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19587 Postgradiate’sSChooININUCIEGTS=H/SICS;

First lesson of the course on Theoretical Physics

Bruno defined “fields” as systems with
an infinite number of degrees of freedom

Lagrangian density
+

symmetry
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1958 Postgradiiate’ScHooINMNICIEaEHSICS;

First lesson of the course on Theoretical Physics

Bruno defined “fields” as systems with
an infinite number of degrees of freedom

Lagrangian density
+

symmetry

invariant quantity

Emmy Noether (1982-1935)

Touschek 100 Yeais - URA-us. 1.1
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1965: Bruno’s office at Il

U.A and G. Matthiae
preparing an experiment to study
the phi-meson at ADONE

1010 1020 1030 1040
Center-of-mass energy, MeV

To compute radiative corrections U.AY
had use the method of Paul Kessler

“Do you know Paul Kessler ?”
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1969AB UGS 10T CE XN ARSI ETIZA,

U.A and G. Matthiae
preparing an experiment to study
phi-meson decays at ADONE

E GEMELLE KESSLER

1010 1020 1030 1040
Center-of-mass energy, MeV

To compute radiative corrections U.AY
had use Paul Kessler‘s method

“Do you know Paul Kessler ?”

“lo conosco solo le Gemelle Kessler” LA NOTTE E’ PICCOLA

Touschek 100 years - UA - 02.12.21 ‘ 6




Y5 rlopltll d2 L Tolre, 2y

Corriere della Sera - 22 July 1978
WHO WAS THE MAN OF No 137 ?
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Y5 rlopltll d2 L Tolre, 2y

Corriere della Sera - 22 July 1978
WHO WAS THE MAN OF No 137 ?

“...because the real problem is the number of this room”
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9755 rlo ol ez F) Tolr, 2yl

Corriere della Sera - 22 July 1978
WHO WAS THE MAN OF No 137 ?

“...because the real problem is the number of this room”

“This is the problem around whieh | have hovered
throughout my life without sucecess “
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9755 rlo ol ez F) Tolr, 2yl

Corriere della Sera - 22 July 1978
WHO WAS THE MAN OF No 137 ?

“...because the real problem is the number of this room”

“This is the problem around whieh | have hovered
throughout my life without sucecess “

“Also Pauli before dying was put
in a room number 137”

Touschek 100 years - UA - 02.12.21




H oAy eNoIBIINGSWISION

» Y Bruno’s em domain 50 :GeV
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: I ENONSTITIOESWISION
p < D

Y Bruno’s em domain electroweak domain
-~ >M;=91.2 GeV
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4 detectors:
4x410% Z evts
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4 x10* WW evts

H(115 GeV)

=

Y

electroweak domain
1" >M;=91.2 GeV

jf . 6 quarks,
ff 7~ 3 3 colours (45/9)
Bl
‘*/_ ______ =0 5 quarks,
________ —+ =23 colours ( 33/9)
- — - —---- -+ 3 5quarks,
= 1 colour ( 11/9)
LEP |
Lt
10°
e’ f
Z




PrYysies i LEr
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N NG EECOVENAYENEIEGCIONS

September 1983
Ground-breaking ceremony
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20 ENETAIOUIIOSEM EIEGCIONS;

SCcoil: 15T
2 layers of silicon microstrips
Large Time Projection Chamber
EM-calorimeter: lead-wire chambers

Touschek 100 years - UA - 02.12.21




Upgraded JADE
Room temperature coil: 0.4 T
2 layers of silicon microstrips
central Jet Chamber

EM-calorimeter
588 lead-glass Cherenkov counters
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20 ENETAIOUIIOSEM EIEGCIONS;

SCcoil: 15T
2 layers of silicon microstrips
Large Time Projection Chamber
EM-calorimeter: lead-wire chambers




Touschek 100 years -

UA - 02.12.21

DELPHI

SPECIAlIZEUNIEIECIONS)
SC coil: 1.2 tesla
3 layers of silicon microstrips

Time Projection Chamber

2 Ring Imaging Cherenkov counters
RICHSs
EM-calori




Room temperature coil: 0.5 T
2 layers of silicon microstrips
Accurate Time Expasion Chamber
EM-calorimeter:
10,734 Bismut Germanate Oxide

Large muon chamber system

Touschek 100 years - UA - 02.12.21

AlIZEUNIEIECIOYS]
SC coil: 1.2 tesla
3 layers of silicon microstrips

Time Projection Chamber

2 Ring Imaging Cherenkov counters
RICHSs
EM-calori




R QUANITINAITOTIOYIEINICS
SUE) wiin couolie 4
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Before LEP

(. Altarelli 1959

“At present, it is fair to say that the
experimental support of QCD is quite
solid and quantitative. The forthcoming
experiments at pp colliders, at LEP, SLC,
and HERA will certainly be very
important with their great potential for

extending the experimental investigation
of the validity of QCD.”

[Ann. Rev. Nuel. Part. Sci. 39 (1989) 367]

12 Sizltilneg 9ol

Running of the strong coupling oy

A 200 MeV
b

EMC/H

o (m,) ~ 0.11 + 0.01

le_I'Jl.I

10

Q (GeV)




QCDand hadronizationinodelsiatisErE=)
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QEDrandihadroniZationNou SIS iiN=r=.
NLO: next-to-leading order - O(a, ?)
NLLA: next-to-leading-logarithmic approximation

~=
S o
E
S 2
)
DO
v S
~ N
QA
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Models of hadronization

=—
<<
=
<
IS
=
<<

String fragmentation  Cluster fragmentation
JETSET/PYTHIA HERWIG

Electroweak
Processes
Decays

10 1

—

GeV]
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I hadronizationimodelsiatidbER=;

DELPHI Intersctive Analysis
o Hun: 28159 .

DELPHI -

e

" T '
O B D L
" s 881 ]
41 I L
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/ ry/
Fi
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e |
~ 1 Ao
/ ! o g
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Electroweak
Processes

Hadronisation
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Resultsioryetaneas urements;

\\E__

cays: ALEPH

Tau de

3-jet event production rate

4-jet event production rate
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Many variableSICaniENS EUNOINESCIIERIIEICVENIASIIEE

D2Cambridge

w. average : -+ 0g(M,2) =0.1168 = 0.0026 |{—______] aS(MZZ) - 0.1 168 =+ 0.0026
2
X /mg=62/17

Doy = 0635

006 0.08 0.1 012 014 016 0.8
Touschek 100 year: O‘s (MZZ)




SIOTYELS

912 GeV

D-scheme

®EXA Data
Jetset partons

Jetset hadrons

1'11111{:‘:_{.5;1-} . 2 ik
czoni i 1 R Y

Q2 W

Yk = 4

0.001 0.01 0.1
Yout = resolution parameter
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J—
~
=,
-
D
e
=
~L

| D-scheme
60
40

20

OPAL

i OEXA Data
--------- Jetset partons
| P ay Jetset hadrons
3-Jet
0.001 0.01 0.1

Yout = resolution parameter
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30

25| \ [ . Abelian O(a:3) ]

20

S raclionSIoREVenISIWItHNITErEN NI EISIOIFELS

O3 jet 1
R3 - Utot % as(Ecm) X 11] Ecm
I B JADE x AMY A ALEPH
% + TASSO * VENUS O DELPHI ]
o Mk-II ® I3 T
2 A OPAL
L i

__————F‘a_a_ i
- A

Y

QCD Asfs = 251 MeV

80 100




Frodicilon i of Ajei e

at Detector Level
Data/Fitted dist

4

R
&
[
wn

as(Mz) =0.1170 + 0.0001(stat) £ 0.0013(sys)

&
[

Fit range
Lo oo by
-6 -5.5
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RUNRINGIGIRHEISHORGICOUPIINYN TG
electron=positron colliISIons

EMC/H

¢t (M) = 0.11+0.01
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Unification ofithe couplingsinsthelVimimal SSURErSYITHElHI CHV/.0UEl,

SM

World average 92

«/
as(M;)=0.118 +£0.005

sin“O=0.2328+0.0007

T 015
1 [CGeV]

MSSM U.A. Wim de Boer
World average Hermann Furstenau

1 015
Touschek 100 years - UA - 02.12.21 i (GeV]




Unification of:the:couplingsyunsthesVimimalisSuperSymimetd Vo el

:Fl I1 I| I| || |[ I| !l Ii Il fl Ii F|_|"| || |1 || I'! I:

SM

World average 92

Brighton Conference — December 1990

LEP, the Laboratory
for Electrostrong Physics,
one year later

Ugo Amaldi

CERN, Geneva, Switzerland

Nim de Boer
nn Furstenau

W.dB
HF 3

! 3
r| || | || :l || |I || || | | 1| .|f 1' || 1]

10" 10" 10"
Touschek 100 years - UA - 02.12.21 u [GeV]




Unification ofithe couplmgs in the i ]J_/ 3,/;)3,@ Verlgirio Yloes)

80 iy s Bl Bl g Bt Sbia FE i Ty

COSMICEE ™ ———==
IMAGE RYf

SUSY 2nd order

KEY IMAGES IN THE - _; _
HISTORY or SCIENCE _— U.A. Wim de Boer

a) : ‘ Hermann Furstenau

OHN D. BARROW £, T e s el PL B260 (1991) 447

4 [GeV]

ThL simple 1~.ubg,¢,brw¢, pjcm ¢ of the three-fold intersecdion of the strengths
of the clectromagnetic, weak, and strong forces of Narare
15 a sunple symbol of the Universe’s deep

unity in the face of superticial diversity, which is whar we mean by beauty.




ZE] ECHHOWE KN IIETAGCHONS
Yl) .« SU(Z) i cotolines ozl 4
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Measurement Fit |O™e=_QM|/gmeas
-3 OV erviewioialINNERPYEeSUlLs;

m, [GeV] 91.1875+0.0021 91.1874 2-boson mass and width
T, [GeV]l 24952+ 0.0023 \2.4965
oo, [nb]  41.540+0037 41
R, 20.767 £0.025  20.739
Al 0.01714 £ 0.00095 0.01642
A(P) 0.1465+0.0032  0.1480 2107
R, 0.21629 + 0.00066 0.21562
R, 0.1721 £ 0.0030
AS® 0.0992 + 0.0016
Al 0.0707 + 0.0035
A 0.923 + 0.020 A
A 0.670 + 0.027 : 3103
A(SLD) 0.1513£0.0021  0.1480

2 nlept
sin“6_z (Qy,)

0.2324 = 0.0012

W-boson mass and width

m,, [GeV]  80.425 + 0.034 80.389 :
[y [GeV] 2.133 £ 0.069 2.093
m, [GeV] 178.0 £ 4.3 178.5 r

PqII= I[X(expt)

0 1 2

3

- X(theory)] / oy




40

Seyiavy of zill LEP raslis

RADIATIVE CORRECTIONS

Measurement Fit éomeals—oﬁtgnmeas
m, [GeV] 91.1875+0.0021 91.1874
[, [GeV]  2.4952 +0.0023 24965
oo, [nb]  41.540+0037 41
R, 20.767 £ 0.025  20.739
A 0.01714 +0.00095 0.01642
A(P) 0.1465 + 0.0032  0.1480
R, 0.21629 + 0.00066 0.21562
R, 0.1721 + 0.0030
AS® 0.0992 + 0.0016
Al 0.0707 + 0.0035
A, 0.923 +0.020
A_ 0.670 + 0.027
A(SLD) 0.1513 + 0.0021
sin’8°?(Q,) 0.2324+0.0012 0.
my [GeV] 80.425+0.034  80.389
[y [GeV]  2.133 + 0.069 2.093 :
m, [GeV] 178.0 + 4.3 178.5 r




e = beam spot

Pixel II
12°<0<21° |

Inner Layer
R=92 mm
6>21°

A>0

Pixel I
15°<6<25°

B-hadron flight direction

frack

B-hadron flight direction

Outer Layer

Closer Layer
R=66 mm
6>24°

2 Ministrip Layers
10°<0<18°

Microstrip;Silicondeteclors
O~iz) ¢




e = beam spot

Pixel II

12°<0<21°
[

Inner Layer
R=92 mm
6>21°

A>0

frack

>
B-hadron flight direction

Outer Layer
R=106 mm

Closer Layer
R=66 mm
6>24°

2 Ministrip Layers
10°<0<18°

Pixel I
15°<6<25°

B-hadron flight direction

Microstrip) silicon detectorsior;
PEIGYGING

DELPHI




e Frocijeiion fz1ig Of O ¢f Lzl
_sm_aII pipe - 2 _Iaye_rs

Iarge plpe 3 Iayers f
5 | DELPHI

Iarge plpe ALEPH |
] ;
1

2 layers

0
086 0965 097 0975 098 0985 0929 05995 1

b-efficiency = 0.985
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DELPHI

Iarge plpe ALEPH
2 Iayers :

small pipe — 2 layers
|| ALEPH mult

Iarge plpe 3 Iayers F

IJSE 0965 097 0975 0988 0985 099 0995

b-efficiency = 0.985

Touschek 100 years - UA - 02.12.21

1

1992-95

DELPHI mult
1992-95

L3 mult
1994-95

OPAL mult
1992-95

SLD vtx mass
1993-98

LEP+SLD

Frocicilog) 12 Of O of Lz

0.2158 + 0.0009 = 0.0009
0.21643 £ 0.00067 = 0.00056

0.2166 £ 0.0013 £ 0.0023

0.2176 + 0.0011 £ 0.0012

0.21576 £+ 0.00094 + 0.00076

0.21629 £ 0.00066

P PR B P o
0.214 0.216 0.218 03 /0

R,




Only oneNesul o= I VIV, p

® L5 data

® Data
— YFSWW3/RacoonWW

[ - Combined

160 170 180 190 200 210 Elements of the W-boson
Vs [GeV] spin density matrix versus

the W production angle

Touschek 100 years - UA - 02.12.21 .




LEP'ElectroweakilVorkingiGroupadeteriiiiEt oo
HHENOPEGUAIKENGNIIGUSHTIASSES

Moriond 1994 — LEP average:

3 +13 +18 i : N
my =172 14 755 GeV Ac®), =

— 0.02758+0.00035
=== 0.02749+0.00012
+*+ incl. low Q° data

Few months later CDF
12 top decays:

my=174+10 113 GeV

115 GeV

L N
o R R
.

00
Final result: m, [GeV]

m= 178.0 + 4.3 GeV 115 GeV - 295 GeV (95% CL)
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S inisearchioritherStandarddVodeiNligys

Touschek 100 years - UA - 02.12.21




W) grociieilon eiizllnals

Channel Topology

2 b-jets +
missing
momentum
(Z—w)

2 b-jets +

lepton pair
(Z—-11)

B-tagging is very important to fight the background

Touschek 100 years - UA - 02.12.21 . 45




ViaximunireaciioE RN N ENI GG SISEQN G

Search fot neutral Higgs at LEP 2000
Presented by Sau Lan Wu

ECFA WORKSHOP on LEP 200
Aachen 1986 — CERN-EP/9/-40

we conclude that at E_,, = 200 GeV', 500pb~" integrated luminosity,

ete™

= —

W=) or 90 GeV (due to Z°).
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ViaximumredChioia N IRIEN I IGYSISEanGh

Search fot neutral Higgs at LEP 2000
Presented by Sau Lan Wu

ECFA WORKSHOP on LEP 200
Aachen 1986 — CERN-EP/9/-40

we conclude that at E, ., ", 500pb~! integrated luminosity.

' . ] l.- F rJ- ar T -:- iq B TE] 2 J...Il :"_ L om ‘1 - ¥ .
gnilicant signais ol NIgEs masses up o about v Gevjiirom the PrOCess

+ 4 _]-!'t:-; [t 15 difficult to extend the li]lrf'l mass to 80 GeV }ldue to

Ll

oy

| 11 | {2 LD 'F'.. ;

Eventually : mass limit My=2 E, - 100 GeV, limited by

E4
radiated energy/turn RYUELSY —b 3 GeV/turn
4 @ 100 GeV

Touschek 100 years - UA - 02.12.21
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Room temperatireranaiSupereonauCHgRCCEIE AUNYICAVIUES;

56 room-temperature
cavities : 1.5 MeV/m

288 superconducting
niobium sputtered on
copper cavities

6-7.5MeV/m
(500 meters !)

Cut of a 352 MHz niobium sputtered SC cavity

Touschek 1 L7/ ; . 48
| .




Room temperatireranasSuperconuuCingaCCeIEYAUIIYRCAVIHES;

4000 Rear
56 room-temperature SC cavities Avlailable RF [EG”E\F?]!
mgn . t e
cavities : 1.5 MeV/m e i
i T 115
<3000
s Nominal RF 7.5 MeVim
288 superconducting & 2000 Beam | N
niobium sputtered on g — ey
copper cavities L e——" | g5
6-7.5MeV/m 1000 1 upgrade
(500 meters !) 500 - [
juil.95 févr.96 aolt.96 mars.9 sept97 avr.98 nov.98 mai.99 déc.99 juin.00 janv.01

Date

lﬂmﬂ M. 43 Cut of a 352 MHz niobium coated SC cavity
vl | R :‘“"‘" B
- |'f: J w -/ "” .

Touschek 10

‘, .




¢ by midsummer: one high-mass candidate in | Grizanialae)/ ia ifl2 Yzl 2000

ALEPH, 4 jets, reconstructed mass ~114 GeV BB LS (iR gl T3 (1l k- e L C X T\,

¢ by Sep 5: two more 4-jet candidates in ALEPH BRIRVAIL LN ] a1 ] S 1o [N =)V
¢ by Nov 3: 70% more data at Ecm~ 206.6 GeV

G. Dissertori 2015
D. Treille 2019
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¢ by midsummer: one high-mass candidate in

Crrognoloe)y 1o ing Y2z 2000
ALEPH, 4 jets, reconstructed mass ~114 GeV BBI1il) pb~lbetween 189 - 209 GeV

: by Sep 5: two more 4-jet candidates in ALEPH BCLRTAIT REL N ] ke 1 4 - [ [N )V}
¢ by Nov 3: 70% more data at Ecm~ 206.6 GeV
10 evts with largest (s / b)11s:

G. Dissertori 2015
D. Treille 2019

Touschek 100 years - UA - 02.12.21

weight for a test
mass = 115 GeV

EXP

Channel

ALEPH
ALEPH

4-jet
4-jet

© 00 O Ol s W =

-
-

ALEPH
L3
OPAL
DELPHI
ALEPH
ALEPH
OPAL
ALEPH

4-jet
E-miss
4-jet
4-jet
Lept
Tau
4-jet
4-jet
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Flrill 2zl s

Combined LEP result at My = 115 GeV
is in excess of the “background-only”
hypothesis by 1.7 standard deviations.

Lower bound (95%CL)on,the SM Higgs
boson mass is My =11414 GeV



fiheleqgacy oilbERN ORI ENN I (ACXIEHITIENLS;
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Liisiziigrzl 12¢fz10 Y

STANDARD MODEL

Hadronization models and Montecarlo programs
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ViaterialiegacyMoeyonuHESyaiTINUITIE]

ALEPH

Microstrip and pixel silicon detectors DEL;”'
L

OPAL

N\
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Viaterallegacy ey Ol U ERZy SR ITINUNITIEY;

ALEPH

Microstrip and pixel silicon detectors DE|'_—;”'

OPAL

Large room temperature magnet L3

Large arrays of crystal to measure y/e en\e‘qie\s L3

Touschek 100 years - UA - 02.12.21




Viaterallegacy ey O U ER2y S TTINUNITIEY;

ALEPH

Microstrip and pixel silicon detectors DEII__?I:,HI

OPAL

Large room temperature magnet L3

Large arrays of crystal to measure yle enexgies L3

LEPH

TPC = Time Projection drift Chamber ELPHI

RICHs = Ring Imaging CHerenkov counters DELRHI

Touschek 100 years - UA - 02.12.21




I EREN D,

N\
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