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First lesson of the course on Theoretical Physics

Bruno defined “fields” as systems with
an infinite number of degrees of freedom  
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Emmy Noether (1982-1935)

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



May 1963: “Congressino” di Frascati 
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1965: Bruno’s office at la Sapienza
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To compute radiative corrections U.A. 
had use the method of Paul Kessler

“Do you know Paul Kessler ?”

U.A and G. Matthiae 
preparing an experiment to study
the phi-meson at  ADONE
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detector. This experiment showed that the error in the
energy calibration using NMR sensors is 3.5 MeV (see
Fig. 9).

Repeated measurements of the peak position of the
phi!meson resonance showed a disagreement less than
0.2 MeV.

6.2. Resonant Depolarization

The so!called resonant depolarization method is
used for precision energy measurements. Two counters
of scattered particles are placed inside and outside the
ring in the beam orbit plane in one of technical sec!
tions. At high energies, the main contribution to the
rate of beam particle loss is made by the so!called
intrabeam scattering (Touschek effect). A comparison
of beam lifetimes for the cases of one and two beams,
but with the same total number of particles, shows that
intrabeam scattering yields 80% of the particle loss at
an energy of 800 MeV. Furthermore, to improve accu!
racy, only “pure” scattering events were selected by
detecting event coincidences in the inner and outer
sensors. Since the Touschek effect depends on beam
polarization, a jump in the counting rate should occur
at the instant of polarization decay. A high!frequency
strip!line depolarizer is intended for controlled polar!
ization decay, which is placed in the VEPP!2000 injec!
tion section. The frequency at which depolarization
occurs is uniquely related to the beam energy; there!
fore, the particle energy in the ring can be calculated
with high accuracy by determining the instant of the
jump in the counting rate of scattered particles during
scanning by the depolarizer frequency.

According to the calculations [10], the jump in the
counting rate depends on the ratio of emissions and is
suppressed in the case of round beams in comparison
with the case of planar beams. Thus, the energy cali!
bration experiments were performed using a planar
beam (opposite polarities of solenoids at each collision

point; betatron frequencies are far from the coupling
resonance; betatron coupling is suppressed by the sys!
tem of skew!quadrupole corrections). For the experi!
ments, the positron beam was chosen to avoid prob!
lems associated with beam parameter distortions due
to focusing by ions accumulated at the equilibrium
beam orbit during polarization. The time of radiative
polarization at an energy of 750 MeV was ~45 min.

Numerical simulation using the ASPIRRIN soft!
ware [11] showed significant differences in the degree
of polarization for various solenoid polarities. Figure
10a shows the calculated degree of polarization for the
scheme (+– +–).

This scheme implies the second harmonic of the
longitudinal field, which leads to the strong integer
spin resonance at an energy of 880 MeV, which causes
polarization decay at this energy. Thus, this scheme is
applicable only to polarization experiments at low
energies. The narrow resonance at 440 MeV with two
betatron satellites appears in the case of solenoid
detuning (∆Bs/B ~ 10–3, Fig. 10), which is inevitable in
real experiments. Another scheme (+– –+) generates
the first harmonic of the longitudinal field and makes
it possible to achieve 60% polarization in the energy
range of 700–800 MeV (see Fig. 10b). Exactly this
scheme was used in experiments on calibration at an
energy of 750 MeV.
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Fig. 9. Phi!meson resonance before energy calibration
(data of an SND group). e+e–  3π.
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Fig. 10. Calculated dependences of the degree of polariza!
tion on the beam energy for solenoids tuned to (a) low and
(b) high energies.
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To compute radiative corrections U.A. 
had use Paul Kessler‘s method

“Do you know Paul Kessler ?”

“Io conosco solo le Gemelle Kessler”

U.A and G. Matthiae 
preparing an experiment to study
phi-meson decays at  ADONE
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detector. This experiment showed that the error in the
energy calibration using NMR sensors is 3.5 MeV (see
Fig. 9).

Repeated measurements of the peak position of the
phi!meson resonance showed a disagreement less than
0.2 MeV.

6.2. Resonant Depolarization

The so!called resonant depolarization method is
used for precision energy measurements. Two counters
of scattered particles are placed inside and outside the
ring in the beam orbit plane in one of technical sec!
tions. At high energies, the main contribution to the
rate of beam particle loss is made by the so!called
intrabeam scattering (Touschek effect). A comparison
of beam lifetimes for the cases of one and two beams,
but with the same total number of particles, shows that
intrabeam scattering yields 80% of the particle loss at
an energy of 800 MeV. Furthermore, to improve accu!
racy, only “pure” scattering events were selected by
detecting event coincidences in the inner and outer
sensors. Since the Touschek effect depends on beam
polarization, a jump in the counting rate should occur
at the instant of polarization decay. A high!frequency
strip!line depolarizer is intended for controlled polar!
ization decay, which is placed in the VEPP!2000 injec!
tion section. The frequency at which depolarization
occurs is uniquely related to the beam energy; there!
fore, the particle energy in the ring can be calculated
with high accuracy by determining the instant of the
jump in the counting rate of scattered particles during
scanning by the depolarizer frequency.

According to the calculations [10], the jump in the
counting rate depends on the ratio of emissions and is
suppressed in the case of round beams in comparison
with the case of planar beams. Thus, the energy cali!
bration experiments were performed using a planar
beam (opposite polarities of solenoids at each collision

point; betatron frequencies are far from the coupling
resonance; betatron coupling is suppressed by the sys!
tem of skew!quadrupole corrections). For the experi!
ments, the positron beam was chosen to avoid prob!
lems associated with beam parameter distortions due
to focusing by ions accumulated at the equilibrium
beam orbit during polarization. The time of radiative
polarization at an energy of 750 MeV was ~45 min.

Numerical simulation using the ASPIRRIN soft!
ware [11] showed significant differences in the degree
of polarization for various solenoid polarities. Figure
10a shows the calculated degree of polarization for the
scheme (+– +–).

This scheme implies the second harmonic of the
longitudinal field, which leads to the strong integer
spin resonance at an energy of 880 MeV, which causes
polarization decay at this energy. Thus, this scheme is
applicable only to polarization experiments at low
energies. The narrow resonance at 440 MeV with two
betatron satellites appears in the case of solenoid
detuning (∆Bs/B ~ 10–3, Fig. 10), which is inevitable in
real experiments. Another scheme (+– –+) generates
the first harmonic of the longitudinal field and makes
it possible to achieve 60% polarization in the energy
range of 700–800 MeV (see Fig. 10b). Exactly this
scheme was used in experiments on calibration at an
energy of 750 MeV.
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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 which I have hovered 
throughout my life without success “ 

“Also Pauli before dying was put
in a room number 137”
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MZ = 91.2 GeV
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MZ = 91.2 GeV
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Physics at LEP 
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LEP tunnel + 4 large-coverage detectors
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September 1983
Ground-breaking ceremony

E. Picasso.  F. Mitterand      D. Aubert.      H. Schopper

ALEPH

DELPHI L3

OPAL



2 general purpose detectors
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SC coil: 1.5 T
2 layers of silicon microstrips
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ALEPH

OPAL

SC coil: 1.5 T
2 layers of silicon microstrips

Large Time Projection Chamber
EM-calorimeter: lead-wire chambers

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

central Jet Chamber

EM-calorimeter
588 lead-glass Cherenkov counters



2 specialized detectors
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DELPHI

L3

SC coil: 1.2 tesla
3 layers of silicon microstrips

Time Projection Chamber
2 Ring Imaging Cherenkov counters

RICHs
EM-calorimeter: HPC



2 specialized detectors
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DELPHI

L3

SC coil: 1.2 tesla
3 layers of silicon microstrips

Time Projection Chamber
2 Ring Imaging Cherenkov counters

RICHs
EM-calorimeter: HPC

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



1.  Quantum ChromoDynamics
SU(3) with coupling 𝛂s
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The starting point
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Running of the strong coupling 𝛂s

Q  (GeV)

𝛂 s
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QCD and hadronization models at LEP -1
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QCD and hadronization models at LEP -1
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NLO: next-to-leading order - O(𝛂s 
2) 

NLLA: next-to-leading-logarithmic approximation 

𝛂s (Q)

Q = energy scale



QCD and hadronization models at LEP -1
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Models of hadronization
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QCD and hadronization models at LEP -1
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Results of jet measurements
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• Tau decays: ALEPH 

• Event shapes - Example: Thrust

• 3-jet event production rate

• 4-jet event production rate

T. Wengler
5/15

L3

Event shape observables

 Example: Thrust

Spherical event

Many branchings
Pencil-like event

Few branchings

Sum of absolute momentum

components of all observed

particles projected along the

axis that maximizes this sum



Many variables can be used to describe the event shape
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Figure 1. Results of a NLO QCD fit to 18 hadronic observables for (a) a fixed renormalisation
scale µ =

√
s and (b) optimising the scale choice to fit the data. The figures are taken from

Ref. [4]

normalised to the tree-level cross section for e+e− → qq̄. It can easily be related to the physical
observable 1

σhad

dσ

dO
using the known relation between σhad and σ0.

Ignoring the numerically negligible singlet contribution, A, B and C depend only on the jet
resolution parameter or the event shape variable under consideration, and are independent of
electroweak couplings, centre-of-mass energy and renormalisation scale.

QCD studies of event shape observables at LEP [1] based around the use of fixed-order NLO
parton-level event generator programs [2] have shown that the current error on αs from these
observables [3] is dominated by the theoretical uncertainty. To illustrate this, the DELPHI
collaboration made fits to 18 hadronic observables (a) at fixed renormalisation scale, µ =

√
s

and (b) by treating the renormalisation scale as a free parameter in the fit. The results are
displayed in Fig. 1, taken from Ref. [4]. With a fixed scale (fig 1(a)), the value of the strong
coupling extracted varies considerably amongst leading to a value of αs(MZ) = 0.1232± 0.0116.
On the other hand, fig 1(b) shows the result of letting the scale vary (and thereby estimating
the uncalculated higher order corrections), and leads to a more consistent fit and a much smaller
error αs(MZ) = 0.1168± 0.0026. Clearly, to improve the determination of αs, the calculation of
the NNLO corrections to these observables becomes mandatory.

2. Thrust distribution
As an example, we focus on the thrust distribution, O = T . The LO and NLO coefficients
A(T ) and B(T ) are displayed for comparison in Figure 2. In the numerical evaluation, we use
MZ = 91.1876 GeV and αs(MZ) = 0.1189 [3].

The NNLO coefficient C(T ) has been recently computed [5]. It is based on two-loop γ∗ → qq̄g
matrix elements [6, 7], one-loop four-parton matrix elements [8] and tree-level five-parton matrix
elements [9].

The two-loop γ∗ → qq̄g matrix elements were derived in [6] by reducing all relevant
Feynman integrals to a small set of master integrals using integration-by-parts [10] and Lorentz
invariance [11] identities. The master integrals [12] were computed from their differential
equations [11] and expressed analytically in terms of one- and two-dimensional harmonic
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Figure 1. Results of a NLO QCD fit to 18 hadronic observables for (a) a fixed renormalisation
scale µ =

√
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Ref. [4]

normalised to the tree-level cross section for e+e− → qq̄. It can easily be related to the physical
observable 1

σhad

dσ

dO
using the known relation between σhad and σ0.

Ignoring the numerically negligible singlet contribution, A, B and C depend only on the jet
resolution parameter or the event shape variable under consideration, and are independent of
electroweak couplings, centre-of-mass energy and renormalisation scale.

QCD studies of event shape observables at LEP [1] based around the use of fixed-order NLO
parton-level event generator programs [2] have shown that the current error on αs from these
observables [3] is dominated by the theoretical uncertainty. To illustrate this, the DELPHI
collaboration made fits to 18 hadronic observables (a) at fixed renormalisation scale, µ =

√
s

and (b) by treating the renormalisation scale as a free parameter in the fit. The results are
displayed in Fig. 1, taken from Ref. [4]. With a fixed scale (fig 1(a)), the value of the strong
coupling extracted varies considerably amongst leading to a value of αs(MZ) = 0.1232± 0.0116.
On the other hand, fig 1(b) shows the result of letting the scale vary (and thereby estimating
the uncalculated higher order corrections), and leads to a more consistent fit and a much smaller
error αs(MZ) = 0.1168± 0.0026. Clearly, to improve the determination of αs, the calculation of
the NNLO corrections to these observables becomes mandatory.

2. Thrust distribution
As an example, we focus on the thrust distribution, O = T . The LO and NLO coefficients
A(T ) and B(T ) are displayed for comparison in Figure 2. In the numerical evaluation, we use
MZ = 91.1876 GeV and αs(MZ) = 0.1189 [3].

The NNLO coefficient C(T ) has been recently computed [5]. It is based on two-loop γ∗ → qq̄g
matrix elements [6, 7], one-loop four-parton matrix elements [8] and tree-level five-parton matrix
elements [9].

The two-loop γ∗ → qq̄g matrix elements were derived in [6] by reducing all relevant
Feynman integrals to a small set of master integrals using integration-by-parts [10] and Lorentz
invariance [11] identities. The master integrals [12] were computed from their differential
equations [11] and expressed analytically in terms of one- and two-dimensional harmonic

DELPHI

Thrust



Fractions of events with different numbers of jets
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ycut = resolution parameter

OPAL



Fractions of events with different numbers of jets
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ycut = resolution parameter

OPAL
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Table 5. Systematic uncertainties due to the various sources considered for the combined
fit. (HW=HERWIG, PY=PYTHIA)

η(MZ) x y χ2/Ndof

tot.corr. < 20% 0.02565 ± 0.00021 2.191 ± 0.056 0.387 ± 0.019 89.0/88
tot.corr. < 5% angles 0.02545 ± 0.00031 2.191 ± 0.065 0.376 ± 0.020 67.0/75
tot.corr. < 5% all 0.02548 ± 0.00066 2.196 ± 0.069 0.382 ± 0.031 63.0/71

range sys. ∆η = 0.0001 ∆x = 0.03 ∆y = 0.02

charged only 0.02577 ± 0.00031 2.143 ± 0.062 0.359 ± 0.020 82.5/80
4-partons full MC 0.02584 ± 0.00031 2.082 ± 0.061 0.342 ± 0.020 107.0/80

experimental sys. ∆η = 0.0001 ∆x = 0.02 ∆y = 0.01

HW - all 0.02592 ± 0.00033 2.207 ± 0.072 0.428 ± 0.023 432./80
HW - angles, PY - R4 0.02508 ± 0.00032 2.225 ± 0.071 0.370 ± 0.023 412./80
PY - angles, HW - R4 0.02639 ± 0.00033 2.135 ± 0.064 0.417 ± 0.020 79.1/80

hadr. sys. ∆η = 0.0006 ∆x = 0.02 ∆y = 0.03

xµ =0.5 for the angles 0.02545 ± 0.00032 2.193 ± 0.067 0.377 ± 0.021 64.8/80
xµ =2. for the angles 0.02558 ± 0.00030 2.148 ± 0.059 0.361 ± 0.019 87.9/80
xµ =0.5 for R4 0.02352 ± 0.00030 2.265 ± 0.062 0.266 ± 0.018 72.6/80
xµ =2. for R4 0.02712 ± 0.00031 2.096 ± 0.063 0.439 ± 0.021 86.8/80

scale sys. ∆η = 0.0010 ∆x = 0.05 ∆y = 0.05
mass eff. - angular obs. 0.02568 ± 0.00035 2.122 ± 0.062 0.354 ± 0.020 75.6/80
mass eff. - R4 0.02354 ± 0.00031 2.261 ± 0.061 0.284 ± 0.021 71.9/80
mass sys. ∆η = 0.0009 ∆x = 0.06 ∆y = 0.04
theoretical sys. ∆η = 0.0014 ∆x = 0.09 ∆y = 0.07
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Fig. 7. Comparison of ALEPH data and fit results for the
four-jet rate. The curves are obtained at detector level. Dots
correspond to ALEPH data and the solid line to the fitted
distribution. The statistical uncertainty is indicated by dashed
lines. The ratio of data with respect to the fitted distributions
is shown in the small insert

four-jet events at hadron level arising from two- and three-
parton events with respect to the total number of four-jet
events is found to be much smaller than 1%, and only
slightly affecting the shape of the angular observables.

In order to quantify how the two- and three-parton
backgrounds could bias the measurement, a fit is per-
formed to the four-jet angular correlations obtained at
hadron level from the PYTHIA ME simulation. The
hadronization corrections are calculated using the
PYTHIA four-parton option. Then, the background con-
tributions, i.e. non four-jet configurations, are subtracted
and the resulting distributions are fitted again. The dif-
ference in the fit results are taken as an estimate of the
two- and three-parton background uncertainty. They are
found to be much smaller than most of the systematic
uncertainties and therefore not considered any longer.

6.4.3 Sensitivity checks

The sensitivity of the analysis to each of the observables
is studied. The fit procedure is repeated five times, ex-
cluding one observable at a time. As expected, η is mainly
fixed by the four-jet rate, and the colour factor ratios by
the angular observables. The sensitivity of the different
four-jet angular correlations to the colour factors is quite
similar.

6.4.4 Dependence on ycut

It is checked if the present measurement depends on the
chosen value of ycut. The analysis is repeated with four-
jet events found for ycut= 0.01, which represents a drop
in the four-jet rate from 7.1% for the nominal ycut value

16 The ALEPH Collaboration: Measurements of the strong coupling constant and the QCD colour factors

The measurement of the colour factors is repeated us-
ing as perturbative predictions for the four-jet angular cor-
relations the ones given in (8). Two cases are considered.
First, the B and C functions are taking into account only
pure QCD configurations. Then the gluino contributions
are also included in these functions, and the QCD beta
function coefficients in (5) are changed to [35]

β0 =
11
3

x − 4
3

(
yNf + x

Ng̃

2

)
,

β1 =
17
3

x2 − 2
(

y Nf + x2 Ng̃

2

)

−10
3

(
x y Nf + x2 Ng̃

2

)
, (23)

where Ng̃ is the number of gluinos, set to 1 in this analy-
sis. Hadronization and detector corrections are taken from
the nominal analysis. At this stage, there is no MC pro-
gram which models the gluino contributions to hadroniza-
tion. All studies of systematic uncertainties described in
Sect. 6.3 are repeated.

The results are

x = 2.27 ± 0.09(stat) ± 0.08(sys)
y = 0.38 ± 0.05(stat) ± 0.07(sys)

(ρxy)total = −0.15

for the pure QCD case, and

x = 2.26 ± 0.08(stat) ± 0.07(sys)
y = 0.15 ± 0.06(stat) ± 0.06(sys)

(ρxy)total = −0.19

for the QCD+gluino hypothesis.
Figure 10 shows that these results exclude the exis-

tence of a massless gluino at more than 95% confidence
level, since the measured colour factor ratios do not agree
with the expectation of SU(3) anymore.

In a previous publication by ALEPH [22] a similar
analysis allowed to set a limit on the light gluino mass.
At that time only LO predictions existed for the four-
jet angular correlations, both for massless and massive
quarks. Thus a mass limit consistent at LO QCD could
be extracted. The present study is based on NLO four-
jet calculations, which are available only for the massless
case. Therefore it is not possible to compute a consistent
gluino mass limit in the context of NLO QCD, and the
previously obtained limit is not superseded.

7 Conclusions

Two different kinds of measurements have been presented.
First, three measurements of the strong coupling constant
from the four-jet rate have been described. Second, the si-
multaneous measurement of the strong coupling constant
and the QCD colour factors has been detailed. The anal-
yses use ALEPH data from 1994 and 1995 and NLO pre-
dictions corrected to detector level.

The measurement of the strong coupling constant us-
ing NLO resummed predictions for the four-jet rate is the
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Fig. 10. 68% and 95% confidence level contours in the (x =
CA
CF

,y = TR
CF

) plane for the QCD and QCD+gluino hypothe-
ses, based on four-jet angular correlations. The uncertainties
include statistical as well as systematic errors

first measurement of αs from a four-jet observable, yield-
ing

αs(MZ) = 0.1170 ± 0.0001(stat) ± 0.0013(sys) .

This result represents one of the most precise measure-
ments of αs at present. It is in good agreement with previ-
ous measurements from ALEPH and other collaborations
which used two- and three-jet observables [26,1].

A stringent test of QCD was performed by measur-
ing simultaneously the strong coupling constant and the
colour factors. The test is based on NLO predictions, cor-
rected to detector level, for five four-jet observables: the
four-jet rate and four-jet angular correlations. New calcu-
lations and new Monte Carlo programs have allowed for a
reduction in the total uncertainty. The results,

αs(MZ) = 0.119 ± 0.006(stat) ± 0.026(sys)
CA = 2.93 ± 0.14(stat) ± 0.58(sys)
CF = 1.35 ± 0.07(stat) ± 0.26(sys)

are in agreement with the expectation from QCD as well
as with previous results from ALEPH [22]. A similar anal-
ysis, using the four-jet rate and the four-jet angular cor-
relations, but also the differential two-jet rate, was per-
formed by the OPAL Collaboration [3]. Again good agree-
ment is found.

ALEPH 2
4

4



Running of the strong coupling from 
electron-positron collisions

!"#$%&'()*++),'-.$)/ 01)/ +23*232* 4*

Before LEP                                                     After LEP

Q  (GeV)

from
tau decays

Q  (GeV)

𝛂 s
(Q

)



Unification of the couplings in the Minimal Supersymmetric Model

!"#$%&'()*++),'-.$)/ 01)/ +23*232* 42

U.A.   Wim de Boer 
Hermann Furstenau



Unification of the couplings in the Minimal Supersymmetric Model

!"#$%&'()*++),'-.$)/ 01)/ +23*232* 44

U.A.   Wim de Boer 
Hermann Furstenau

Brighton Conference – December 1990

L
E P



Unification of the couplings in the Minimal Supersymmetric Model

!"#$%&'()*++),'-.$)/ 01)/ +23*232* 45

2008

U.A.   Wim de Boer 
Hermann Furstenau
PL  B260 (1991) 447



2.  Electroweak interactions
U(1) x SU(2) with couplings 𝛂1 and 𝛂2
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Overview of all LEP results 
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Pull= [X(expt) - X(theory)] / sX

2 10-5

3 10-3

Z-boson mass and width

W-boson mass and width
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sin2 ✓W and sin2 ✓e↵
W — higher order EW corrections

From mW ,mZ measurements we get cos ✓W = mW/mZ , from leptonic asymmetry we get sin2 ✓e↵W :

sin2 ✓W = 0.2232± 0.0006 ; sin2 ✓e↵W = 0.2310± 0.0006

) discrepancy at 9�, cannot be overlooked! — recall sin2 ✓e↵W =  sin2 ✓W )  = 1.0347± 0.0040

1-loop electroweak corrections predict a structure  = 1 +�fermions
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Figure 2: Schematic view of the Silicon Tracker

b-tagging: life-time and impact parameter

In Z ! bb̄ decays, each hadronic jet contains a leading B-meson with rela-
tively long lifetime ⌧B ' 1.5 ps and high energy EB ⇡ 35 GeV
) the decay vertex is displaced by ⇡ 3 mm from the Z interaction point

Measure the impact parameter: “closest distance from the interaction point”

need a precise tracking device (micro-vertex detector), located close to the
accelerator beam-pipe, to measure the track close to its origin

need to know the “beam spot”, i.e. the average position of bunch crossing —

obtained by averaging the reconstructed primary vertex over several events

The impact parameter is a measurement of the mean lifetime:
the impact parameter � = � sin with � = ��c⌧ the flight length and  the angle
measured wrt the b-flight direction (e.g. jet axis)

due to Lorentz boost, sin =
pT
E

=
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Actually, use the impact parameter significance S = �/�� (aka the impact
parameter � divided by its uncertainty ��)

Tracks that appear to come “from behind the primary vertex” have � < 0 , S < 0 by
convention. This is unphysical: it is an e↵ect of the experimental resolution

u, d , s quarks have symmetric S-distributions, c and especially b are skewed towards

large positive S-values.

ψ
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Result: Rb and Rc

LEP+SLD 0.21629 ± 0.00066

SLD vtx mass
    1993-98

0.21576 ± 0.00094 ± 0.00076

OPAL mult
    1992-95

0.2176 ± 0.0011 ± 0.0012

L3 mult
    1994-95

0.2166 ± 0.0013 ± 0.0025

DELPHI mult
    1992-95

0.21643 ± 0.00067 ± 0.00056

ALEPH mult
    1992-95

0.2158 ± 0.0009 ± 0.0009

0.214 0.216 0.218

R
b

LEP+SLD 0.1721 ± 0.0030

OPAL
charm count. 1991-93

0.164 ± 0.012 ± 0.016

DELPHI
charm count. 1991-95

0.1693 ± 0.0050 ± 0.0092

ALEPH
charm count. 1991-95

0.1735 ± 0.0051 ± 0.0110

SLD
mass+lifetime 1993-98

0.1741 ± 0.0031 ± 0.0020

OPAL
D-meson 1990-95

0.177 ± 0.010 ± 0.012

DELPHI
D-meson 1991-95

0.161 ± 0.010 ± 0.009

ALEPH
D-meson 1991-95

0.1682 ± 0.0082 ± 0.0082

ALEPH
lepton 1992-95

0.1685 ± 0.0062 ± 0.0080

0.16 0.18
R

c

Rb = 0.21629± 0.00066 ; Rc = 0.1721± 0.0030
Corr [Rb;Rc ] = �0.18
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Only one result from LEP II: WW production
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Elements of the W-boson
spin density matrix versus 

the W production angle
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Figure 4: Haut: La section efficace WW totale mesurée, σWW , du processus e+e− →
W+W− → ffff(γ) en fonction de l’énergie de centre-de-masse. Les points représentent
les données prises par l’expérience L3 à des énergies de 161 GeV à 209 GeV. La ligne con-
tinue donne la prediction du Modèle Standard Les barres d’erreur combinent l’incertitude
statistique et systématique. Bas: Le rapport de la section efficace mesurée et la predic-
tion du Modèle Standard. La bande grise donne la valeur combiné avec l’incertitude totale
R = 0.992 ± 0.015 .
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LEP Electroweak Working Group: determination of 
the top-quark and Higgs masses
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Moriond 1994 – LEP average:

Few months later CDF
12 top decays:

Final result:
115 GeV – 295 GeV  (95% CL)

11
5 

G
eV



3. In search of the Standard Model Higgs
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Main production channels
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b
b
_

Z

H

B-tagging is very important to fight the background



Maximum reach of LEP in the Higgs search
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Search fot neutral Higgs at LEP 2000
Presented by Sau Lan Wu
ECFA WORKSHOP on LEP 200
Aachen 1986 – CERN-EP/9/-40

(Ecm = 2 Eb)



Maximum reach of LEP in the Higgs search
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Search fot neutral Higgs at LEP 2000
Presented by Sau Lan Wu
ECFA WORKSHOP on LEP 200
Aachen 1986 – CERN-EP/9/-40

Eventually : mass limit   MH = 2 Eb - 100 GeV   limited by 

radiated energy/turn   

R. Bailey et al. / C. R. Physique 3 (2002) 1107–1120

came from outside institutes and universities. North America, Russia, China and Japan all contributed to the
construction of the experiments. The cost of LEP200 was a further 400 million Swiss Francs. It is estimated
that 2000 man-years has been invested in the whole project.

3. A little accelerator physics

3.1. The optics of LEP

In a collider or storage ring, the curvature of the particle trajectories is obtained by dipole magnets, while
at the same time the particles are focused and maintained on a stable closed orbit by quadrupole magnets.
As it travels through the accelerator lattice, each particle performs oscillations around the closed orbit, so
called betatron oscillations. The number of oscillation periods is called the betatron tune Q. For LEP Q

varied between 60 and 100 depending on the machine optics. As the beam energy is increased, a stronger
focusing becomes more favorable, leading to a higherQ value.
Furthermore each particle performs coupled energy and longitudinal oscillations relative to the average

energy and azimuth. Those oscillations are called synchrotron oscillations. The electric field of the
accelerating cavities produces a potential well inside which each particle performs stable synchrotron
oscillations. Particles at the centre of this potential well are called synchronous particles.
For a perfect accelerator and a perfectly monochromatic beam the betatron tune can a priori take any

value. In reality, the choice forQ is limited due to machine imperfections and beam parameter spreads. Care
must be taken to avoid certain ranges ofQ values which would lead to beam instability due to the cumulative
effect of their perturbations. The choice ofQ values is further limited by the unavoidable coupling between
horizontal and vertical planes. Longitudinal synchrotron oscillations can also couple to the transverse planes
and lead to synchro-betatron resonances. A typical cause for such coupling is non-vanishing dispersion at
the location of accelerating cavities.

3.2. Synchrotron radiation and its effects

Synchroton radiation is emitted by the electrons under the influence of transverse acceleration. The
energy spectrum of the photons, which are emitted along the direction of flight of the electrons, is
characterized by its critical energy:

Ec ∝ E3
b

ρ
, (1)

where ρ is the curvature of the orbit and Eb is the beam energy. At a beam energy of 45.6 GeV
corresponding to the Z0 resonance, the critical energy is 70 keV, at 100 GeV it is 733 keV.
For one Tesla-meter of integrated dipole field an electron emits on average 6.2 photons with an average

energy of 0.31 Ec. On one LEP turn this represents ∼13 000 photons at 100 GeV. The energy loss per turn
for each particle is:

U0 = Cγ
E4

b

ρ
, (2)

where Cγ is 8.86× 10−5 m·GeV−3. At 100 GeV U0 reaches ∼3 GeV.
For a beam of kb bunches of current Ib , the power lost by synchrotron radiation is:

Pb = 8.86× 10−2E
4
bkbIb

eρ
MW (3)

which corresponds to 18 MW for a total beam current of 6 mA at 100 GeV.
On one hand this energy loss must be compensated by the accelerating cavities, but on the other hand the

components must be able to absorb the dissipated power.

1112

3 GeV/turn
@ 100 GeV



Room temperature and superconducting accelerating cavities
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R. Bailey et al. / C. R. Physique 3 (2002) 1107–1120

Early on, the superconducting cavities were made from niobium sheets. Their accelerating field was
limited by dramatic losses of the superconductivity (a ‘quench’), due to the local heating of the surface in
the presence of defects. Development work brought improvements in the purity of the niobium, increasing
the thermal conductivity at liquid helium temperature and containing the temperature increase induced by
the defaults.
An alternative solution consists of replacing the niobium by copper for the body of the cavity, and

depositing a thin layer of niobium (∼1 micron) on the copper (Fig. 4). As well as an important gain in
material costs, mechanical stability, stability against a quench, the quality factor and insensitivity to small
magnetic fields all contribute in the right direction.
This was the solution chosen and developed at CERN from 1980. The niobium coating was done by

sputtering using a magnetron configuration. One of the major problems was the preparation of the substrate
before coating. Any contamination had to be avoided. To give some idea, a cavity of surface ∼6 m2 had to
be as clean as the silicon slices of surface 20 cm2 used in VLSI integrated circuits! It was also necessary to
develop the associated cryogenics, in particular the cryostat where the design necessitated the introduction
of new construction concepts.
Note in passing that the techniques of non-evaporable getter pumping (see Section 2.3) and the deposition

of the niobium, by the same inventor, were combined to produce thin coatings of NEG, used in diverse
applications, in particular for ultra-high vacuum systems.

5.2. Industrial production

Once the above points were resolved, the major challengewas to help industry to quicklymaster a number
of new technologies, such as electron–beam welding, ultra-high vacuum, chemical cleansing, niobium
sputtering, clean-room operations etc. Inevitably several difficulties were encountered, too numerous to
mention, but following an excellent collaboration, the new technologies developed at CERN became an
industrial reality. Three European companies, one of them French, produced the 288 cavities (20 of which
were solid niobium) within the required specifications. Thanks to the technology transfer, these companies
are now able to use the techniques mentioned and exploit them for their own gain.

5.3. The outcome

The nominal acceleration field required was 6 MV·m−1, and the cavities received from industry all
fulfilled this condition. As already mentioned, for a given field, the number of cavities determines the
maximum accessible energy. One regret of the LEP physicists is that the number was limited to 288, while
a further 80 to 100 cavities could have been accommodated in the accelerating sections without prohibitive
civil engineering work. On the other hand, once several initial problems has been mastered, such as the

Figure 4. A superconducting cavity, cut in two. One can see the inner layer of sputtered niobium.
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Cut of a 352 MHz niobium sputtered SC cavity 
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Chronology in the year 2000

!"#$%&'()*++),'-.$)/ 01)/ +23*232* 6+

G. Dissertori  2015
D. Treille         2019

2500 pb−1 between 189 − 209 GeV 
of which 540 pb−1 at 2E ≥ 206 GeV

ALEPH.                     4 jets



Chronology in the year 2000

!"#$%&'()*++),'-.$)/ 01)/ +23*232* 6*

weight for a test 
mass = 115 GeV

G. Dissertori  2015
D. Treille         2019

2500 pb−1 between 189 − 209 GeV 
of which 540 pb−1 at 2E ≥ 206 GeV

ALEPH.                     4 jets



Final analysis

!"#$%&'()*++),'-.$)/ 01)/ +23*232* 62

Combined LEP result at MH = 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 MH = 114.4 GeV 



The legacy of LEP to the LHC experiments
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Immaterial legacy
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STANDARD MODEL

Hadronization models and Montecarlo programs



Material legacy, beyond the 27 km tunnel
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ALEPH
DELPHI

L3
OPAL

ALICE
ATLAS 

CMS
LHCb

Microstrip and pixel silicon detectors
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Microstrip and pixel silicon detectors

Large arrays of crystal to measure 𝛄/e energies L3   CMS  

Large room temperature magnet L3   ALICE



Material legacy, beyond the 27 km tunnel
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ALEPH
DELPHI

L3
OPAL

ALICE
ATLAS 

CMS
LHCb

Microstrip and pixel silicon detectors

RICHs = Ring Imaging CHerenkov counters DELPHI LHCb

ALEPH
DELPHI ALICETPC = Time Projection drift Chamber

Large arrays of crystal to measure 𝛄/e energies L3   CMS  

Large room temperature magnet L3   ALICE



THE  END
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