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Imbedded in the CERN accelerators structure
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The tunnel Four detectors

LAL (IJCLab) and CEA

DELPHI

Burrel RICH
Small Aagle Tile Calorimeter
Quadrupole

Very Small Angle

vjection Chamber

1. Outer Cooling Circuit

Inner Cooling Circuit

Silicon tungsten
Tuminometer




A

4 experiments: 4 different choice but some similarities

10m

al currents

Onion shape and 4n

General purpose detector

Tracking measurements with as little
material as possible (TPC)

PID (dE/dx, Cerenkov)

Calorimeters (different choices)
Muon chambers

Luminometers

Si vertex detectors (close to beam pipe).
ALEPH and DELPHI from the beginning
(Lol)

Start: 4 bunches against 4 bunches (!)
1992 :8x 8
199512 x 12

~ 400 physicists/experiment



The (heroic) start

14th July 1989 First beam turn
« 13™ Aug 1989First Z% (4 exp)
« 20 Sept First physics run

e 13th Oct 1989 First It
C Ir'ST reSults
Run 443 Evt 22734 ToulI(ZB): 34.0GcV, ia clusters: 31.8GeV Clusters(ZB): 13Huon Trkes: 0 Tilter Type: 1 Trigger l:u‘
N1 Gel (EB) : 5 TOYOR
EBTOTKI
25 Gel (FD) ZBTOTLO
TRTOCL
T2TO1

OPAL

%

. 13/08/1989 23:16:46
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During the same period at SLAC
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Study of the
boson

50 years neutral currents 9



ALEPH

DALI_E1

EQ19=91.22 Pch=88.0 Efl=
lch=2

9.6 Ewi
EV1=1.00 EVZ=.036 EV3=.009 ThT=1.19

@
r
o

-11 23:00 Detb=

7.6 Eha=0 AS2087T00 Run=26504 Evt=258

E1FFEF

S0cm |

——i35.Gev EC

600cm|

Gev )

i
{ [-600cm [ -

o
¥X hist.of BA.4E.C.

1 d ) X ) ) lfﬂﬂ:mf | \;-SLD:HI\ J . } Ll z
12

Tsodcm

Run=26504 Evt=5208

DALI_E1 EQW¥=91.22 Pch=13.0 E£1=18.1 Ewi=5.82 Ehe=3.82 AS208700
ALEPH lch=2 EV1-.999 EV2=.993 EV3=.011 ThT=2.13 94-06-11 23:13 Detbm EIFFEF
—i2.1Gev EC | B | L. 3T
—i3lsGev HC | 3
3
2

- —
E = =
- “ e v
S P l —9 |’
] - =
@ 2 ~ T =)
o ) a
o
2 &
o
3
2
:
° Rz
E
g
o
3
]
o
G 4
§
S
S 4
a
.
s e
I
&
=H
2
:
1 T T T T T T
S00cm| [-6docm 5Tz 60dcm
vz

¥X hist.of B.

DALI_E1 8 Bhe=11.3 AS208700 Evt=1T1
ALEPH EV1—_976 EVZ=.383 EV3=.081 ThT-1.42 94-06-11 23:02 Detb= EIFFEF
——9.0Gev EC E |
—a.0Gev BC | §
o
e ©
E
w
> £
T
=
E -
= 3
g P
o
X
3 T T
T'S00cm| [-edocar c0dcmn |
DALI_E1 E£1-33.6 Ewi=.124 Ehe=3.06 AS208700 Evt-2355
ALEPH EV1-1.00 EVZ=.633 EV3=.004 ThT-1.91 94-06-11 23:08 Detb= EIFFEE
—i.94Gev EC | £ | L
—3.1Gev &C | 5 |
S
_3 |
]
o i
]
a
a
—
P o
0 §
E o
=
e
:
T
o3 -680ch
Rz
E
§
= o
E S
I | =
]
E o
E| . |
§
]
2 i
a
4 £
5
S
2
3
Ts00cm TS00em —6doca | Ts08cm
X hist.of BA.4E.C.




SM: Tree level

T
Gr = 2 <in2 At
v/ 2m3,; sin? firee
2
Mw
Po 2

m# cos? Bire

Family T T Q

Ve Vy vy 1/2 +1/2 0
e ), w/, T ), -1/2 -1
VeR VuRr VrR 0 0 0
er KR TR 0 0 -1

t 1/2 2/3
d/, s/, b/, -1/2 -1/3
ugr CR tr 0 0 +2/3
dR SR bR 0 0 —1/3

=1 in the SM (Higgs doublet)

Z0 couplings to fermions depends on their
charge and weak isospin

N = g R = Vo (T — 2Qrsin® 0)
6 — g5 = AT}

:
I
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SM: radiative corrections

r r correction If ener '
propagator corrections (selt energy) vertex corrections

Top dominates. Non abelian

Mostly sensitive to f W / structure of the
m2, \ WW EW theory. TGC.
v,ZIW v,ZIW v,ZIW v.ZIW w
f/if WH,Z
S 3 N Scalar sector. b
i SR, Contains Higgs
W mass info. Top dominates.
ZW ZW ZW Zw Mostly sensitive to
zZw m2,

. 2nf .2
sin“ B¢ = Kf SIn” Oy

f_ f 2 of
gy =/ pf(TB — 20f sin? Ot
o f Kr =14+ Ax., + Ak
ga = PrT3 4 > /

- : : : 127+ e-T
propagator corrections: all observables, suppressed in ratio of widths eg op,q = cre~had

vertex corrections: mostly Ry, I(Z — bb)
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The Z line shape

Ny — Npg Center of mass energy
o = 1 :
eselAC' d\ — Born
127 (hc)? sTT'y >
Of = 2 T2 G
Mz (s-ME)p2+s238 O
&
=
SM
BR(Z° —qq) ~ 70%
BR(Z® —£8) ~ 3% £=e, porz L M
BR ZO ~ 20% Nv= 3 | | \ 1 ; { L A | S,
&) ( ) %7 3 o 92 B 9y 45 16 '

. Culd?fo¢wwm E (Ge‘/)
Importance of the hadronic channel -
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What do we extract as information ?

« Z% mass: one of the SM parameter

« ZOwidth: sensitive to radiative corrections (top
mass, Higgs mass (log))

 Peak cross section : sensitive to the number of
light neutrinos

» test of lepton universality: T, =T, =T}, ?

SM

BR(Z° —qq) ~ 70%
BR(Z® —£8) ~ 3% =e, porz
BR(Z® — vv)~ 20% (N,= 3)
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~4 10% Z%experiment , (1990-1995), many challenges: final(*) results in 2005

~
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| ¢ average measurements,

30

10

2v

ALEPH
DELPHI
L3
OPAL

error bars increased
by factor 10

91.1875 £ 0.0021 GeV 210
2.4952 4+ 0.0023 GeV 9104

2.9840 =+ 0.0082

B(Z— p*p”)

= 1.0009 = 0.0028
B(Z — ete™)
B(Z — 17717)

= 1.0019 £+ 0.0032
B(Z — ete™)

-0.23% to be applied to
take into account T mass

(*) but full width (2019) 15



A. Blondel (CR Academie des Sciences)

Table 1. First results from LEP and SLC on the Z mass and the number of
light neutrino species, as published around 12 October 1989 (in order of
submission to the journal).

Experiment Hadronic Zs Z mass (GeV-c_z) Ny,
MARKII 450 91.14 £0.12 2.8+0.60
L3 2538 91.13£0.06 342+0.48
ALEPH 3112 91.17£0.05 3.27+£0.30
OPAL 4350 91.01 £0.05 3.10£0.40
DELPHI 1066 91.06 £0.05 24+0.64
Average 91.10£0.05 3.12+£0.19

g 45 :

| DELPHI

Vs [GeV]

https://doi.org/10.101 6/0370—2693@%2@70@—5.

SHreEtftrat currents

1990-1992
91.1904+0.0065
1993-1994
91.1882+0.0033
1995
91.1866+0.0024
average
91.1874+0.0021

—o—

91.185 91.19 91.195
m, [GeV]
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https://doi.org/10.1016/0370-2693(89)90706-5

Challenges in the energy calibration

Most sensitive parameter: My
Strategies in the energy scan developed (energy changed at each fill)

Resonant depolarization technique (end of fill)

NRM probes Rise of dipole field due to

Change in the orbit length electric perturbations

due to TGV passing
—~ @ .
46475— 11 November 1992 + g 1999 LEP run 46498 16 August 1995
— 8 24 comelates with — 46494 - i
g g lake level - E |
= 46470- & \ = 46490
@ S 14 & 46486
g tide prediction E \ g 46482 —
§ 46465 &l w § 46478-
o = \ : o - .
_g o heavy rainfall 46474—{ '  noisyperiod  :quiet period :
T I I I T I I I T I |
22:00 06:00 14:00 22:00 100 150 200 250 300 16:00 20:00 00:00 04:00 08:00
daytime day daytime

change in circonference :
1mm = 10 Mev 50 years neutral currents AMZ =1 7 |V|eV




Challenges in the luminosity determination

et e

Y Theoretical computation +  —/———————— -
precision luminometers (~ 5 um o - ]

d T s or

s 4

_.-"10
In 2019 ! -
underestimation of the integrated

e = luminosity by -0.1 %
el Physics Letters B 800 (2020) 135068

Beam-beam effect

N, =2.9840+0.0082  =m====) N, —2.9919+ 0.0081
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An overall test of the Standard Model: couplings

FB asymmetries, t polarisation

Z° partial widths : |9V| T |9V| SLC initial state polarisation

0
e- e+
Asymmetrles gV/gA and Sll’l Heff > ¢ \
Ag . 0.23099 = 0.00053
A(P) —— 0.23159 + 0.00041
-0.032; .[.'
0b
1=z Aq —vV— 0.23221 + 0.00029
_o0.034l ° | A 1 0.23220 =+ 0.00081
Y Q" * 0.2324 + 0.0012
s, i S h e Average I 0.23153 = 0.00016
-0.036+} 4 Tt v 3935%CL 4 %/d.0.f:11.8/5
> ! : \ 5 10 3_ x/d.o.f.: 11.
i) \
.‘. —
| 4 %
-0.038" AL 39.35% CL. | O]
e
90% C.L. S EI
18 103 &5 Aol = 0.02758 = 0.00035
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=0.040" 023 0232 oot 0234
ep
L N N " " 1 " " a . L " " " " 1 2 s . " | Sln eeff
-0.502 -0.501 -0.500 -0.499 -0.498
50 years neutral currents 19

PDGQG review g



Predictions

Electroweak corrections in the prediction of observables: depends on m?4,, and

|n(mHiggs)

250

0.505

m, [GeV]

0.505

Measurement

" Aa®) = 0.02758 = 0.00035

a,=0.118 + 0.003
[ m,= 114...1000 GeV

Measurement

(6) _
o®) = 0.02758 = 0.00035

a,=0.118 + 0.003
FHm=178.0 = 4.3 GeV
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50 I = g . . | ' ¥ T T T T T T T T
1990 1995 2000 2005

Direct search lower limit (95% CL) A

Tevatron .
SM constraint A
68% CL .

Year
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2005

5 LEP1 only

_ | i | 2005:

Aay, = my < 285 GeV/c2 @95 %CL LEP1 only

S~ — 0.02758:0.00035 B

' R 49000012 my < 152 GeV/c2 @95 %CL LEP1+ LEP2
4 - ** incl. low Q° data —
3_ —]

1 2012:
2 - - discovery of a light Higgs boson
1 . —]
o | Excluded 2023

30 100 500 my = 125.25 +0.17 GeV/c?

m, [GeV] PDG
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Nobel 1999 prize to M. Veltman and G. 't Hooft

"y
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s G
i ok
ATes - 3
. RESUARRS 31

Martinus Veltman Gerardus 't Hooft

The theory’s predictions verified

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 guark, the heavier of the two quarks included in the third

family in the model. This quark was observed directly for the first time in 1993 at the Fermilab
in the USA, but its mass had been Bredicted several years earlier. Here too, agreement

between experiment and theory was satisfactoryira currents 23



Use of the Z° boson




b-physics Besqnances

Un duo sur la beauté

Aleph et Delphi : la beauté a LEP

avec Marie-Hélene Schune et
Achille Stocchi o

&

In total ~ 16 millions Z° were produced
Z° > bb ~ 15%

~ 1.2 millions b-hadrons produced per experiment

Total at LEP

BB, B A

1.9 10¢ 1.9 10¢ 0.48 10°¢  0.48 10¢°

25




B, —»D, v

Evidence for Bs production in Z decays

% 6 |- o signol ) 0)
S | omsomesign, 2 || p*> 0.8 cev/e
S
S |
2 ‘[ DELPH
5 3
2 j
/ _
0 [

1.7 1.8 1.9
M(KKT) (GeV/?)

https://doi.org/10.1016/0370-2693(92)91385-M

1990 -1991 data
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Was only possible given the innovative Si detectors

A few mm between the Interaction point and
the b-hadron vertex

1990 : ALEPH and DELPHI

1993 : all 4 experiments, Be beampipe with smaller radius (~ 5 cm)

50 years neutral currents

Candidates/0.25 ps

Caondidates /0.5 ps

B. —»D. fv
Physics Letters B 377 (1996) 205-221
40
35
30
25
20

Entries 277
Mean 0.2227
RMS 0.1285

T

T 1 1

—
0)]
i

o |

i P B DR B
0 0.1 0.2 0.3 0.4 05 0.6

2 0 2 4 & 8 10
Proper time (ps)

T= 1.54%31% 4+ 0.04 ps
Am > 6.6 pS'1 Full LIZE7P1 data



Q : D s ALEPH b

Sept. 2013

o (Q) v Tdecays (N3LO)
S ® Lattice QCD (NNLO)

a DIS jets (NLO)

03| \ 0 Heavy Quarkonia (NLO) .
o e'e jets & shapes (res. NNLO)
® 7 pole fit N3LO)
\ v pp—> jets (NLO)
\
X\ﬂ‘- ]
o
.. )

0.2}

0.1}

= QCD 0g(My) =0.1185 £ 0.0006
100 1000

1

10
Q [GeV] gluon spin measurement

O . . I i
Ellis—Karliner angle distribution, Ycut=.01
3 q ution, Ycut=.
0.5 A) preCISlon . E&? r L] Corrected data
9 Hatched <.Jrea: JETSET PS vector gluon OPAL
g [ Dashed histogram: JETSET PS scalar gluon
P | Solid histogram:  JETSET 2nd ord. ME vector
— ; L Solid line: 1st order vector
N { Dashed line: 1st order scalar
b L
? vector

4-jets events
= Observation of
gluon self-coupling
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ugust 1989 : 1 Z%/day

ey

2D Wum 12 dex_dey total entries 6697
g1 821 28
beg. -1 00E-01 -1.00E-01
step  1.00E-02 1.25E-02 971 €321 1 100
end 1_00E-01 1 00E-01
bins oI 531 8
center: -1 500E-02 & 250E-03
Regressiocn y= 7.759E-03+( 5.477E-03)wx
x=—1 417E+00+( 1.826E+02)wy
bin y 1 2 3 s 6 7 & 9 10 11 12 13 14 15 16
y-proj 20 23 22 n 65 €0 150 651 3814 1007 182 89 9 s2 48 20
bin T SuR.y
1 - 16 4 4 4
2 - 32 4 6 8 4 2 8
3 - 54 . ¢ 4 . s 11 ¢ 1 13 ¢ ¢ ¢
4 - 51 2 7 4 13 12 8 1 4
5 - 68 2 1 4 70120 11 s 4 3 4 4 1
6 = 98 1 3 8 18| 29 9 8 16 2 6
7 -0.03 199 4 1 4 1 4 27 92 26 16 16 8
8 -0.02 1.92E403 4 1 4 8 9 30 174| 1255 3§57 36 12 12 5 8
$ -0.01 2. 70E403 8 4 16 6 9 48 267| 1880 385 s1 8 8 4 5 3
10 -5 00E-03 593 4 3 ] 4 18 63| 346 87 18 12 16 16 1
11 S.00E-03 16§ 1 4 4 2 20 19 4@ 20 4 12 4
12 148 4 5 s 11| B4 23 8 4 6 4 8
13 13 4 ] 8 ¢ 11 19 31 13 4 8 4 3
1 4 4 § 10 11 7 ‘ 4
15 29 3 1 4 3 12
16 27 2 4 2 4 3 8 1 3
17 26 4 4 4 s 8 1
18 21 4 4 4 2 3 4
19 ] . 4 ‘
20 8 4 4
bin  arg x n.y
y-proy 20 23 22 £l 65 €0 150 651 3814 1007 182 89 9 s2 48 20
bin ¥ 1 2 3 ‘ s 3 7 8 9 10 1 12 13 1 15 16

1988

Summary
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End of 1995 :1000 Z° /h

)

Physics Analysis Workstation

An Introductory Tutorial

Application Software Group

Computing and Networks Division

CERN Geneva, Switzerland

= | FEELLIKE ADINOSAUR



A last word

J'ai eu la chance de participer au démarrage de LEP en préparation depuis huit ans. C'est
dans cette phase exceptionnelle que constitue la recherche fébrile des premiéres désintégrations
hadroniques du Z0 que j'ai pleinement apprécié les prouesses techniques nécessaires 2
l'acquisition d'un détecteur si complexe. Méme si moins d'un an s'est écoulé depuis ces débuts
"héroiques”, nous sommes maintenant loin du temps ou l'on pouvait distinguer
individuellement chaque Z9 par ses caractéristiques topologiques... En effet, le nombre
d'événements acquis cette année devrait dépasser la centaine de milliers et permettre alors, une
détermination des parametres du boson neutre vecteur de l'interaction faible avec des erreurs
statistiques réduites d'environ un facteur trois rendant entre autres possible un test encore plus
contraint du Mod¢le Standard.

Last paragraph of the concluding remarks of my PhD thesis May 1990

Thank you for your attention
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DELPHI solenoid (superconducting magnet)

WORLDS LARGEST )
SUPERCONDUCTING SOLENOI)
LE PLUS GRAND DU MONDE

-~ AR (CER

DESIGNED AND CONSTRUCTED
IN ENGLAND BY
HERFORD APPLETON LABORATORY
MAME TER 620 metres

i 740 meicen
84 Lomnes
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ALEPH  —c—  91.1893+0.0031 ALEPH e 2.4959:0.0043

DELPHI —S— 91.1863+0.0028 DELPHI —=— | | 2.4876:0.0041
L3 —e&—  91.1894+0.0030 L3 | —o— 2.5025:0.0041
OPAL —o— 91.1853:0.0029 OPAL e 24947:0.0041
LEP . 91.1875:0.0021 LEP . 2.49520.0023
| ' common: 0.0017 common: 0.0012
x*/DoF = 2.2/3 x*/DoF =17.3/3
91.18I H l9ll.19 o 91.2 2.48 - 249 | ”2.5 | 2.51 |
m, [GBV] rz [GEV]
ALEPH — & 41.559+0.057 ALEPH —@— 20.729+0.039
DELPHI  —&— 41.578:0.069 DELPHI—@— 20.730:0.060
L3 & 41536x0.055 L3 —e— 20.809:0.060
OPAL —&— 41.502:0.055 OPAL o 20822:0044
LEP —e—  41540+0.037 LEP - 20.767+0.025
| ‘ common: 0.028 common: 0.007
x*/DoF =1.2/3 x*/DoF = 3.5/3
a4 a5 4l 417 207 208 209

0 0
Ohaa[nb] 50 years neutral currents R|



Left-Right asymmetry @ SLC

N, — Ng 1
Ny, + Ng (Pe)
N_= # of Z° produced for left-handed electron bunches

Ng= # of Z0 produced for right-handed electron bunches
<P.,> = electron polarization

Arr

Compton-scattering polarimeter installed near the IP:
0.5 % precision on the polarisation measurement

50 years neutral currents

Polarization of Electron Beam (%)

[y

[y (] (%) S wn = 3 R o S

=} (=] < (=] < =] < =] =] =] <
T

In 1998 : total 0.5 10% Z° recorded

Beam Polarization SLD 1992-1998 Data

Wavelengh®t " ="
Optimized *

for 1994 SLD Run for 1997 SLD Run
4 _
P N o S e AR, sl ok 0
T R 11 = L T e
';% 1996 Run

B \ Strained Lattice Cathode

Strained Lattice Cathode Strained Lattice Cathode

for 1993 SLD Run

1000 2000 3000 4000 5000
Z Count x10
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pol,0
AFB
daff — §O_t9t
dcos 8 g ff

Asymmetries and 1 polarisation

3
ZAeAf
Ae

[(1 — PoA) (1 + cos? ) + 2(A, — P.).As cos 9] :

50 years neutral currents

Measured PT Vs COSGI_

T I L | LI L T LA B B B B

6L ALEPH ¢ ]
P: | DELPHI + -
il L3 b

OPAL +

-0.1 |
-0.2
-0.3 no universality
-------- universality
0.4 T PR | i e boo ol o o
-l 08 -06 -04 -02 0 02 04 06 08 1

coset-
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An overall test of the Standard Model: couplings

2 2
Z° partial widths : |g‘];| + |g{,c|
Asymmetries: g, /g% and sin? H(fff

'0.032 | T T T | T T T T T T T T
[ Im=178.0 =+ 4.3 GeV
mH= 114...1000 GeV -

-0.035 A —

>

(@)]
-0.038 A A -
Ao
oot B8%CL
-0.503 -0.502 -0.501 -0.5

9l

FB asymmetries, t polarisation, at SLC
initial state polarisation

T b S |( 0.22 T
03] -quark . c-quark
0.2
-9.321 8
s | ¢
0.18 1
-0.341 8
SM
0361883 955 99.5 % CL . 0161683 955 995 % CL
-0.54 -0.52 -0.5 -0.48 0.47 0.5 0.53
9ab 9ac
50 years neutral currents 36



(including LEP2 inputs)

2012 m,;
6_March .1 o
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Effect of the TGV on beams energy
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Non-abelian structure of QCD
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