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 2Markus Elsing

The Large Electron-Positron Collider 

•LEP story began in late 70th 
➡ machine to study the emerging picture of 

the unification of the electromagnetic and 
weak forces 

➡ beginning of 80th saw discovery of  
W and Z bosons by UA1 and UA2 

➡ 1981 LEP was formally approved 

•construction to first collisions 
➡ 1983 start of civil engineering for 

27 km LEP tunnel and experimental halls 
➡ 4 experiments: ALEPH, DELPHI, L3 and OPAL 
➡ 13.August 1989 first collisions,  

less than 6 years later

very early Z→e+e- online display  
from one of the detectors (UA2) 
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the LEP collider 

another particle accelerator
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Physics Goals of the LEP Programme
LEP EW

W
G

•LEP was a fantastic machine ! 
➡ broad physics programme 
➡ clean e+e- environment 

•goals as defined in Yellow  
Report "Physics at LEP" (1986): 
➡ precision studies at the Z peak 
➡ QCD, γγ and heavy quark physics 
➡ running beyond the WW threshold 
➡ search for toponium and the Higgs boson 
➡ searches for new particles 

•two phases of the experimental program 
➡ LEP-I running on the Z peak (1989-1995) 

• most events taken on peak, plus scans around the peak to measure Z resonance 
➡ LEP-II running above the WW threshold (1996-2000) 

• increasing the energy year-by-year from 163 GeV to 209 GeV
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Z-Resonanzparameter und Lepton-Asymmetrien
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abgeleitete Grˆflen :

Anzahl der leichten Neutrino-Familien
N = 2.9835 ± 0.0083 (~2 s)n

a   aus s
a = 0.1187± 0.0030±0.0026(m

H
)

(aus einer rein leptonischen Grˆfle !!!)
s

ll
0

s

Parameter Mittelwert
mZ(GeV) 91.1871±0.0021
ΓZ(GeV) 2.4944±0.0024
σ0h(nb) 41.544±0.037
Rl 20.768±0.024
A0, l
FB 0.01701±0.00095

LEP kombiniert :
(5 Parameter-Fit)

FINAL
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Produktion von W-Bosonpaaren bei LEP

Z, γ

W+

W

e-

e+

νe

e

e+

W

W+

- -

-

relevante Diagramme (CC03) :

Datens‰tze pro Experiment :
161 GeV - 189 GeV ª 3600 Ereignisse
192 GeV - 202 GeV ª 3800 Ereignisse

alle Endzust‰nde bei LEP beobachtbar
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The DELPHI Experiment
•"DEtector with Lepton, Photon and Hadron Identification" 
➡ 18 sub-detectors, many innovative technologies, e.g.: 

• Silicon Vertex Detector (VD) - the first of its kind 
• Time Projection Chamber (TPC) - 3D tracking 
• Ring Imaging Cherenkov Counters (RICH) - particle ID 
• High Density Projection Chamber (HPC) - e.m. calorimeter 

➡ the largest superconducting coil ever build 
• length 7.4 m, diameter 6.2 meters, 1.2 T field •DELPHI collaboration 

➡ 550 physicists from 56 universities and institutes  
from 22 countries 

➡ Wuppertal: group of Prof. Drees (Prof. Becks)

transporting the DELPHI coil

Vertex Detector

insertion of TPC

RICH mirrors
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Detector Construction in Wuppertal

•Forward Chamber B  (FCB) 
➡ large "classical" wire chamber for precise 

charged particle tracking  
➡ detector had 6 wire planes,  

X/U/V geometry for 3D reconstruction 
➡ designed and constructed in Wuppertal, 

transported to CERN, installed in both end-caps 

•later DELPHI upgrade (1995) 
➡ contribution to Very Forward Tracker (VFT) 
➡ first hybrid pixel detector in 

collider experiment

FCB installed in DELPHI
and covered by FRICH cables

VFT Pixel Detector (upgrade)
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Fig. 3. Sphericity distributions. (a) Shows the sphericity distribution for all the hadronic Z ° events compared with a histogram produced 
by Monte Carlo simulation. (b) Shows the measured cos 0~ distribution of the sphericity axis and the fitted ( 1 + cos20,) distribution used 
Io extrapolate to the forward direction. 

ciency. The observed number  of events N h and the 
corresponding cross-sections are listed in table 1 
where the quoted errors are only statistical. The sys- 
tematic uncertainties on L and e which were given 
above, imply a systematic error on the measured cross 
sections of "-- 6%. 

The mass and width of the Z ° were obtained by fit- 
ling the following theoretical expression [7],  given 

4 , 6  

by the standard model, to the data: 
,g 

Ft.Fh ,o 
ah = 12n (s-J.12)2+s21"2/M2 F+ay. ( I )  

35 

The  f irst term in eq. ( I ) describes the Z ° l ine shape 
by an in]proved Born approximation with an energy 30 
dependent  width. Radiative corrections are included 

2 5  in the funct ion/"where  soft photon emission is com- 
puted with the usual exponentiation procedure. QCD 

2 0  

corrections are applied to the hadronic partial width 
Fh. The con t inuum cross section is represented by the is 
small term ay. The interference term as well as higher- 
order corrections were calculated assuming mr= 90 ,0 
GeV and are absorbed in the function F a s  discussed 
in ref. [ 7 ]. Fits to the expressions derived in ref. [ 8 ] s 
give the same results. 

A three-parameter fit was performed by leaving free 0 a, 
an overall normalizat ion factor R in addit ion to the 
mass M and the width l ' o f  the Z ° .T hc  result of  this 
fit is M = 9 1 . 0 6 + 0 . 0 9  GeV, 1"=2.42+0.21 and 

R =  1.03+0.14 with Z2=3.1.  The determinat ion of 
the Z ° mass is affected by an addit ional systematic 
error of + 0.045 GeV due to uncertainties in the ab- 
solute calibration of the machine energy [ 9 ]. A sys- 
tematic error of 6% on the absolute value of the cross 

, I I f l , I A I ~ I L I , 
86 88 gO 92 94 96 98 

4s IOeVl 

Fig. 4. The measured Z ° peak. The data points and the fit are 
described in the text. 

546 
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Commissioning and First Results
PLB 231 (1989) 539

DELPHI 1989

1066 events

Pandora's box

EWS

Chocolate

LEP startup in the control room•DELPHI had a "rocky" start 
➡ electrical fault on the magnet during 

installation 
➡ experiment was late, in particular readout 

and trigger not ready in time 

•LEP startup in 1989 
➡ first beam in machine           July 12th 
➡ pilot run (5 days) started      August 13th 
➡ 1st physics run (2 weeks)     September 22nd 

• first scan of the Z peak ! 
➡ 2nd physics run (2 months) October 22nd 

• 2nd scan of the Z peak 

•major commissioning effort 
➡ but good data was taken, leading to first 

DELPHI physics papers 
➡ start of an amazing success story...

first scan of the Z peak
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Precision Measurement of the Z Peak
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•4 million Z decays 
per experiment 
➡ hadronic cross section, 

measured and QED 
corrected 

➡ large, but well known 
radiative corrections 

•precision results: 
mZ     = 91.1875 ± 0.0021 GeV 
ΓZ       = 2.4952 ± 0.0023 GeV 
σ0had = 41.540 ± 0.037 nb 

➡ number of light neutrinos: 
Nν     = 2.9840 ± 0.0082 
             (2 σ below 3) 

•most LEP results better 
than originally expected ! 

➡ reaching precision required to 
allow for many subtle effects 
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Z-Resonanzparameter und Lepton-Asymmetrien
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N = 2.9835 ± 0.0083 (~2 s)n

a   aus s
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Underground Water

• Underground water
Rainfall 

• Lake levels
• Other ?

1993 : Unexpected energy “drifts” over a few weeks were
traced to cyclic circumference changes of  ~ 2 mm/year.

Circumference change
measured with the radial
beam position.

Driving “forces” :

Day

∆C
 (m

m
)

-1

0

1

2

3

100 150 200 250 300

lake level ...

"Heavy" Rainfall

Correlates with
1999 LEP run

10.10.2000 J.Wenninger - LEP fest 8

Moonrise over LEP

Fall of 1992 : The historic tide experiment  !

The total strain is 4 x 10-8  (∆C =  1 mm)

Daytime

Be
am
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)

Nov. 11th 1992

46465

46470

46475

22:00 2:00 6:00 10:00 14:00 18:00 22:00 2:00

Tide prediction
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Surprises in LEP Energy Calibration

•LEP energy uncertainty 
important systematics on MZ 

•resonant depolarisation used 
to measure beam energy 
➡ calibration outside physics runs 

• extrapolated to different collision points  
➡ precision ∆E < 0.4 MeV or ∆E/E < 10-5 

• but: large variations detected 

•earth tides deforming LEP ring 
➡ tidal earth deformation: 2/3 moon, 1/3 sun 
➡ total change of circumference  ∆C ~ 1 mm 

and of beam energy  ∆E ~ 10 MeV 

•underground water levels 
➡ circumference changes by ∆C ~ 2 mm / year 

results in slow drift on LEP energy 

J. W
enninger, LEP Fest
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The "Train Effect"

10.10.2000 J.Wenninger - LEP fest 14

Vagabonding Currents

• Injection lines (Point 1)
• Point 6 (Versoix river)

AC railway 15 kV

SPS Bellevue

1 km
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LEP

La Versoix

DC railway 1.5 kV

Earth current

IP6

IP1

Meyrin

power station
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LEP is affected by the French DC railway line Geneva-Bellegarde

A DC current of 1 A is flowing on the LEP vacuum chamber.

Entrance/exit points :
10.10.2000 J.Wenninger - LEP fest 13

Pipebusters
The explanation was given by the Swiss electricity company EOS...

Vagabond currents 
from

trains and subways

Vagabond currents 
from

trains and subways

Source of electrical noise
and corrosion 

(first discussed in …1898 !)

I blast your pipes !

~20%

~80%

Vagabond (Earth) current

DC railway

J. W
enninger, LEP Fest

10.10.2000 J.Wenninger - LEP fest 15

TGV for Paris

• The current on the railway tracks
• The current on the vacuum chamber
• The dipole field in a magnet

correlate perfectly !

Because energy calibrations were 
usually performed :

• At the end of fills (saturation)
• During nights (no trains !)

we “missed” the trains 
for many years !

we “missed” the trains 
for many years !
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November 1995 : Measurements of

•unexpected short term fluctuations 
➡ up to ∆E ~ 5 MeV over the day, quiet periods at night 

• human activity !  (but which one ?) 
➡ explanation given by Swiss electric company 

• vagabond currents from trains, known since 1898 !!! 

•french DC railway Geneva-Bellegarda 
➡ DC current of 1 A flowing on LEP vacuum chamber

•measurements of 
• current on railway tracks 
• current on vacuum chamber 
• dipole field in LEP magnets 
➡ correlated perfectly

•final systematics of 
±1.7 MeV on mZ 
➡ still dominating
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Z Pole Electroweak Precision Data

•LEP-I yielded huge harvest of electroweak precision results:Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

Δαhad(mZ)Δα(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012
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➡ new quality compared to pre-LEP situation 
(e.g. lepton axial and vector couplings)

LEP EW
W

G

➡ results and interpretation of electroweak 
data will be discussed by next speaker !

➡ combined LEP-I results:
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LEP-II opened new Physics Programme

•machine reached energies well above WW threshold 
➡ precision measurement of W mass, branching ratios, etc. 
➡ study di-fermion production well above Z pole 
➡ processes like γγ, Zγ*, ZZ, WWγ, Zee, Weυ... 
➡ searches for Higgs boson and new physics 

•measured WW cross-section 
➡ different final states 

• WW→lυlυ      ~ leptonic channel 
• WW→qqlυ    ~ semi-leptonic channel 
• WW→qqqq  ~ fully hadronic channel 

➡ results illustrate "effect" of γWW and ZWW vertices 

➡ cross-section at threshold sensitive to W mass 

• statistically dominated ! 0
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Produktion von W-Bosonpaaren bei LEP

Z, γ

W+

W

e-

e+

νe

e

e+

W

W+

- -

-

relevante Diagramme (CC03) :

Datens‰tze pro Experiment :
161 GeV - 189 GeV ª 3600 Ereignisse
192 GeV - 202 GeV ª 3800 Ereignisse

alle Endzust‰nde bei LEP beobachtbar

_
_ _

mW = 80.42 ± 0.20 (stat.) ± 0.03 (ELEP) GeV 

LEP EW
W

G
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W Mass from direct Reconstruction
•reconstruct mass spectrum from final state particles 
➡ spectrum as well sensitive to W width (ΓW) 

➡ kinematic fits to improve experimental resolution 
• WW→qqlυ    ~ missing momentum from neutrino 
• WW→qqqq  ~ 4 jets give 3 combinations 

➡ results: 

➡ compare to recent Tevatron and ATLAS results

_
_ _

DELPHI
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ΓW  = 2.195 ± 0.063(stat.) ± 0.055(syst.) GeV
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EPJC
 78 (2018) 110

4 jet event

WW→qqμν
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Enabling Data Analysis in Wuppertal

Digital VAX 6000 Series Computer (1989)

•data flow: 

•group got VAX cluster to analyse DELPHI data 
➡ but: DST format too large to store in Wuppertal 

•invention of the "Wuppertal Mini" 
➡ reduced data format stored on cluster 
➡ software skeleton + tools for analysis  

(today this is called an analysis framework) 
➡ scheme later adopted by DELPHI overall



tuning Wuppertal Mini

RAW 
DATA

DELANA ANALYSIS

Generators DELSIM

DST

MINI

Physics

 14

Tuning Monte Carlo Generators

Markus Elsing

•data flow: 

•Monte Carlo generators and detector simulation 
➡ to unfold e.g. fragmentation effects in hadronic final states and detector effects 

•generators modelling e+e- → Z/γ* → qq → hadronic final states 
➡ assumption that process can be factorised into 4 phases: 

(I) hard electroweak production process 
➡cross-section calculate in perturbation theory  

(II) partonic phase governed by perturbative QCD 
➡matrix elements, parton shower models 

(III) fragmentation into stable hadrons 
➡phenomenological string or cluster models 

(IV)decay of long lived particles 
➡known branching ratios (+modelling)

_
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Tuning of Monte Carlo Generators

•generator codes like JETSET, HERWIG or ARIADNE  
➡ many free parameters, need to be tuned to data 

•complex optimisation problem 
➡ parameters usually are highly correlated 
➡ re-computing observables for each variation is CPU intensive 

•parametrisation-based tuning approach 
➡ sample parameter space, model variation of observables, fit model to data distributions

H
am

acher, W
eierstall 1995

observable
parameter v

aria
tio

n

parametrisation

➡ approach later 
implemented in 
"Professor" 
framework, still 
used today
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Figure 15: Distribution of the Differential 3-Jet Rate Durham Algorithm
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Figure 16: Distribution of the Differential 3-Jet Rate Jade Algorithm
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 16Markus Elsing

Properties of Quark and Gluon Jets
•LEP not only an excellent machine to study W and Z bosons 
➡ study QCD in a clean environment 

➡ clean sample of gluons in 3 jets events 
• identify b-quark decays in other jets 
• or compare 3 jet to 2 jet events 

•allows to study quark and gluon jets 
➡ relative coupling strength of quark and gluon vertex 

• QCD :  CA / CF = 2.25   ~  higher rate for gluon Bremsstrahlung in gluon jets 
➡ precise measurement of coupling ratio allows to determine QCD gauge group 

• can be extracted from comparing hadron multiplicities in quark and gluon jets 
• non perturbative / color coherence effects and hadronisation are important

Comparing Gluons and Quarks in e+e− 3 Jet Events
Θ

Θ
Θ

22

• assign partons ↔ jets at tree level

• identify quarks using E-ordering
and displaced vertices (heavy q’s)

• determine parton kinematics
from event topology

• unfold light-, b-quark, g-contribution
by inverting purity matrix

• dynamical studies require
evolution scales for jets →
transverse momentum like scales:

κ = Q = Ejet · sin
θij

2
(=̂

√
s

2
)

• assignment of particles to jets
requires jet algorithms → ambiguities

These can be avoided/minimised by

– analysing only 3-jet event multiplicity
(DO⋆)

– use fully symmetric situation
needs boost algorithm (O)

– use recoiling gluons (O)

– analysing fast hadrons only
(Fragmentation Functions) (DO⋆)
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mit gs als Kopplungsstärke der starken Wechselwirkung. Da die SU(3) über acht
Generatoren verfügt, werden acht Eichfelder Gµ

a benötigt, welche als die acht
Gluonen, die Austauschbosonen der QCD identifiziert werden. Die für den kine-
tischen Term der Eichfelder benötigten Tensoren Ga

µ∫ lassen sich wieder aus dem
Kommutator der kovarianten Ableitung gewinnen:

°igs

X

a

Ga
µ∫ta = [Dµ, D∫ ] (3.30)

Die Gµ∫ ergeben sich hieraus zu

Gµ∫
a = @µG∫

a ° @∫Gµ
a + gs

X

b,c

fabcG
µ
b G

∫
c (3.31)

Der letzte, in der QED nicht auftretende Summand rührt daher, daß die in der
kovarianten Ableitung auftretenden Generatoren ta nicht kommutieren. Der kine-
tische Term Gµ∫Gµ∫ enthält somit neben Termen der Ordnung G2 auch Terme der
Ordnungen G3 und G4, welche einem drei-Gluon-Vertex und einem vier-Gluon-
Vertex entsprechen. Die Lagrangedichte der QCD lautet somit

L = √̄(i@µ∞
µ
°m)√ + gs

X

a

√̄ta∞µG
µ
a +

1

4

X

a

(Gµ∫)a(G
µ∫)a , (3.32)

die sich daraus ergebenden Elemente der Feynmandiagramme der QCD sind in
Abb. 3.3 dargestellt.

Die Matrixelemente für die Wechselwirkungen in erster Ordnung Æs werden als
Splitting Kernels bezeichnet. So ist der Splitting Kernel für die Abstrahlung eines
Gluons durch ein Quark mit

ØØØØØØØØ

ØØØØØØØØ

2

/ Pq!qg(z) = CF ·
1 + z2

1° z
z =

Eq,out

Eq,in
(3.33)

gegeben, wobei z der beim Quark verbleibende Energiebruchteil ist. Der Splitting
Kernel hat eine Singularität bei z = 1, was dem Fall der Abstrahlung eines Glu-
ons mit verschwindender Energie entspricht. Der Casimir-Eigenwert CF taucht
hier als Vorfaktor auf, da die im Quark-Gluon-Vertexterm in Gl. 3.32 auftreten-
den Generatoren ta quadriert und summiert werden. Der entsprechende Splitting
Kernel für die Abstrahlung eines Gluons durch ein anderes Gluon ist durch

ØØØØØØØØ

ØØØØØØØØ

2

/ Pg!gg(z) = CA · 2
(1° z(1° z))2

z(1° z)
(3.34)
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CA , CF ~ QCD color factors
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Properties of Quark and Gluon Jets

•determine gluon multiplicity: 

➡ Ngg ~ hadron multiplicity in color singlet gg system 
➡ stronger energy slope of Ngg ~ larger color factor 

➡ in dipole model the energy slopes are related by:  

Result for CA/CF

• We want CA/CF from
slope w.r.t. angles: → N0 varied freely!

• Experimentally advantageous:
→ insensitive to normalisation
→ no b-tagging systematics

CA

CF
= 2.261 ±0.014stat. ± 0.036exp.

±0.052theo. ± 0.041clus.

• Most precise measurement (∼ 3%)

• Fixes QCD group structure to SU(3)
together with
measurements of β-function,
4 jet ∠-distributions

0

2

4

1 2 3

massless
gluinos

SU(3) QCD

four jets

combined

three jets
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G
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Energy dependence of the Gluon Multiplicity Ngg

• Determine Gluon contribution:

Ngg(Le) = 2 ·
(Nqq̄g(✓1)�Nqq̄(Lqq̄,Lu)�N0)

• Agreement between:
� general & symmetric topologies

� experiments
(except similar OPAL anal.)

� data and Eden prediction

• Ngg: E-slope ⇠ twice that of Nqq̄

! illustrates colour factor ratio
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Energy dependence of the Gluon Multiplicity Ngg

• Determine Gluon contribution:

Ngg(κLe) = 2 ·
(Nqq̄g(θ1) − Nqq̄(Lqq̄, κLu) − N0)

• Agreement between:
− general & symmetric topologies

− experiments
(except similar OPAL anal.)

− data and Eden prediction

• Gluon measurements start to
compete with quark data

• Ngg: E-slope ∼ twice that of Nqq̄

→ illustrates colour factor ratio
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Topology Dependence of 3 Jet Event Multiplicity

• In the Dipole Model energy slopes of gg and qq̄ systems are related by:

dNgg(L′)

dL′

∣∣∣∣
L′=L+cg−cq

=
CA

CF

(
1 − α0cr

L

) d

dL
Nqq̄(L)

• Nqq̄(Ecm) measured by various e+e−-experiments

• Solution leaves constant of integration free
→ To be determined from a single measurement ofNgg

→ Take CLEO-data from χ′
b(J = 2) → gg decay at Ecm = 9.9132GeV

Analysis:

• Select 3 jet events without cut on ycut (AoD, Cambridge, Durham, PHYJET)
• Compare general and symmetric topologies
• Compare udscb and udsc events → constant offset N0 ∼ 0.6 due to b-events
• Compare solutions Eden (A) and (B)
• Leave N0 free → use slope for measurement of CA/CF

Klaus Hamacher, Fragmentation @ LEP: Multiplicity of 3 Jet Events ISMD 2004, Sonoma Univ., 28.7 – 1.8 2004 14

➡ analysis yields: 

➡ together with β-function fixes 
group structure of QCD to SU3:Siebel, H

am
acher, D

rees 2004

The 3 Jet Multiplicity

• Compare udsc (�) and udscb (•) data

• Eden A ——
� Very good agreement for

symmetric and general topologies

• Eden B - - - (dismissed by DELPHI)
� �2 inacceptable in global fit

• OPAL used Eden B (sym. events only)

• DELPHI result based only on Eden A

CA

CF
= 2.261± 0.014stat. ± 0.036exp.

± 0.052theo. ± 0.041clus.

DELPHI

24

25

26

27

N
ch

e3=163o e3=158o e3=153o

26

27

28

29 e3=148o

50 100

e3=143o

50 100
e1[

o]

e3=135o

28

29

50 100
e1[

o]

e3=125o

20

22

24

26

28

30

20 40 60 80 100 120
e1[

o]

N
ch

symm. events

udscb-events
udsc-events
Eden A
Eden B

Klaus Hamacher, Gluon and Quark Fragmentation from LEP to FCC-ee: Gluon Fragmentation Function FCC-ee Workshop . . . ,CERN , 21.& 22.11.2016 16
Gluons

Quarks



 18Markus Elsing

The Exciting Years of DELPHI - End of Part I

•next speaker (Dr. Klaus Mönig) will cover more of the 
exciting physics we did in Wuppertal with DELPHI 

•let me finish with a few personal words:  

"When I look back at our DELPHI times, I remember Klaus for what he did for the 
installation and the commissioning of FCB (actually mostly before my time), as 
well as his many contributions to the data analysis and physics in Wuppertal. It 
strikes me that for many of us Klaus was not simply a supervisor. With his help, 
expertise and support he was mentoring our young scientific careers. His 
welcoming and positive attitude helped creating a 'group feeling' that I felt was 
unique." 

All the best for your future, Klaus !

Many thanks to Susanne Kersten, Karl-Heinz Becks and others for providing material for this talk...


