibration of LEP in the 1993 scan
The working group on LEP encrgy

*, 1. Bill’, R Billew’, GJ. Bobbink', E. Bordry’, H. Burkh
Grome Wicsmaze®, . Geo?, CM, Havkes?, K. Hencichuer’, A B
Myers?, B Peschade’, M. Placidi
M. Vaion?, H. Wachsmuth, J. Wenninger”,

R Assmen* A Bewed, A
A. Drees', 1. 0;

M. Koratzinos’, 1P, Koutchouk?, . Miles?

G. Quast, P Remon®, L. Rolandr’, R Schmide’, D. Serom . R. Veenho

T, Wynat!!

e Pl i o o, S i i, 1 O M, Gy
H.1211 Genevn 23§

LCRNS, F.91128 Paluiscon Cedes, Feasee
Netheriands

af Pryslcs. Eugene, Oregon 97403, USA
" Depocermnt of Foysics. Schasier Lsbaeakory, The Unverity, Manchesee, MIBHL, UK

Received: & Febrany 1965

Abstret. This report summarizes the procedre for provid
ing the abiolule energy calibeatsvn of the LEP beams during
the energy scan in 1993, The average beam coergy around

the LEP ring was measured in 25 calibrations with the res-
onant depolarization technigue. The tme vasiation of this

iion of the ceatre of mass. encrics of the off-peak poinis
s delermined wilh o precision of 2 pars i 107 resuling in
a sysiematic error on the Z-mess of sbowt 14 MeV and on
the Z-width of about 1.5

1995: second major Z scan...

and earlier results revised.

Eur. Phys. J. C 6, 187-223 (1999) THE EUROPEAN

DO 10.1007/5100529501 0530 THE EUROPEAN
PHYSICAL JOURNAL C
& Springer-Verlag 1999

Calibration of centre-of-mass energies at LEP1
for precise measurements of Z properties

The LEP Energy Working Group

R Az, M. Boge)-t R Bille’, A Bloodel”, E. Bruvid, P, Bl
A Drees?, G D e, M. Geia' T Goddard’, O

it-Thomas', T.
ke, K [ r.mﬂ.mmh'
A Lucoite®, J Mnich?, G. Mu
bR ,Imandl . Wiehstmehd, PS. Wellst,
b \umarmm”r K. Yip’

F
winger’, G. Wikt it T W

opean Labceatory for Particls Physics (CERN), Cf aniars 29, Switserlan
Eabemataioe e Phyete Moot o1 de Stes Encefen, Eovt Pelytchota, DYCF?-CIUNS, 91128 Palosas Codes,

B Phystk, Unrvrsty of Wupperta, Fstac 100 127, D-G2037, Wappertsl, Germany
t, Minchen, D-S5748 Carching, Carmany
Eabornotee de Physges Nuctbrer Universt o Montotl, Montrés, Quebes, HIC 7, Canada
Gavendish Laboratory. Gamige, CBS OFTE, UK
A, DAPNIAService de Phyaigie ds Priicules, CEA-Sachy, F-91191 Giiur-Yrette Codr, France
LA Chemin de Ballevue BP03. 74019 Annecy Vi
ot fir Physik, Universis Mains, D350
tors, Kebla T, Gread 01 SR UK
11 Debartment of Physin Scvas Laboratory. The Urivrcty Mancheter, ,MES SPL UK
Department of Physics, University of W iscansin, Madison, W1 53706, USA

Received: 25 March 1998 / Rev

wersion: 3 August 1998 / Published anline: 29 October 1995

Abswract. The determination of the centre-of mass energies from the LEP1 data for 1098, 1994 and 1995 is
presented. Accurate knowledge of these energies is crucial

agated to the 1993 and 1994 energics. New rasults are

Which conseiuies one of the major coreciions 1> he verage LI cnerey

The 1995 enarg scan took place o condiions very diflees from tho previous yoas In particar the
han pre

an the magnet temperabure behaviour

fie corractions to gy in
viously: these arise from the modified configuration and vertical
dispersion induced by the bunch-train mode of LEP aperation.

Finally an improved evaluation of the LEF centreof-mass energy spread is prasented. This significantly
inproves the procision on he % width

28T (666T) 9 Ord3l

cm determination at LEP
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https://doi.org/10.1016/0370-2693(92)90457-F
https://doi.org/10.1016/0370-2693(91)91545-7
https://link.springer.com/article/10.1007/s100529801030
https://link.springer.com/journal/288

The long road to a precise E,; determination at LEP

1990: polarisation established.

Initially 9%. In time, 60% achieved.

[PLB 270 (1991) 97]

1991: RDP performed for first time.

MhmeLeBIO(99NO-I08 PHYSICS LETTERS 8 Nomtiotang | BIAIESE PHYSICS LETTERS 8 _—U'

- —

First observation of transverse beam polarization in LEP Measurement of LEP beam energy by resonant spin depolarization w

Paes N

sz  Note that precise RDP measurements alone were iy

LBt .. ) .. =

" not sufficient to calibrate LEP collision energy. B

el N

s=q * RDP never performed continuously, only with | __ | |&

S single beams at end (or start) of fills. A

* Measurements showed that same machine scan...
199 settings do not give same energy ! yised.
— | + Ergo, E, evolves between measurements. This [~ —
B e evolution had to be understood, and modelled. 0
—~ = O

O

@ . 0 - - . - o G)
S Non trivialities also, in going from E, to E,. =
O (o)
© ©
O -
o (0]
NI I~
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https://doi.org/10.1016/0370-2693(91)91545-7
https://link.springer.com/article/10.1007/s100529801030
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‘ Some mechanisms

of E,_ variation
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Z metrology: lessons for next time

Plan ahead

Ensure critical items such as E,, calibration are central elements of project
from the very beginning. The LEP Z-scan experience was an exhilarating
seat-of-the-pants ride that was successful... but only just !

Repeat
e.g. TGV effect only discovered in final scan. Without this, m, would be wrong.

Have the right number of experiments

e.g. consequence of "RF sawtooth’ (synchrotron loss + RF boost) only appreciated
after considering ensemble of results on m, (1991 scan PLB 307 (1993) 187 ).

L3 before - P after
= ‘0 | AEg[MeVI! 12 7 0 01 128 -0 01 correction correction
© ~
= ALEPH ——

L 20 T
<t
0F OPAL ——gpy— ——
=20
——
i DELPHI
-40 - L3 ALEPH OPAL DELPHI L3

m, [GeV] 91160 91170 91180  91.190 91.200
15


https://www.sciencedirect.com/science/article/pii/0370269393902109

Beyond the lineShape Forward-backward asymmetries
(and at SLD L-R asymmetries)

Many other observables measurable at £ e o3 — o
the Z9, providing access to the vector g, ere > U ()
and axial fermion couplings, and sin?0 . g | -
Together, these allowed for a rigorous test .
of the Standard Model description of nature, | Ranal S
Ce . . #: e
and sensitivity to (then) undiscovered P2 et
particles through radiative corrections. t&fH#H o
0.2 +F+—++HH+ =
: : 0-_1 ~05 0 05 1
Tau polarisation measurements 0s(0.)
Measured P vs cosf__
3500
o ALERH i ] 2 3000 - = Data
; . || Partial-width 2 2500 - M
ot ratios involving =
-0.1 o
heavy flavours S
~ e.9. Ry=lppparl had

04-\\|||\\‘\|||\\\‘| P P PRI IR BRI R 0 1 2 3 4 5 6
T 08 <06 -04 02 0 02 04 06 08 1 Mass (GeV/CZ)
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‘ The achievements of LEP & SLLD

Dramatic improvements in the knowledge of the vector & axial couplings.

magnified by

a factor 65 / \‘

-0.032 T

1 T T I T T 1 I
[ Im=178.0+4.3 GeV
m,= 114...1000 GeV |

- b8mCL
-0.503 -0.502 -0.501 -05
9a

7. and W measurements at LEP and SL.C
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‘ The achievements of LEP & SLLD

Excellent self-consistency within Standard Model interpretation...

e S ...though (inevitably!) not perfect.
M, 0.3
Iz -0.2 0l
., 5 A — 0.23099 + 0.00053
i 10 AP, —— 0.23159 + 0.00041
A.(LE;I; 0.1
A(SLD) 2.1 hmm
sin"oy (Q_) -0.7 0b o
it Toun ! o A —v— 0.23221 +0.00029
Ars - 02 Ao A 0.23220 + 0.00081
Ay 2.4
A, [ 00 Qe X 0.2324 + 0.0012
A, = 0.6
RE 00 Average I+ 0.23153 £ 0.00016
RY — 0.7 lept
m, 0.5 r 2 €p
Aty (M2) 0.2 Sin Qe ff
aug(ME) ; 1.3
||_3||||_2||||_1||||0||||L||||2||||3|
(Om - Omeas) / Omeas
Z and W measurements at LEP and SL.C
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Pointing the way to the top and the Higgs

Electroweak corrections present in the EW observables have a quadratic
dependence on the top mass, and a logarithmic dependence on the Higgs.

3
250 250 10 N
S:é\
RESEN
— - — - — N p—
% 200 z / % 200 % Sé %
g 150 | / E 150 I ) B
T ) £ £
o = 10 %4 ;
100 Lo A BT BT 1 1 L ]
2480 2490 2500 0.0125 0.015 0.0175 0.02 |
I, [MeV] Afg 2.49 25 0.014 0.017 0.02
0l
I, [GeV Ar
' m,, =91 186 + 2 MeV z [GeV] FB
=1 my = 60 - 1000 GeV Measurement
<7200 Ao = 0.02758 + 0.00035
> M1 o* =128.90 + 0.09 had
) - |0=0.118+0.003
=3 _
FH m=178.0£4.3 GeV
RoM
100 —
0.215
R,
Z and W measurements at LEP and SL.C
31/10/23
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Pointing the way to the top and the Higgs

Electroweak corrections present in the EW observables have a quadratic
dependence on the top mass, and a logarithmic dependence on the Higgs.

!_||| T !" TIT| T I\ |H| INEENARLL

This fact had been known for many years = 1fand27cont0urs B
(e.g. Veltmann, Nucl. Phys. B123 (1977) 89, ' Dotted line: e 5lzud'ngR Fhﬂ N
Acta Phys. Polon. B8 (1977) 475), but no " R
serious attempt to estimate the reach F
of LEP/SLC observables, no doubt o
influenced by conservative expectations. o

250

150 ).».E‘..
s

M [GeV]

With early LEP data, first attempts were i e
made to perform this analysis with data - N L
e.g. Ellis, Fogli and Lisi PLB 274 (1992) 456. [T
m,=120+3 GeV 3

0.5 <My, <800 GeV, 90% CL L

50 b

Mg [GeVl

7. and W measurements at LEP and SL.C
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https://inspirehep.net/files/0846008a9b96be783fbf44ea20581d55
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‘ Pointing the way to the top and the Higgs

Electroweak corrections present in the EW observables have a quadratic
dependence on the top mass, and a logarithmic dependence on the Higgs.

(including LEP2 inputs)

My it = 15.2 G?V

T T r r T T r T T T T T T ' r T 6 Ma!ch20.12 .
200- = | ‘ g
' { 3 l 5 - AO g =
y i —0.02750+0.00033
RRF M— i L% -0.02749:0.00010
; 150__ __ 4 % %« incl. low Q° data
8 1 ¢ Tevatron | ~ i
— ] SM constraint - X 34
_ 68% CL =
2 E -
100- - 2
1 -
- Direct search lower limit (95% CL) 1 5 1 :chl’uded excluLt;-tlaCd
1990 1995 2000 2005 40 200
Year m,, [GeV]
LEP & SLD Z data ‘measured’ LEP data and SM require something

top mass well before discovery. Higgs-like and within LHC reach !
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Nobel Prize 1999

Award to t'Hooft and Veltman made
possible by the impressive agreement
between measurements at LEP and the
predictions of the re-normalised EW theory, in particular the mass of the top quark.

As described above, the theory of the electro-weak force predicted the existence of the new W
and Z particles right from the start. But 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.

[from Nobel Prize press release]

The discovery of a ‘light’ Higgs in 2012 is another legacy triumph of LEP/SLC data.

7. and W measurements at LEP and SL.C
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Electroweak physics at LEP2

LEP operation at and above W*W- threshold during 1996-2000 made many
new heavy-boson EW observables accessible, such as W branching fractions,
triple gauge boson couplings and W*W- cross section....

30
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W mass at LEP2

W-mass measurement performed through full reconstruction* of events with E,,
constraint, with main challenges being role of hadronisation, colour reconnection
effects and Bose-Einstein correlations in hadronic events, and knowledge of E,,
(no RDP possible, for LEP at least, at these energies — see EPJC 39 (2005) 253 ).

- LEP W-Boson Mass

—— Total uncem‘inty
Stat. uncertainty
ALEPH —— 80.440 + 0.051 Tevatron I combination —
PRD 70 (2004) 092008
DELPHI —— 80.336 £ 0.067 TR 10 (2012) 151804 =
L3 —— 80.270 + 0.055 e R 357 2013) 119 —_—
Al;l}jés'/ﬁ (2018) 110
OPAL —— 80.415+ 0.052 LHCh
JHEP 01 (2022) 036
LEP - 80.376+0033 |
42IDoF = 48.9/41 Electroweak Fit (J. Haller et al.) -
EPIC 78 (2018) 675
I R R R B Electroweak Fit . de Blas ctal) -
80.0 80.2 804 80.6 808 81.0 e . ‘ ‘
80100 80200 80300 80400 80500
M, [GeV] my, [MeV]

Consistency with previous & future measurements with statistically more sensitive,
but systematically more challenging, hadron-collider results very reassuring...

* With some contribution from measurement 7. and W measurements at LEP and SI.C
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W mass at LEP2

W-mass measurement performed through full reconstruction* of events with E,,
constraint, with main challenges being role of hadronisation, colour reconnection
effects and Bose-Einstein correlations in hadronic events, and knowledge of E,,
(no RDP possible, for LEP at least, at these energies — see EPJC 39 (2005) 253 ).

= LEP W-Boson Mass

—— Total uncertainty
Stat, uncertainty

ALEPH —— 80.440 + 0.051 Tevatron I combination
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Consistency with previous & future measurements with statistically more sensitive,
but systematically more challenging, hadron-collider results very reassuring...

...or so was the case until recently. Resolving this issue may require new
measurement with much larger sample at a future e*e- machine, e.g. FCC-ee.

* With some contribution from measurement 7. and W measurements at LEP and SL.C
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Beyond electroweak

Much more can be done at a Z factory (and at higher energies) than EW physics
alone, e.g. QCD studies, including measurements of o, in a multitude of ways.
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Also heavy-flavour physics: big contributions from LEP/SLD in results & technology.
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b physics at the Z pole

LEP and SLD demonstrated that ete—Z° is an excellent laboratory for b physics.

observation of time-dependence

e.qg. first studies in B physics of BOBO oscillations
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https://doi.org/10.1016/0370-2693(92)91385-M
http://dx.doi.org/10.1016/0370-2693(93)90025-D

Silicon vertex detectors at LEP (or how
upgrades happened in the pre-LHC era)

1989, ALEPH & DELPHI k 1 E N T
 Install prototype modules. o e . : ,

1990, ALEPH & DELPHI

« Install first complete barrels;

 ALEPH read r-z coordinate with
‘double-sided’ detectors.

1991, all

« Beampipes modified from Al
with r=8 cm to r=5.3 cm Be;

« DELPHI installs three-layer
vertex detector;

 OPAL detector installed.

1993, OPAL & L3
e OPAL: r-z readout with back-to-back detectors;
« L3: install two-layer detector.

1995, ALEPH OPAL
LEP 2 upgraded detectors.

1996, DELPHI
 'LEP 2 Si tracker’, with
microstrips, ministrips & pixels.

1994, DELPHI
* Double-sided detectors &
“double-metal readout (low X,).
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A similar story at SLC/SLD

Vertex detector a particular strength of SLD. CCD pixels. Small beampipe.
1996 upgrade from two layer VXD2 (120M pixels) to three layer VXD3 (307M pixels).
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Upgrade improved asymptotic IP resolution by a factor of two (=20 pminrz). 29



‘ Impact of LEP/SLC vertex detectors

Impact of LEP/SLC vertex detectors (& event yields, of course) on flavour physics is
evident from surveying evolution of PDG averages for certain benchmark quantities.

Tg [PS]

0.8 -

Improved precision of the new technology exposes earlier systematic biases.
Vertex detectors - the most important legacy of LEP/SLC to flavour physics !
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‘ Conclusions

The LEP programme exceeded expectations in characterising
the nature of the Z and W bosons, and demonstrating the validity of
the Standard Model, with exquisite sensitivity to higher-order corrections.

The results of the LEP experiments, together with those of SLD, remain
benchmarks for many of the most important measurements in EW physics.

The achievements in QCD and heavy-flavour physics are no less impressive.
The rapid advances in Si vertex-detector technology are particularly noteworthy.

Everything was done well, but we have learned how to do still better.

There would be much benefit in revisiting programme at a future,
very high luminosity machine (see talk of Rebeca Gonzalez Suarez) !

[ Many thanks to John Ellis for fruitful discussions while preparing this talk ! ]
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Silicon vertex detectors at LEP (or how
upgrades happened in the pre-LHC era)

//V’_,_—'“‘“-
1989, ALEPH & DELPHI —

« Install prototype modules.

DELPHI

o
w

1990, ALEPH & DELPHI

« Install first complete barrels;

 ALEPH read r-z coordinate with
‘double-sided’ detectors.

Vo, Al i 7

Impact parameter resolution (micron)
3
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rr‘, _’_,_r
ol fﬂ_};
T

1991, all

« Beampipes modified from Al .
with r=8 cm to r=5.3 cm Be; ]

- DELPHI installs three-layer
vertex detector; N

« OPAL detector installed.

2 4 6 8 10 12 14 16 18 20
Transverse momentum (GeV)

1993, OPAL & L3
e OPAL: r-z readout with back-to-back detectors;
« L3: install two-layer detector.

1995, ALEPH OPAL
LEP 2 upgraded detectors.

1996, DELPHI

1994, DELPHI e "LEP 2 Sitracker’, with

* Double-sided detectors &
“double-metal readout (low X,).

microstrips, ministrips & pixels.
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Tau physics at the Z pole

ete—Z0 is an excellent laboratory for tau physics.

e.g. tau lifetime vs. BR measurement

Before LEP — a significant problem....
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Tau physics at the Z pole

ete—Z0 is an excellent laboratory for tau physics.

e.g. tau lifetime vs. BR measurement

Before LEP — a significant problem....
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...but precision brings clarity.

(note also the dramatic change in the
prediction from BES m_ measurement)

294

293

292

T lifetime [ fs |

291

290

289

288 |

17.6

17.65 17.7 17.75 17.8 17.85 17.9 17.95 18
BR (7—l) [ % ]

36



