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Abstract. The determination of the centre-of-mass energies from the LEP1 data for 1993, 1994 and 1995 is
presented. Accurate knowledge of these energies is crucial in the measurement of the Z resonance parame-
ters. The improved understanding of the LEP energy behaviour accumulated during the 1995 energy scan
is detailed, while the 1993 and 1994 measurements are revised. For 1993 these supersede the previously
published values. Additional instrumentation has allowed the detection of an unexpectedly large energy
rise during physics fills. This new effect is accommodated in the modelling of the beam-energy in 1995 and
propagated to the 1993 and 1994 energies. New results are reported on the magnet temperature behaviour
which constitutes one of the major corrections to the average LEP energy.
The 1995 energy scan took place in conditions very different from the previous years. In particular the
interaction-point specific corrections to the centre-of-mass energy in 1995 are more complicated than pre-
viously: these arise from the modified radiofrequency-system configuration and from opposite-sign vertical
dispersion induced by the bunch-train mode of LEP operation.
Finally an improved evaluation of the LEP centre-of-mass energy spread is presented. This significantly
improves the precision on the Z width.
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1 Overview

The mass, mZ, and the width, ΓZ, of the neutral weak bo-
son Z are fundamental parameters of nature, and the large
electron–positron collider, LEP, at CERN near Geneva,
Switzerland is the ideal place to measure them precisely.
The first phase of operation of the collider, from 1989 un-
til 1995, known as LEP1, was devoted to the study of the
characteristics of the Z resonance. This paper concerns the
LEP1 data delivered after 1992.
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USA
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In 1993 and 1995 energy scans of the Z resonance were
performed at LEP in order to determine its mass and
width. In both scans luminosity was delivered at the peak
of the resonance, i.e. 91.2 GeV centre-of-mass, and two
points approximately 1.8 GeV above and below the peak.
In 1994 a large amount of data was collected at an en-
ergy close to the Z peak. These three datasets provide the
largest part of the LEP data used to determine the pa-
rameters of the Z resonance, and, when the results of all
experiments are combined, yield a statistical precision of
about 1.3 MeV on mZ and 2.0 MeV on ΓZ.

The natural polarization of the LEP beams [1] allows a
determination of the beam energy by resonant depolariza-
tion [2] (RD) with a precision of 200 keV [3]. A model to
interpolate between RD measurements to determine the
centre-of-mass energy (ECM), at a level of accuracy com-
parable with the statistical precision, has been developed.
The error contributions from the LEP energy uncertain-
ties on the determination ofmZ and ΓZ are approximately
given by

∆mZ ≈ 0.5∆(EP+2 + EP−2) (1)

∆ΓZ ≈ ΓZ

(EP+2 − EP−2)
∆(EP+2 − EP−2)

= 0.71∆(EP+2 − EP−2) (2)

where EP−2 and EP+2 are the luminosity-weighted centre-
of-mass energies at the two off-peak points.

The details of the calibration data collected during the
scan in 1993 are described in [4]. The 1995 energy scan was
performed at approximately the same energies and gave
similar integrated luminosities to those of the 1993 scan.
However, several additional measurements were made: Nu-
clear Magnetic Resonance (NMR) probes were placed di-
rectly inside LEP dipole magnets, providing considerable
new insight into their behaviour; more frequent calibra-
tions by RD were performed usually at the end of fills1
and six times also at the beginning, whereas in 1993 all
RD calibrations during physics fills were made at the end.
Some problems specific to the 1995 scan, namely the oper-
ation with bunch-trains and the use of a large number of
superconducting cavities which were being commissioned
for the LEP2 programme, required specific measurements.
This report describes the determination of the LEP centre-
of-mass energies for the 1995 scan, and, applying the fur-
ther understanding gained from these measurements, a
revision of the 1993 and 1994 energies is given.

The model of the accelerator energy behaviour (Sect. 3)
has to track the two basic quantities which could cause
variation of the beam-energy: the magnetic dipole field

1 The operation of LEP is subdivided into fills. A fill, iden-
tified by a sequential number, consists, in simplified terms, of
injection of the beams at 20–22 GeV and acceleration to the fi-
nal energy. A successful fill is one where, after the final tuning,
the accelerated beams are put into collision mode, delivering
physics events to the four experiments. A typical LEP1 fill lasts
6–10 hours. Fills are eventually dumped or switched to calibra-
tion mode when the experimental luminosities, which decrease
steadily during a fill owing to particle losses, become too low

component perpendicular to the beam trajectory (Sects. 6,
8) and the circumference of the accelerator (Sect. 7). The
model has been significantly improved over the one de-
scribed in an earlier publication [4]. In particular the ther-
mal behaviour of the LEP dipole magnets has been stud-
ied in great detail (Sect. 5). Unsuspected phenomena caus-
ing drifts of the magnetic fields have been discovered and
understood. The leakage currents from the Swiss–French
railway power system, referred to as parasitic currents in
this paper2, perturb the field of the LEP dipoles and are
the cause of the systematic drift of the accelerator dipole
magnetic field. The evidence for these drifts is discussed,
and the inclusion of this effect in the model is described
(Sect. 4).

As a result of the discovery of these effects, the 1993
and 1994 energies are revised. It is explained how the
parametrization of 1995 can be applied to the earlier years,
and what data exist from these years to support this treat-
ment (Sect. 6.1).

To obtain the centre-of-mass energy for each of the four
LEP experiments requires additional corrections specific
to each interaction point3 (IP). These arise from the status
of the LEP radiofrequency (RF) system (Sect. 10.1), and
from the effect of opposite-sign vertical dispersion induced
by the bunch-train operation in 1995 (Sect. 10.3).

The systematic errors on the centre-of-mass energy are
given, together with their correlation between experiments
and energy points (Sect. 11).

Finally, the knowledge of the beam-energy spread in
1993, 1994 and 1995 is summarized (Sect. 12). This is an
important correction to ΓZ and to the peak cross-section.
A direct measurement of the incoherent synchrotron tune
has allowed a reduction of the associated systematic error
by a factor of four compared to the previous determination
[4].

The data collected prior to 1993 have not been re-
analysed, as most of the critical monitoring information
was not available or was of lower quality. The LEP energy
working group considers the published analysis [6] of these
data to be adequate for the determination of the centre-
of-mass energies (see Sect. 11.2) while the determination
of the centre-of-mass energy spread has been revised (see
Sect. 12.5).

2 The 1993, 1994 and 1995 LEP runs

2.1 The datasets

In 1993 and 1995 energy scans of the Z resonance were
made at three energy points: peak (‘P’), at a centre-of-
mass energy of 91.2 GeV, close to the peak of the Z reso-
nance, and two points approximately 1.8 GeV either side

2 These leakage currents are a well documented source of
electrical nuisance and electro-chemical corrosion and are
known technically as vagabond currents [5]

3 LEP has eight straight sections numbered from 1 to 8 where
only the even ones house an experiment (IP2: L3, IP4: ALEPH,
IP6: OPAL, IP8: DELPHI)
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Table 1. Dataset statistics per year and per energy point. The two values in the calibrated
fills columns express the number of fills with at least one successful calibration divided by
the total number of fills, and the percentage of integrated luminosity collected in calibrated
fills

P−2 P P+2

Year
∫

Ldt cal. fills
∫

Ldt cal. fills
∫

Ldt cal. fills

1993 ∼ 10 pb−1 13/38(35%) ∼ 20 pb−1 1/57(2%) ∼ 10 pb−1 11/31(45%)
1994 ∼ 60 pb−1 11/167(8%)
1995 ∼ 10 pb−1 14/22(69%) ∼ 20 pb−1 1/14(6%) ∼ 10 pb−1 13/23(65%)

of the peak (‘P+2’ and ‘P−2’). P−2 and P+2 are close to
the energies of optimal sensitivity for the measurement of
ΓZ.

The cross sections at the two off-peak points were typ-
ically measured in adjacent fills, interspersed with mea-
surements at the peak. This reduces any systematic bi-
ases to mZ and ΓZ resulting from changes in LEP oper-
ating conditions or in experimental efficiencies during the
course of each year of data taking.

In 1994 LEP ran only at the peak energy. The delivered
integrated luminosities and other information relevant to
the energy determination are given in Table 1.

In 1996 the LEP2 programme started, with LEP oper-
ating at energies above the W pair production threshold.
The data collected during 1996, with improved instrumen-
tation, have been used to confirm the observations of the
previous years.

2.2 Resonant depolarizations

The best determination of the beam-energy at a particu-
lar time during a fill is by means of RD of the beams. At
LEP the beam can build up a non-negligible transverse
polarization through the Sokolov–Ternov mechanism [7].
The degree of polarization can be measured by the angu-
lar distribution of Compton-scattered polarized laser light.
By exciting the beam with a transverse oscillating mag-
netic field, the transverse polarization can be destroyed
when the excitation frequency matches the spin preces-
sion frequency. Determining the resonant depolarization
frequency4 allows a precise determination of the beam-
energy Eb through

Eb =
νs · mec

2

(ge − 2)/2
(3)

= νs · 440.6486(1)[MeV]

where me is the electron mass, c the speed of light and
(ge − 2)/2 the magnetic-moment anomaly of the electron.
Here Eb is the average over the ring, weighted by the
vertical magnetic field, and over the beam particles. A

4 The resonant condition happens when the excitation RF
frequency divided by the LEP orbit frequency matches the
non-integer part of the spin tune νs. In practice the frequency
domain is swept in intervals corresponding to 0.8 MeV

depolarization takes place over many thousand turns of
the beams, given that a frequency sweep lasts at least 12
seconds. The precision achievable is 200 keV [3]. The three
energies used to scan the Z resonance correspond to spin
tunes νs (number of electron-spin precessions per turn of
LEP) of 101.5 (P−2), 103.5 (P) and 105.5 (P+2). The
choice of the off-peak energies derives from the fact that
half-integer spin tunes ensure that the beam polarization
is sufficient to allow RD calibration. It is fortunate that
the Z peak corresponds to a half-integer spin tune.

RD calibration [3] has been a regular operational tool
since 1993 and this measurement has become routinely
possible with separated beams. Transverse polarization
with colliding beams was obtained only in special condi-
tions, far from the physics operation mode. This limitation
implies that a precise determination of the LEP average
beam-energy can only be made outside physics conditions.

The time necessary to perform the measurement was
considerably reduced in 1994 and 1995 as more experience
was gained. In 1995 calibration was attempted at the end
of each off-peak physics fill (End Of Fill – EOF – calibra-
tions). The number of successful calibrations was larger
than in 1993 and the time spent in individual calibrations
was significantly reduced. Since one important component
of the final error stems from the uncertainty in absolute
beam energy for those physics fills without an energy cal-
ibration, this results in a significantly smaller uncertainty
due to these fills. The improved operational control also
allowed the successful calibration of several fills before the
beams were put into collision. The six special fills in 1995,
with RD both at the beginning and at the end of the fill,
will be referred to as BOF-fills in the following.

Typically the RD was performed on the electron beam.
From time to time (once or twice per year) the positron
energy was also checked.

Table 1 shows the statistics of the calibrated physics
fills for the three datasets. As explained later, special Ma-
chine Development (MD) studies, where the beam-energy
is measured at different times in the same fill, played an
essential role and Table 2 lists the details of such fills.

2.3 Monitoring of the dipole magnetic field

The method used to monitor the magnetic field in the LEP
dipoles has evolved over the years. The current, which
is typically 2000 A at peak energy, providing a field of
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Fig. 1. Diagram of a concrete-reinforced dipole cross-section.
The approximate positioning of the NMR probe is also shown

≈ 0.05 T, is distributed serially to the dipoles of the ring5.
It was monitored in 1993 via a DC Current Transformer
(DCCT) installed close to the power-supplies in IP2. In
1995 an additional DCCT was installed on the return lead
close to IP6 to check for possible leakage to ground at the
level of the coil windings along the ring. The current was
measured every 15 minutes. In 1995 a special device was
installed which allowed the monitoring of the current every
second, for short periods of time. Short time structures
have been observed at the level of 0.01 A (that is well
below the power-supply specification of stability at the
10−5 level). There is no evidence that such structures in
the main power-supply currents cause detectable short-
term fluctuations nor long-term rises of the magnetic field
[8].

The only measurement of the dipole field in 1993 was
provided by a special reference magnet connected in series
with the LEP dipoles. The reference magnet is different
from the LEP dipoles: it is a high precision iron-core mag-
net as opposed to the cheaper concrete-reinforced dipoles
used in the tunnel; it is installed in a thermally controlled
environment in a surface building. To monitor changes of
the field this reference magnet houses a flip-coil device
and an NMR probe, which are both recorded every eight
minutes. In 1994 a short section of vacuum-chamber was
mounted in the magnet and a new NMR probe positioned
in the middle of it to measure the field in conditions closer
to those experienced by the beam.

In 1995, direct measurements of the dipole field were
provided by two additional NMR probes which were in-
stalled on top of the vacuum-chamber in two dipoles lo-
cated in the LEP tunnel near IP4 (NMR4) and near IP8
(NMR8) as sketched in Fig. 1. In 1996 14 additional NMR
probes were installed: in this configuration all eight of the
LEP octants had a probe and in two octants strings of ad-

5 LEP comprises 3280 concrete-reinforced dipoles, 32 weak
dipoles for special sections of the accelerator and 24 injection
dipoles, providing respectively 98.37%, 0.19% and 1.44% of the
total transverse magnetic field

jacent magnets were monitored. The measurements from
1996 are used to verify the observations made in 1995.

2.4 Flux-loop calibrations of the field

A loop covering the cross-section of the dipole field [9]
has been placed inside the LEP dipoles (see Fig. 1). The
voltage induced in this loop while cycling the magnets
provides a measurement of the field integral produced by
the LEP dipoles. It is performed without beams and was
repeated regularly (typically once every two weeks) to fol-
low the overall behaviour of the accelerator field in 1993.
Given the confidence in the more precise NMR measure-
ments, and the fact that the extended magnetic cycle for
the flux loop measurement was clearly affecting the mag-
netic history of the magnets and complicating the accel-
erator operation, it was decided to perform only two such
measurements in 1995, at the beginning and at the end of
the running period.

2.5 Magnet cycling

Before each physics fill the magnets are cycled at least
five times (demagnetization cycle), between +300 A and
+2900 A to reproduce the initial magnetic conditions, af-
ter which the accelerator is injected with positrons and
electrons at 20–22 GeV. Ramping to the final energy was
performed differently for different years. In 1993 the accel-
erator was ramped to 44.12 GeV and then ramped, after
a pause, to the final energy. In 1994 LEP was ramped
directly to the peak energy. In 1995 the first ramp was di-
rectly to P−2 and, when needed, a second ramp was made
to P or P+2. There is no evidence that this slight variation
of the magnet cycles affects the energy model. In 1993 (and
in 1995) a small and unexplained drift of the field of the
reference magnet was measured by the NMR probe. A few
erratic field jumps (believed to be caused by power-supply
spikes) were also observed. Thinking that a possible cause
for both these effects could be related to the fact that the
dipoles work far from saturation (0.05 T vs. 1 T) and that
some additional conditioning could help reduce this effect,
a special magnet cycle was developed (referred to in the
following as bending modulation). It consisted in modulat-
ing the main dipole current by a sequence of, typically,
seven square pulses (of amplitude equivalent to roughly
10 MeV) over a time of two minutes, after the operational
energy had been reached and before colliding the beams
[8]. The bending modulation was commissioned in the first
part of the 1995 run and used regularly from fill 2953 on-
wards (53% of the 1995 data was delivered after bending
modulation).

2.6 Magnet temperature

Each accelerator octant is structured in 60 ‘half-cells’,
each comprising six dipoles, a quadrupole and a sextupole.
Each octant has an independent cooling circuit. The



The LEP Energy Working Group: Calibration of centre-of-mass energies 191

IP2 IP4

IP8 IP6

231

271

232

272

631

632

672
671

673

633

233

273

Copper RF Cavities

Superconducting RF Cavities

Fig. 2. Schematic diagram of the RF distribution around the
LEP ring during the LEP1 phase. The shaded modules show
the superconducting cavities which were installed and commis-
sioned during the 1995 energy scan. Additional superconduct-
ing cavities were installed around IP8 and IP4 only after LEP1

chilled water is supplied in parallel to each half-cell where
a local manifold distributes it to the dipoles, quadrupole,
sextupole and vacuum-chamber circuit. The temperature
of the incoming and outgoing water is logged for each oc-
tant. The actual temperature of the accelerator is esti-
mated from a set of high precision (0.1◦C) resistive plat-
inum temperature probes inserted in the cores of 32
dipoles uniformly distributed (four per octant) around
the ring. In 1993 and 1994 the temperature of the chilled
water was kept constant in each octant. In 1995 a new
control regulation was introduced aiming to maintain the
core temperature as constant as possible. The reason for
this was to reduce the related variations of magnetic field,
leading to more stable accelerator conditions, and smaller
energy corrections. The new system changes the chilled
water temperature in each octant (in steps of 0.1◦C per
hour) based on the feedback of four temperature probes
inserted in the dipole cores in order to maintain a preset
average core temperature.

2.7 Quadrupole-current imbalance compensation

A different phase advance in the horizontal and vertical
planes of the LEP optics means that in the quadrupole
power bars running around the LEP ring at a distance of
roughly 1 m from the vacuum-chamber, there is a current
difference between the circuit feeding the focusing (QF)
and defocusing (QD) quadrupoles which run respectively
clockwise and anticlockwise around the ring.

For the datasets considered here, LEP was operated
with an optics based on a phase advance in the vertical
plane (60 degrees) different from the one in the horizontal
plane (90 degrees). The net current difference amounts to
33 A, which produces a field of 6.6µT at the position of
the beam in the vacuum-chamber. A compensation cir-
cuit, known as the QFQD compensation loop, has been

installed around the ring in order to eliminate the effects
of this stray field. This compensation circuit was used in
1993 and 1994. The control system of the power-supply
for this compensation circuit proved rather unreliable, so
in 1995 it was decided not to use it and instead to cope
with the small additional constant component of the field.

2.8 Radiofrequency distribution

In 1993 and 1994 the power lost by the beam due to
bremsstrahlung, about 125 MeV per turn, was provided
by the original set of copper cavities (CU–RF) distributed
symmetrically along the straight sections close to IP2 and
IP6. In 1993, during the energy scan, a precondition for
running off-peak was to have a stable and symmetrical
RF configuration: this stability requirement minimized the
spread of the IP-dependent RF corrections and allowed
for interpolation when RF system data were missing. In
1995 the energy scan was performed concurrently with the
commissioning of the first set of superconducting RF cav-
ities (SC–RF) to be used in preparation for LEP2. Two
SC–RF units were installed for testing in 1994, but were
not used extensively, and had negligible effect on the 1994
beam-energy.

New cavities were installed around IP2 and IP6 (see
Fig. 2). Most of the power was available at IP6 and the
accelerator was operated for a large fraction of time with
a highly asymmetric and somewhat unstable RF configu-
ration. The recording of the RF data became essential to
the calculation of the IP-dependent corrections and having
the recording system fully working became a precondition
for running off-peak. Additional measurements were made
at later dates to determine parameters for the new cavities
and reduce the associated errors.

2.9 Effects related to the LEP mode of operation

LEP operated in 1993 and 1994 in ‘pretzel’ mode. Eight
equally spaced bunches of electrons and positrons collided
at each of the four experimental IPs. The unwanted en-
counters at mid-arc were avoided by causing a pretzel-
like oscillation of the two beams in the horizontal plane,
which provided the necessary separation where the beams
crossed. The pretzel oscillation was not large enough to
provide enough separation in the odd IPs so additional
vertical separators were available to prevent unwanted col-
lisions. No significant side-effect on the average centre-of-
mass energy determination has been seen from this mode
of operation.

In 1995 LEP was operated in ‘bunch-train’ mode. Four
equally spaced trains of up to four bunches (separated by
247 ns) crossed at each IP. All bunches in the same rela-
tive position within a train belonged to a family: the first
bunch on the train belongs to family A while the fourth
belongs to family D. In practice LEP operated for most of
the time with only three families or less. A rearrangement
of the available electrostatic separators provided a verti-
cal separation bump around each IP to prevent unwanted
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collisions outside the experimental areas. The vertical sep-
aration bumps cause a non-negligible vertical dispersion at
each IP6 which has a different sign between positrons and
electrons. This effect could have been a serious problem
for the determination of the centre-of-mass energy at a
given IP. Having anticipated the problem, the LEP en-
ergy team was successful in maintaining it at a negligible
level, mostly through a careful control of the collision off-
sets (Sect. 10.3).

2.10 Beam position monitors and orbit correcting coils

For a large number of quadrupoles there is a Beam Orbit
Measurement (BOM) [10] monitor made of four capaci-
tive electrodes able to measure with a precision of a few
microns the relative position of the beam with respect to
the centre of the quadrupole. In total there are 504 BOMs
around the ring that sense the transverse position of the
beam. In particular they can be used to track the average
orbit deviation in any octant of LEP. The change of the
average beam orbit radius (∆R) is related to the relative
change of LEP energy (∆E) through

∆R = DBOM
x · ∆E

E0
(4)

where DBOM
x is the horizontal beam dispersion at the

BOM and E0 the average beam-energy. The horizontal
dispersion is significant only in the curved sections of LEP
(arcs) and hence the 240 BOMs in the arcs are important
to monitor radial changes of LEP. The measurements from
all of the BOM stations are logged whenever the accel-
erator operator monitors the beam trajectories (orbits),
which occurs every 10 minutes or less. These sets of data
are analysed to reject monitors that are not working prop-
erly for the complete data sample and that might bias the
results for some orbits: typically 50 BOMs are rejected for
a given year. The reproducibility of the ∆R measurement
is estimated from the 1993 and 1994 datasets to be 8 µm
within a fill and 15µm between fills. This precision per-
mits the use of the radial changes to monitor long-term
trends (see Sect. 7).

For most quadrupoles there is also one correcting coil
(corrector) used to steer the beam vertically or horizon-
tally through the centre of the quadrupole The correctors
are weak dipole windings mounted next to the quadrupole.
The changes of current in each corrector are logged for of-
fline analysis (see Sect. 8.1).

2.11 The ISR test facility

In 1996 a laboratory was established in the tunnel formerly
housing the Intersecting Storage Ring (ISR) accelerator

6 The dispersion of a beam at a given point of the orbit is the
parameter describing the level of spatial ordering of particles of
different momentum Dx = ∂x

∂E
· E0 where x is a spatial coordi-

nate transverse to the direction of motion and E0 is the mean
(central orbit) energy. It varies along the orbit and depends on
the accelerator optics configuration

in order to investigate the behaviour of the magnetic field
of the LEP dipoles. Particular importance was given to
studies of temperature dependence and to an accurate re-
production of the LEP configuration. In this laboratory
one of the LEP concrete dipoles was assembled around a
replica of the LEP beam pipe with a cooling system simi-
lar to that of LEP. The dipole excitation bars and cooling
circuit could be operated to reproduce any phase of a LEP
fill. A special device allowed the ‘play back’ of parasitic
currents recorded during LEP operation.

The results of the measurements at this test facility
have been essential to the understanding the detailed ther-
mal behaviour of the LEP dipoles.

3 The LEP energy model

As stated earlier, precise beam-energy measurements by
RD can be performed only with separated beams. A model
of the accelerator behaviour is needed to correct for the
differences in the beam energy between physics and RD
conditions. In addition, the model is used to predict vari-
ations of beam energy with time throughout data-taking.
The absolute scale of the predictions of such a model is
determined by the RD measurements.

The average beam energy (as measured by RD) is de-
termined by the integral around the ring of the vertical
component of the magnetic field seen by the beam. There
are several contributions to this field integral: the main one
comes from the field produced by the LEP dipoles which is
sensitive to temperature and parasitic currents; the second
is the bending field from off-centred quadrupoles which is
affected by variations in the LEP circumference, in par-
ticular changes due to terrestrial tides; and finally, the
additional fields generated by the quadrupole-current im-
balance compensation loop and horizontal-orbit correctors
must be taken into account.

Determining the parameters which can influence the
field integral for a ring of 27 km circumference has proven
to be a formidable task. New understanding has been
accumulated over the years about the behaviour of the
dipoles, of the geology of the Geneva area and the LEP
civil engineering structures. In this section the various con-
tributions to the determination of the experimental aver-
age beam energy are discussed. The model parametriza-
tion is introduced, followed by a detailed discussion of
the various model components: the thermal behaviour of
the LEP dipoles, a discussion of the evidence for unfore-
seen field drifts and the details of how they have been
parametrized, the tidal and hydrogeological effects influ-
encing the accelerator size and the variation of the accel-
erator lattice.

The LEP beam-energy variation, as a function of the
time t, is computed every 15 minutes according to the
following formula:

Eb(t) = Enorm(fill) (5)
·(1 + Crise(tday, tfill)) · (1 + CT−dipole(t))
·(1 + Ctide(t)) · (1 + Corbit(fill))
·(1 + Ch.corr.(t)) · (1 + CQFQD(t))
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In this equation Enorm is used for absolute normalization,
whereas all other terms follow the relative energy changes.
The individual effects are discussed in the following Sec-
tions and the meaning of each of the terms is explained
below.

• Enorm is different depending on whether or not the fill
in question was calibrated using the RD method. If it
was, then this normalization factor ensures that the
energy of the model at the moment of the calibration
equals the value of the calibration for this fill. If it
was not, this term is equal to the mean normalization
factor of all the calibrated fills at that energy point
(Sect. 6.1.2).

• Crise(tday, tfill) is the term accounting for the rise of
the bending field due to the parasitic currents flowing
along the beam-pipe. It is parametrized as a function
of the time-of-day, tday, and time since the magnet
reached the final field, tfill (Sect. 6.1). This term is new
in the analysis.

• CT−dipole is the temperature correction for the ensem-
ble of ring dipole magnets (Sect. 5). The understanding
of this term is substantially improved in this analysis.

• Ctide is the correction due to the effect of the Earth
tides [11] [12] (Sect. 7.1).

• Corbit is the correction for the deviation of the hori-
zontal position of the orbit from a central orbit with
no quadrupole bending component. This effect is cal-
culated using an average orbit position for each fill af-
ter the expected variations for tide have been removed
(Sect. 7.2).

• Ch.corr. is the correction due to the setting of the hor-
izontal correctors (Sect. 8.1). This term is new in the
analysis.

• CQFQD is the correction for current in the QFQD com-
pensation loop (Sect. 8.2).

The actual centre-of-mass energy for a given IP is com-
puted from

EIP
CM(t) = 2 · Eb(t) + ∆ERF(t) + ∆Edisp(t) + ∆Ee+ (6)

where

• ∆ERF is the correction, different for each IP, due to
the RF system (Sect. 10.1).

• ∆Edisp is the correction (only for 1995), different for
each IP, due to the combined effect of opposite-sign
vertical dispersion and beam offsets (Sect. 10.3).

• ∆Ee+ accounts for the possible difference of positron
and electron average energies (constant for each year).

All the corrections, with the exception of Enorm and Corbit,
are applied according to the conditions at that particular
time, whereas Enorm and Corbit are applied on a fill-by-
fill basis. The information is given to each experiment in
the form of a file containing the modelled centre-of-mass
energy at the given IP for every 15 minutes. These files are
used in convolution with the experimental data to arrive
at the luminosity-weighted mean energies and rms scatters
which are used to determine the Z resonance parameters.

4 Field rise in a fill and related observations

In 1995, both the six BOF-fills and the tunnel NMRs in-
dicated that, rather than remaining constant, the field of
the LEP dipoles rose throughout a fill. This rise was sig-
nificantly larger than that previously observed in the ref-
erence magnet.

The BOF-fills exhibited a rise in the beam-energy. The
mean rise between first and last depolarization was 3.9
MeV. This mean has a significant rms scatter of 2.6 MeV
as can be seen from Table 2. Some of this scatter can be
attributed to the variation in the length of the fills (be-
tween 6 and 20 hours), but the rate of energy change was
not identical in all fills. Part, but not all, of this rise can
be attributed to temperature effects, as detailed in Sect. 5,
which can lead to significant drifts of the dipole field.

Throughout 1995, the NMRs also recorded an increase
in the dipole field over the fills. Assuming that this can
be related to the beam-energy, the field change is equiv-
alent to a rise of a few MeV over a typical fill. The field
change observed was not necessarily the same in NMR4
and NMR8; the relative rises in both varied from fill to
fill, as did the absolute size of the increase.

In addition to revealing a field rise, the NMRs dis-
played significant short term fluctuations with typical fre-
quencies of around 1 Hz. This noise was found to be strong-
ly anticorrelated between NMR4 and NMR8; this is shown
in Fig. 3a. Occasionally, sudden field jumps could be ob-
served with magnitude equivalent to an energy change of
up to a few MeV.

The fluctuations in the NMRs were found to have an
unexpected dependence on time of day. Much quieter be-
haviour was observed between midnight and about 05:00,
at which point the noise resumed.

Averaged over many fills however, the behaviour was
distinctive, as can be seen from the solid circles in Fig. 3d,
which shows the relative rise seen by the NMR probes
since the beginning of the fill. The rise is at first steep, but
after about 10 hours tends to saturate. The rate of field
increase per hour as a function of time into a fill is shown
in Fig. 3c. The field rise was also studied as a function of
time of day: the rise was found to be much smaller in the
‘quiet period’ than in the remainder of the day. The rise
as a function of time of day is shown in Fig. 3b.

Eventually the NMR noise was correlated with the
measurement of a current flowing on the LEP beam-pipe.
This current fluctuates in amplitude with time and po-
sition around the LEP ring, with a typical magnitude of
about 1 A. It enters close to the beam-injection lines at
IP1 and flows in both directions around LEP, exiting near
the Versoix river at IP6 (Fig. 4). The current’s behaviour
in the regions of NMR4 and NMR8 is consistent with the
anticorrelated noise seen in these devices.

These observations led to the definition of the pseudo-
device NMR48, where

NMR48 ≡ 5
8
NMR4 +

3
8
NMR8 (7)
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yields an ‘average NMR’ sampling the field at both posi-
tions around the ring, eliminating almost completely the
anticorrelated noise.

The choice of coefficients in (7), defining NMR48, was
based on the assumption that each NMR represents the
average behaviour of, respectively, the three or five octants
between IP1 and IP6. This assumption is confirmed by the
detailed measurements of the amplitude of the parasitic
current flowing along the beam-pipe.

The current arises from electrical trains passing along
the Geneva–Bellegarde railway line [13]. A fraction of the
direct current powering the trains leaks to Earth when re-
turning to the generator station, and this leakage current
passes through the Earth and on to the LEP beam-pipe.

The quiet period between midnight and 05:00 is a conse-
quence of there being no trains running in the area at this
time. A dedicated experiment monitoring the voltage be-
tween the train rails and Earth recorded a signal clearly
correlated with the variations in the beam-pipe current
and the NMR field (see Fig. 5).

The currents flowing on the beam-pipe perturb the
magnetization status of the iron. The tendency to satu-
rate apparent in Fig. 3d is due to the finite amplitude of
the current spikes. The level of saturation depends on the
combined effect of temperature and current peak patterns
(see Fig. 6 and Sect. 5).

For the 1996 high energy running, in addition to NMR4
and NMR8, probes were installed in the other octants
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Table 2. Fills with multiple RD calibrations, i.e. fills where the first RD and last
RD were separated by at least two hours. tf is the time of the first calibration after
the start of the fill, ∆t denotes the time between the first and the last calibration,
∆Eraw

b denotes the measured beam-energy difference between the last and the
first calibration, ∆Ecorr

b is the beam-energy difference corrected for the effects of
the tide, horizontal correctors, QFQD loop compensation and ring deformation
(see Sects. 7 and 8). ∆Ecorr

b shows clear evidence for additional sources of energy
increase

Year Fill number Energy tf ∆t ∆Eraw
b (MeV) ∆Ecorr

b (MeV)

1993 1636 P−2 2h 3.5h 6.1 1.3
1993 1734 P−2 2h 4h 0.6 1.7
1993 1772 P−2 1.5h 21h 6.1 7.5
1993 1811 P+2 21h 5h 2.6 −1.3
1993 1849 P−2 13h 11h 4.0 3.1
1993 1892 P+2 12h 2.5h 0.0 0.3
1994 2234 P 12h 7h −1.0 0.6
1994 2255 P 13h 6h 0.8 0.4
1994 2395 P 21h 4h −3.3 −0.6
1994 2569 P−2 7h 8h 2.7 0.8
1995 2929 P−2 4.5h 6h −1.3 1.5
1995 3022 P+2 1.5h 16h 0.6 3.2
1995 3029 P+2 2h 15h 5.7 3.1
1995 3030 P−2 1h 21h 5.3 1.9
1995 3036 P+2 1.5h 15h 3.2 2.4
1995 3064 P+2 1h 6h 3.1 1.6
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Fig. 4. Diagram of CERN accelerators and surroundings. The
measured correlation pattern of the parasitic currents along
the ring is shown, proving that they enter and leave LEP near
IP6 and IP1

to provide additional sampling of the magnets around
the ring. Two octants were instrumented with five probes
each, giving a total of 16 NMRs. The data from these
devices enabled a cross-check of the behaviour observed
in 1995 to be made with a larger sample of magnets. In
comparing the data of the two years, certain differences
in operating conditions had to be taken into account. In
particular, in 1996 the magnets were run at approximately
twice the field and had a more significant temperature
excursion. In addition, no bending modulation was per-
formed prior to the start of a fill.

The 1996 NMR data indicated a field rise in all oc-
tants. The three octants between IP1 and IP6 behaved in
a similar manner to that seen in NMR8, with sudden steps
in field, while the smoother field evolution in the remain-
ing five octants was similar to that seen by NMR4 (see
Fig. 7). The short-term noise was anticorrelated around
the ring in a manner expected from the measurements
of the current on the beam-pipe as shown in Fig. 4. This
supports the choice of coefficients in (7). The variation of
the short-term noise and of the field rise itself with time
of day and time into fill confirmed that observed in 1995.
The rise averaged over all the octants was compatible with
that seen in the weighted mean of octants 4 and 8. This
demonstrates that the pseudo-device NMR48 is represen-
tative of the LEP ring as a whole. Further discussion of
these phenomena can be found in [8,13,14].
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Fig. 5. The synchronous measurement of the
voltage difference between ground and the
train rails (top), the voltage difference between
the LEP beam pipe and ground (middle) and
the NMR readings (bottom). The correlation is
obvious. The label ‘Geneva’ marks the time of
the departure of the TGV (‘Train à Grande
Vitesse’) from Geneva central station. The
label ‘Zimeysa’ indicates the time when the
TGV went past the measuring device

5 The temperature behaviour of a LEP dipole

The thermal behaviour of the LEP magnet cores is driven
by several heat sources, sinks and the resulting temper-
ature gradients. The major power sources are resistive-
loss heating of the excitation bars, synchrotron radiation
on the beam-pipe and the cooling water which circulates
along both the beam-pipe and the excitation bars. The
power transfer to the air happens mostly by radiation ex-
change as the small temperature difference between the
air and the magnets is not sufficient to drive a strong con-
vective motion.

The temperature variations induced by all of these
effects produce distortions of the geometry of the LEP
dipoles.
• The C-shaped dipole cores (see Fig. 1), and thus the

gap between the poles, tend to expand due to the aver-
age temperature variation and to open or close depend-
ing on the temperature gradients around the magnet
excitation bars.

• The thermal expansion of material leads to variation
of the pole area.

• Thermally induced stresses arise at the contact inter-
face between the soft iron slabs and the concrete. These
result in a change of pressure propagating to the centre
of the slabs which modifies the relative permeability
coefficient of the iron [15] and introduces thermal hys-
teresis effects in the field. This is the dominant thermal
effect influencing the magnetic field.

From the test laboratory (see Sect. 2.11) the dependence
of the field on measurable quantities such as the core and
cooling-water temperature could be derived experimen-
tally.

5.1 Experimental results

Figure 8 shows the result of a particular experiment used
to determine the thermal model for the LEP dipoles. This
experiment, which lasted over eight days, consisted of five
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in the laboratory (middle figure) when the parasitic current
recorded from the LEP beam-pipe (bottom figure) is ‘played
back’ on the section of beam-pipe inserted in the laboratory
dipole

periods. Each of these starts with a demagnetization cycle,
described in Sect. 2.5. The current is then set to 2000 A,
which is the value used to run LEP at the Z peak energy.

In the following period (varying from 10 to 40 h) the
temperature of the cooling water is changed in a controlled
way. The core temperature follows these changes with a
time constant of 5.5 h. Unexpectedly the first period shows
a monotonic rise of the field for both increasing and de-
creasing core temperature. The second and the third are
partial repetitions. The fourth and the fifth show both in-
crease and decrease of the magnetic field by applying the
reverse temperature variation pattern with respect to the
first.

The agreement between experiments sharing the same
conditions and history is quite good, while applying a dif-
ferent history or simply reversing the time order of the
temperature variations produces different results.

The model used previously [4], where the field changes
were simply proportional to the temperature variations
(∆B = CT · ∆T ), cannot reproduce these observations.

5.2 The thermal model

The model developed to describe the thermal behaviour
of LEP dipole magnets includes five temperature param-

eters:

B = B0 · [1 + CTi · (Ti − T0) + CT · (T − Ti)
+CTGRAD · (T − TW) + CTMAX · (TMAX − Ti)
+CTMIN · (TMIN − Ti)] (8)

where T0 is the reference temperature, Ti is the core tem-
perature at the beginning of the period, T is the dipole
core temperature, TW is the cooling-water temperature,
TMAX and TMIN are respectively the maximum and mini-
mum core temperatures since the beginning of the period,
B is the corrected magnetic field and B0 is the magnetic
field at Ti, T, TW, TMAX, TMIN = T0.

From experience accumulated at the test facility, the
phenomenological description of the parameters is as fol-
lows:

• CTi : this term accounts for changes in the geometry of
the magnets as well as stresses in the iron.

• CT: this term arises mainly from bulk change of size
of the cores without stress variation in the interface
region.

• CTGRAD : the temperature gradient across the section of
the magnet changes the size of the air gap. The tem-
perature difference between the core and the cooling-
water is taken as an estimate of this gradient since the
thermal conductivity of the aluminium (coil) is much
larger than that of the concrete.

• CTMAX , CTMIN : the underlying explanation for these
parameters is not fully understood. Large variation of
the stress status in the interface region seems to be the
main cause.

The values of the five coefficients measured for the test
magnet were:

CTi = (6.4 ± 0.6) · 10−5 oC−1

CT = (−3.3 ± 0.3) · 10−5 oC−1

CTGRAD = (0.4 ± 0.04) · 10−5 oC−1

CTMAX = (12.0 ± 1.2) · 10−5 oC−1

CTMIN = (−4.2 ± 0.4) · 10−5 oC−1

The most important parameter is CTMAX since it is the
largest one and TMAX has the greatest variation during
LEP physics fills. The 10% relative error on the determi-
nation of these parameters is assigned based on the quality
of the fits and the reproducibility of the experimental de-
terminations. The uncertainties on these parameters for
the well known and controlled test magnet are, in any
case, smaller than the final error on the same parameters
for LEP due to the spread of characteristics of the 3336
LEP dipoles.

5.3 Application to the LEP environment

The cooling system of LEP is operated in such a way that
the gradient term CTGRAD · (T − TW) is always negligible.
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Fig. 7. The fractional field rise observed by the
NMR probes in each of the LEP octants for a
typical fill in 1996 at a beam-energy of 86 GeV.
Octants 1 and 5 are equipped with five probes, of
which the two exhibiting the minimum and max-
imum rise are displayed. Each dipole has expe-
rienced a different temperature excursion; for in-
stance the temperature rise for the instrumented
magnet in octant 4 is three times that for octant 6.
The nonlinear behaviour caused by parasitic cur-
rents on the beam-pipe is evident in octants 1, 7
and 8

The term CTi · (Ti − T0) is constant within a fill by def-
inition since Ti can vary only from fill to fill: most of its
effect is absorbed into the overall offset for a fill (Enorm
in (5)) and for simplicity this term was ignored. Checks
were performed by including this term in the model: the
largest observed change in the mean energy of any energy
point was 0.03 MeV, and is thus negligible.

The typical temperature profile for the 1993 and 1994
physics fills is monotonically increasing (Fig. 9, left). In
this case the CTMIN term is always zero and the use of
a single parameter equal to CTMAX + CT is sufficient to
parametrize the field variation, proportional to T − Ti.

In 1995 the situation was different, since the cooling
regulation was changed to reduce temperature excursions
in the magnets (see Sect. 2.6). In this case the profile was
of rising temperature for the first few hours and then a
partial decrease (Fig. 9, right). Even in 1995 the temper-
ature of the magnets rarely decreased below the initial
temperature, Ti, making the CTMIN term irrelevant.

The model can then be simplified and reduced to only
two parameters, one to be used during increases and one
during decreases of the mean temperature of the magnet
cores.

1
B0

dB

dT
=




CTMAX + CT ≡ Ceff if dT
dt > 0

CT if dT
dt < 0

(9)

Since Ceff > 0. and CT < 0., the application of this model
to all periods of LEP operation results in a monotonic
increase of the magnetic field.
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5.3.1 Interplay between temperature and parasitic-current
effects

Because both temperature changes and parasitic currents
on the beam-pipe (see Sect. 4) generate field rises, it is
difficult to disentangle the two contributions. Moreover,
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the way these two effects combine is not straightforward:
studies performed at the test facility have shown that the
two sources of drift compete to determine the saturation
level of the dipole field. The dipole-field rise is described
as a superposition of the effect of temperature and of the
instantaneous current flowing on the beam-pipe. Any cur-
rent spike has an effect only if, when added to the under-
lying drift due to temperature, its amplitude exceeds that
of any of the preceding spikes. From the laboratory mea-
surements it is seen that only approximately 65% of the
instantaneous field due to these spikes is left as permanent
magnetization of the dipole. A given field can be reached
either by a temperature variation or by means of a current
spike, whichever comes first. For example, when a large
current spike causes a jump in the field, the field will stay
constant until either the temperature-induced variations
reach an equivalent level or a larger spike happens. The
saturation effects are explained both by the stabilization
of the dipole temperatures and by the finite amplitudes of
the current spikes. In fact, the random time distribution
of the largest current spike explains, at least qualitatively,
the variation on a fill-by-fill basis of the time evolution of
the field drifts. The magnet is reset only after a demagne-
tization cycle. An empirical model including these features
has been developed which predicts quite well the field vari-
ations [16]. The model demands the knowledge of the cur-
rent flowing on the beam-pipe. As this input parameter
was not generally available, an approximated version has
been developed to cross check the LEP field model used
to deliver the experimental energies (see Sect. 6.2).

5.4 Determination of LEP temperature coefficients

The parameters shown in (9) have been determined from
the LEP dipoles themselves using the data of 1996. The
16 dipoles equipped with NMR and temperature probes
enabled a better sampling of the average ring behaviour
than the two dipoles, NMR4 and NMR8, which had been
equipped in this manner during 1995. Furthermore, the
large temperature excursions of about 1◦C during the high-
energy running of 1996 produced a suitable data set to
study the temperature behaviour of the magnets. This is

to be compared with 1995, where the short-term temper-
ature variations were only about 0.2◦C and similar to the
precision of the measurements. In the determination of
Ceff of (9) all high-energy physics running in 1996 was
analysed.

Successive recordings at intervals of six minutes were
considered, and the relative field change ∆B/B was plot-
ted against the absolute temperature change ∆T . This was
done for the first eight hours of fills, during which the tem-
perature was continuing to rise. Intervals with large field
jumps, presumably induced by stimulation from parasitic
currents, were discarded.

A linear fit was made in ∆B/B against ∆T for the
region ∆T > 0. This fit was made both for the mean be-
haviour of all the instrumented dipoles, to represent the
ring, and for the weighted mean of NMR4 and NMR8 us-
ing the coefficients of (7), to represent the pseudo-device
NMR48 used in the energy-rise modelling. To assess sys-
tematic stability, the analysis was restricted to the period
0 < tday < 5 hours, the definition of ‘large field jump’ was
varied and the fit range and the bin width were changed. In
addition, complementary analyses were performed where
the temperature coefficient was fitted simultaneously with
terms representing independent field variation caused by
the beam-pipe current (Sect. 5.4.1).

The results of the various fits showed a significant vari-
ation, indicating the presence of systematic effects and the
difficulty of separating the parasitic current and temper-
ature-driven behaviour. An effective coefficient Ceff , of
10 · 10−5/◦C was found to describe both the ring and
NMR48 data, with uncertainties of ±30% and ±60% re-
spectively. Example fits to Cring

eff and C48
eff for the ring and

NMR48, are shown in Figs. 10a and b respectively. The
NMR jumps are bigger and more frequent in octant 8 than
elsewhere in the ring, leading to the larger error for C48

eff .
To determine the effective coefficient CT for periods in

which the dipole temperature decreases, a dedicated ex-
periment was performed during fill 3822 in 1996. Without
beam in the machine the dipoles were ramped to 45 GeV
with the cooling system inhibited. This provoked a steady
rise in core temperature. At about 02:00 the cooling was
re-enabled, and a decrease in core temperature of about
1◦C was observed in the next three hours. As expected
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from the laboratory temperature model, the temperature
decrease was accompanied by a rise in the field of the
dipoles, as monitored by the NMR devices. The relative
change in the temperature and dipole field with respect
to the reading at midnight is shown in Fig. 11.

Because the field rise occurred during the period in
which noise currents are at a minimum, it can be at-
tributed directly to the change in temperature. In extract-
ing the temperature coefficient CT from these data, the
full temperature model must be invoked, taking account
of the terms involving CTGRAD and CTMIN in expression
(8), as the conditions of the experiment are sufficiently
extreme as to render these effects significant. The values
of CTGRAD and CTMIN were fixed to those measured for
the laboratory dipole, and CT determined for each instru-
mented dipole. The results obtained were similar in mag-
nitude to the coefficients found for the laboratory dipole.
A value of CT = (−5.0 ± 2.5) · 10−5/◦C was adopted, for
both the ring as a whole and the pseudo-device NMR48.
The error covers the variation seen between the dipoles
and also accounts for the systematic uncertainties in sub-
tracting the other terms in the temperature model.

5.4.1 Additional checks on the BOF-fills

The six BOF-fills in 1995, together with the long-term
calibration machine development measurements made in
1993 and 1994, allow various cross-checks to be performed
on the parameters of the model for the LEP energy. These
data are sensitive to the tide-model parameters (see
Sect. 7.1), the temperature coefficient of the ring and to
variations during a fill from other effects.

A model was used to make a fit to these RD data
which took into account the variation due to tides, the ring
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Fig. 11. Variation in temperature and dipole field during the
temperature experiment, fill 3822. Both quantities are shown
relative to their value at midnight, and are averaged over all in-
strumented dipoles. The dip at 1.6 h coincides with the abrupt
turn off of the LEP quadrupoles, done in order to speed the
cooling of the refrigeration water. This manipulation is never
done during physics conditions

temperature coefficient, Cring
eff , and a functional form for

the rise during a fill as a function of time of day and time
into fill. For the fills used in the fit the temperature was
almost always increasing, so that there is no sensitivity
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to the coefficient CT in (9). The value for Cring
eff is found

to be (10 ± 2) · 10−5/◦C, where the error is the statistical
uncertainty from the fit. This is in good agreement with
that determined from the 1996 data.

6 Modelling the energy rise in the fill

Since more than half of the data at the Z resonance were
collected prior to 1995, the model for the dipole field drifts
must be independent of the direct NMR readings in order
that it can be applied to the 1993 and 1994 datasets. The
dipole drifts depend on the temperature changes of the
dipole cores and on the parasitic currents flowing on the
beam-pipe, which are related to the railway traffic and
depend on the time of day. Moreover, the way the magnets
react to these stimulations depends on the time elapsed
since the last cycling of the field, the time into the fill.

The model chosen is based on straightforward two-
dimensional binning against time of day and time into fill
of the available NMR data after subtraction of the tem-
perature effects (phenomenological model). Other treat-
ments of these data were explored in order to gauge the
systematic stability of this method. In addition, another
(deterministic) model has been developed based on the
experiments with the dipole in the ISR facility and the
recording of beam-pipe currents in a typical week.

The phenomenological model treats the temperature
and current effects independently; the comparison with
the deterministic model allows a cross-check of this as-
sumption. Both models necessarily assume the daily be-
haviour of the parasitic currents to be essentially the same
throughout all LEP operation.

6.1 Model based
on NMR readings (phenomenological)

The model used for the determination of the central values
is based on the assumption that the NMR48 readings are
representative of the magnetic behaviour of the whole of
the ring. The data collected in 1996 from additional NMR
probes have shown this to be a good approximation.

The model takes the rise seen in the combination of
the two devices, subtracts the effect of temperature and
parametrizes the resulting rise as a function of two pa-
rameters: the time of day, and the elapsed time in the
fill. The temperature model used to subtract the effect
of the temperature is the one described in Sect. 5. When
this is done the residual rise, attributable to parasitic cur-
rents, is about half that of the total rise as can be seen in
Fig. 3d. The time of day correlation comes from the train
schedules, whereas the elapsed time in the fill determines
the saturation behaviour seen in the energy rise. No as-
sumption on the functional form for the two rises is made.
The NMR data, after rudimentary quality cuts (both de-
vices working; no bending modulation happening at that
instant), are simply represented in a two-dimensional his-
togram with 10 time-into-fill bins, of two hours each, and 5
time-of-day bins (one bin between midnight and 05:00 and

four equal bins for the rest of the day). The mean value
of each bin is then used to obtain the energy correction at
any specific instant.

The model implicitly assumes that the effects of tem-
perature and noise currents can be added linearly. This
model, developed from the 1995 data, can then be applied
to the 1993 and 1994 data with no modifications, under
the assumption that the average effects of the parasitic
currents are the same over the years. The only difference
is the assumed beam-energy at the start of a fill.

6.1.1 Effect of bending modulations

Since bending modulations have an important effect on
the subsequent dipole energy rise, their consequence is
taken into account by treating all data taken before (i.e.
without) and after a bending modulation as separate sam-
ples, and filling a histogram for each as a function of time
into fill. In the model a bending modulation causes a rise
of 2.5 ± 1.0 MeV where this value was derived from all
the available NMR data.

6.1.2 Beam-energy at the start of a fill

For fills calibrated at EOF, the initial energy is fixed by ex-
trapolating backwards in time from the RD measurement
using the model. For uncalibrated fills a nominal value is
used which is normalized to the mean of the calibrated
fills.

This nominal value is assumed to be the same for all
fills at the same energy point in 1995. During 1994 a drift-
ing dipole-magnet power supply does not permit the same
treatment: the energy is taken to follow the dipole supply
current variations during the year. For 1993, due to the
frequent flux-loop calibrations which have an important
effect on the demagnetization of the dipoles, the starting
field of the reference magnet was used instead.

6.2 Model based on parasitic currents (deterministic)

It has been demonstrated in the laboratory that the dipole
field rise is a function of two quantities: the parasitic cur-
rents flowing on the LEP beam-pipe, and the temperature
evolution of the magnet [16]. The reproducibility of the
field rise is very good. Replaying the current recorded on
the actual LEP beam-pipe and following a similar tem-
perature history, a test magnet can accurately reproduce
the rise seen in one of the tunnel magnets equipped with
an NMR (see Fig. 6). The deterministic model estimates
the beam-energy changes directly from these quantities
(see Sect. 5.3.1 for a description of the interplay between
temperature and current-spike effects).

To use such a model in practice the LEP ring is sub-
divided into eight octants and it is assumed that within
an octant all currents and temperatures are the same. An-
other input is the temperature profile per octant, available
for every year, and the current flowing on the beam-pipe
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Fig. 12. Average rise per hour as a function of
time since the beginning of the fill. The full line
represents the recorded NMR48 values averaged
over the LEP runs without bending modulation
in 1995. The dotted line represents the prediction
for the same quantity by the deterministic model

per octant. The latter was recorded for a week during 1995
close to IP5, while the noise current correlation factors be-
tween octants were also measured [8] (see Fig. 4).

In Fig. 12 the average rise per hour during a fill, as
measured by the NMR48 pseudo-device and the predic-
tion of the model, are shown. The influence of the small
variation of the train schedule from day to day has been
computed and found to be small. The conversion factor
between parasitic current and dipole field is obtained by
tuning the model on the NMR data so that the measured
energy rise is obtained. The model can be used on all years
and NMR information is used only for the normalization.

This model was used to assess the interplay between
temperature and parasitic current effects, but the simpler
phenomenological model was preferred to determine the
central values.

6.3 Field-rise model error

The understanding of the field variations during a fill is
very different for the various years. The real relevance of
these effects was realized only in 1995 with the installa-
tion of the NMR probes in the tunnel and the possibility
to compare the BOF and EOF energy calibrations. This
is reflected in the estimation of the error on this energy
correction for each dataset.

The correlation between energy points and years has
been estimated by changing the model parameters and ob-
serving the resulting energy variations. When this was not
possible the error estimation has been driven by the final
use of the errors: the direct influence on the determination
of the mass and width of the Z resonance has been studied
and then converted back to a centre-of-mass energy error
and a corresponding correlation coefficient. If the correla-
tion coefficient could not be precisely determined a value
has been adopted which shares the uncertainty between
mass and width. In such cases it has been verified that
the final mZ and ΓZ errors, from the systematic study in
question, have less than 10% sensitivity to the choice of

correlation coefficients. It should be noted that whenever
a monotonic variation over the full length of a fill is con-
verted into an error on the average energy, a reduction of
roughly a factor of two has to be applied on the change in-
duced by the variation to reflect the luminosity–weighting.

The most important tool to estimate the error on the
field rise model is the set of BOF-fills. The comparison of
field drift predicted by the model with the direct measure-
ment is used to set a limit on the error from any unknown
effects.

In addition the model uncertainties have been evalu-
ated by varying the parameters of the phenomenological
model (temperature coefficients and binning of distribu-
tion) within their errors. Checks have also been performed
using the deterministic model and the direct distribution
of the NMR48 readings.

6.3.1 Rise scatter and model variations

The comparison of the phenomenological model predic-
tion with the 6 BOF-fills (Fig. 13) yields an average offset
[rise(model predicted) − rise(measured)] of 0.0 MeV with
a scatter of 0.4 MeV (beam-energy). Studies performed
by selecting at random sets of six fills in 1995 and using
the NMR48 data as an estimate of the ‘true’ rise, show
that the expected average scatter of the offset is 1.2 MeV,
suggesting that the actual scatter between model and mea-
surement for the six BOF-fills was fortuitously small. A
value larger than 0.4 MeV, around or exceeding 1 MeV, is
indicated also by the comparison with other models such
as the deterministic model or the use of the NMR48 data
directly. The value of 1.2 MeV (beam-energy) has been
chosen for the 1995 dataset as representative of the rms of
the offset between the modelled and measured rise. Taking
account of the sample size and the necessary conversion
to go to the luminosity-weighted centre-of-mass energy,
this translates into an error of 0.5 MeV on the absolute
centre-of-mass energy scale.

For the 1993 energy scan and the 1994 peak runs the
amount of information available is reduced and is has been
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Fig. 13. The estimate of the beam-energy rise from the phe-
nomenological model versus the actual one for the six BOF fills
of 1995. The rms of the difference is 0.4 MeV. Temperature ef-
fects have been subtracted

assumed that the error is equal to the rise predicted by
the model, that is 2.6 MeV for 1993, correlated between
energy points, and 3.3 MeV for 1994. The inter-year corre-
lations are taken to be at the 50% level. For 1993 and 1994
a few fills were available where, during Machine Devel-
opment (MD) studies, RD measurements were performed
over several hours (see Table 2). These sets of measure-
ments are not representative of the typical physics fill as
in most cases the first RD happened at the end of a physics
fill and the last one several hours later, that is in a regime
where only small field drifts are expected. Nevertheless,
with these reservations, the comparison of the model with
these fills supports the above error assignments.

To estimate the uncorrelated part of the error, i.e. that
which mostly affects the Z width, the systematic differ-
ences between the P−2 and the P+2 sample have been
studied.

For 1995 three different checks have been performed:

• Determining the change in the average energy at each
off-peak point when using alternative models such as
the deterministic model or functional fits to the RD
data.

• Tuning the phenomenological model using only the
P−2 (P+2) fills and applying it to the P+2 (P−2)
fills to check the changes in average energy.

• Using the NMR48 data directly and checking the
change in the average energy with respect to the phe-
nomenological model.

From the observed energy dependence of the changes an
error contribution equivalent to 0.4 MeV on ∆ΓZ was as-
signed.

For 1993 the variations with different models were used
as an estimate of the uncorrelated energy errors: the var-
ious models give differences ranging from 0.9 to 1.2 MeV.

Table 3. The difference of the average fill centre-of-mass en-
ergy computed with the phenomenological model and with the
deterministic model for the off-peak datasets

∆ECM (MeV)

Year P−2 P+2

1993 0.0 −1.8
1995 −0.4 −0.2

In particular the error due to the approximate assump-
tion that temperature and parasitic-current contributions
to the field drift are independent is monitored by the com-
parison with the deterministic model (see Table 3). From
these sources, a contribution equivalent to an error on the
width of 1 MeV was taken. The larger error in 1993 can
be partially accounted for by the observation that the av-
erage length of a P+2 fill was significantly longer than
the average length of the fills at P−2 and that the P+2
calibrations occurred correspondingly later in the fill.

The model depends on the number of bins and bin-
size for time of day and time into fill: these have been
varied between 1 and 10 bins and the largest deviation
was 0.3 MeV for the peak energy and less than 0.1 MeV
for the off-peak points.

6.3.2 Uncertainties in temperature coefficients

The temperature coefficients of the NMR48 pseudo-device
affect the model as they are used to subtract the part
of the measured field variation which is due to tempera-
ture effects at a given time-of-day and time-into-fill, and
thereby determine the residual effect due to the parasitic
currents. The associated variations are studied by chang-
ing C48

eff and C48
T within the limits described in Sect. 5.4.

The changes due to the variation of the two coefficients
are added in quadrature and shown in Table 4. The larger
shift in 1995 is partially understood as an effect related
to a greater sensitivity to the temperature coefficients for
the fills with an initial bending modulation. The level of
correlation is taken to be 75% between energy points and
between years. The uncertainty on the energy rise deriving
from the imprecision in the modelling of the ring temper-
ature coefficients is accounted for separately. The energy
changes due to variations of the ring coefficients Cring

eff and
Cring

T , within the limits described in Sect. 5.4, are added
in quadrature. To be conservative, the uncertainties of the
ring and NMR48 temperature coefficients have been as-
sumed to be uncorrelated. It is worth noting that the error
is dominated by the uncertainty on Ceff and not by the er-
ror on CT. These variations, shown in Table 5, are taken as
the size of the error with 75% correlations between years
and energy points.

6.3.3 Bending modulations

An error component relevant only for the 1995 datasets is
the uncertainty on the modelling of the bending modula-
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Table 4. The variations in centre-of-mass energy for the three
years for extreme variations of the temperature coefficients of
the NMR48 pseudo-device: C48

eff varied by ±60% and C48
T varied

by ±50%. The shifts from C48
eff and C48

T are then added in
quadrature with appropriate luminosity weighting

∆ECM (MeV)

Year P−2 P P+2

1993 0.6 0.3 0.6
1994 0.5
1995 1.0 1.0 1.1

Table 5. The variations in centre-of-mass energy for the three
years for extreme variations of the temperature coefficients of
the ring: Cring

eff varied by ±30% and Cring
T varied by ±50%. The

shifts from Cring
eff and Cring

T are then added in quadrature with
appropriate luminosity weighting

∆ECM (MeV)

Year P−2 P P+2

1993 0.1 0.4 0.4
1994 0.2
1995 0.4 0.3 0.4

tion. The effect of varying the jump induced by a bending
modulation by ± 1.0 MeV around the central value of 2.5
MeV induces a change of 0.0, 1.4, 0.3 MeV (centre-of-mass
energy) for P−2, P, P+2 respectively. The whole variation
is taken as the error with 75% correlation between energy
points.

6.3.4 Summary

In addition to studying the effect of parameter variations
and alternative models on the central values of the energies
themselves, the compatibility of each variant with the 1995
BOF-fills was checked. In general good agreement was ob-
served. The largest discrepancy, ∆ECM = 1.4 MeV i.e.
slightly above two standard deviations, was observed when
allowing the NMR48 temperature coefficients to span their
allowed range. Such discrepancies indicate that there are
anticorrelations between the error sources considered. The
error assignment is conservative in the sense that these an-
ticorrelations have been ignored.

Table 6 summarises the different components of the
field rise error assignment, expressed in terms of mZ (or
ECM for 1994) and ΓZ. The equivalent uncertainties on
each energy point and accompanying correlations are given
in Table 19. The main impact of the uncertainty of the field
rise is on mZ.

7 The accelerator size

The LEP storage ring is based on a ‘strong focusing lat-
tice’ which keeps the particles oscillating on stable orbits

around the ring. The particular orbit passing on average
through the centre of all quadrupoles is called the central
orbit. Particles moving on this orbit sense the magnetic
field of only the bending dipoles and corrector coils be-
cause there is no field on the quadrupole axis. At LEP
the particles are ultra-relativistic and they circulate on a
stable orbit synchronous with the frequency of the accel-
erating RF fields, which is a multiple of the revolution
frequency. Since the speed of the particles is constant to
a very high degree, the length of their orbits is fixed by
the RF frequency7. If the positions of the magnetic ele-
ments change, for example due to movements of the tun-
nel structure, then, given that the length of the actual
orbit is fixed, the particles will move away from the centre
of the quadrupoles. Hence they will sense an additional
magnetic field which attempts to restore the particle tra-
jectory to the central orbit. This extra deflection will affect
the average beam-energy of the particles. Quantitatively
the energy change as a function of time ∆E(t) is related
to the change of ‘ring circumference’ (C) by

∆E(t)
E0

= − 1
α

∆C(t)
C0

. (10)

The change of circumference, relative to the length of
the central orbit (C0), is related to the change of energy,
relative to the energy defined by the dipole-field (E0),
through the momentum compaction factor8 α = (1.86±
0.02) · 10−4 [17]. Therefore, small changes of the LEP cir-
cumference are amplified by four orders of magnitude into
measurable changes of the average beam-energy.

7.1 Gravitational deformation of LEP

The concrete LEP tunnel is distorted by the effects of local
deformations of the surrounding geological formations. In
particular, tidal effects, due to the combined gravitational
attraction of the Sun and the Moon, which can cause, at
Geneva latitudes, distortions of up to 10−8 of the local
Earth radius, change the size of LEP in an appreciable
way. The change in beam-energy due to gravitational ef-
fects can be parametrized as

∆E

E
= kG∆gm (11)

where ∆gm
9 is the correction to be applied to the mea-

sured local acceleration due to gravity [11] and kG =
(−82±4)/(ms−2) is a coefficient estimated from the mea-
sured deformation of the LEP ring as detected by the
Beam Orbit Measurement system [18]. The reliability of

7 At LEP1 the RF frequency was kept constant during
physics fills

8 The momentum compaction factor depends on the optics
used, which was the same for 1993, 1994 and 1995. The rela-
tively large amplification is mostly due to the strong focusing
of the LEP optics

9 At high tide ∆gm reaches ±1.2 · 10−6ms−2
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Table 6. The contribution of the various components of the magnetic field rise error to the final
error on the Z mass and width, and the absolute energy scale in 1994

1993 1994 1995

Component How assigned ∆mZ ∆ΓZ ∆ECM ∆mZ ∆ΓZ

(MeV) (MeV) (MeV)

B rise scatter and model variations BOF-fills 0.5
(including T factorization) Model variants 1.0 0.4

Full rise/ MD 2.6 3.3

NMR48 temperature coefficient Variation of coeff. 0.6 0.3 0.5 1.0 0.5

Ring temperature coefficient Variation of coeff. 0.3 0.2 0.2 0.4 0.2

Bending modulation jump Variation of jump 0.2 0.2

Total 2.7 1.1 3.3 1.2 0.7
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Fig. 14. Evolution of the horizontal orbit position for two LEP
fills. The predicted tidal variations are indicated by the solid
lines. In the top figure (fill 1694) the agreement is excellent. In
the bottom figure (fill 2260) the tidal effects cannot explain all
the orbit movements. The errors on each point are estimates

the modelling of such deformation has been proven in ded-
icated experiments, by comparison with energy changes as
measured by the RD technique [12].

To evaluate the effect of a possible phase-shift of the
model (due for example to the finite binning in time) the
changes in the energy due to a relative change of ±7.5
minutes, corresponding to half of the recording interval,

have been modelled: the largest change on the average
centre-of-mass energy is 0.2 MeV. The effect of the un-
certainty on kG is determined by changing the parameter
by one standard deviation and re-evaluating the average
energies. The observed difference is assigned as an error
(see Table 19 for the results for every energy point).

7.1.1 Additional checks on the BOF-fills

Using fills with multiple RD measurements, a fit similar to
the one detailed in Sect. 5.4.1 was used to cross-check the
value of the amplitude of the tide parameter kG. With kG
left as a free parameter in the fit, a value of (0.96±0.03) ·
kG

std was obtained, where kG
std is the value used in the

model; again confirming the value determined in Sect. 7.1.

7.2 Hydrogeological deformation of LEP

In 1993 it was realized that, on top of the well-established
tidal effects, some additional long-term phenomena were
taking place. Over periods of weeks, changes in the aver-
age LEP radius of up to several hundred microns could
be detected after correcting for tidal effects. This obser-
vation was made possible by the improved reliability of
the BOM electronics. While this precise monitoring of the
relative orbit deviations cross-checked the expected de-
formations due to tidal effects, it also made it clear that
there were additional contributions (see Fig. 14). In 1994,
it was realized that such changes could be qualitatively
correlated with the pressure of the watertable under the
nearby Jura mountains and with the level of water in the
lake of Geneva.

The model of the average LEP beam-energy factorizes
into a correction for tidal effects and an overall correction
for each fill which accounts for the measured remaining
changes of the average LEP radius. The correction is

∆E = Kradius∆R (12)

where ∆R is the measured variation of the radial beam
position at the BOMs. It is proportional to the variation



206 The LEP Energy Working Group: Calibration of centre-of-mass energies

of the radius of LEP. The coefficient Kradius follows from
the definition of the horizontal dispersion and is given
by Kradius = E/Dx = (0.077 ± 0.002) MeV/µm (at 45
GeV), where Dx is the horizontal dispersion at the BOMs.
Its accuracy is limited to 2% by systematic effects.

The fill-to-fill error on the LEP radius change ∆R has
been estimated to be 15 µm, which contributes a negligi-
ble error to the average energy considering that several
hundred fills are used in the analysis.

8 Additional contributions to the dipole fields

Besides the dominant effect of the dipoles and quadru-
poles, two effects have been found to influence the total
bending field around the LEP ring: the field of the hori-
zontal corrector coils used to perform fine steering of the
particle orbits, and the stray field of the power-bars dis-
tributing the current to the quadrupoles of the machine.
These effects are significant and need to be taken into ac-
count. The influence of the corrector coils, in particular,
can be very important as often the corrector configuration
used during RD calibration is different from the one used
in physics conditions.

8.1 Horizontal-corrector effects

Around LEP there are several hundred small dipole cor-
rector magnets used to modify the beam orbit in both
planes. Horizontal correctors can affect the beam-energy
either by contributing directly to the field integral or by
modifying the orbit. In this respect, simulations show that
the horizontal corrector magnets can affect the beam-en-
ergy significantly through a change in path length if the
fields add up coherently. This change is proportional to
the product of the corrector deflection angle and the hor-
izontal dispersion at its location. Since the orbit length is
fixed by the RF frequency, the change in path induced by
a corrector forces the beam to change its radial position in
the quadrupoles. The additional fields seen by the beam
in the quadrupoles lead to a change in energy.

The LEP vertical and horizontal betatron tunes are
slightly different in physics and in calibration modes, re-
quiring in general different corrector settings. Modelling
of the effect of correctors on the beam-energy is therefore
necessary.

A controlled experiment during an RD measurement
proved that the modelling of the effect on the beam-energy
of changing the corrector settings is reasonably accurate
[19] as can be seen in Fig. 15. The effects of varying correc-
tor strength and distribution are included in the model as
relative changes within a fill while the systematic tracking
of the absolute value of the beam energy is done by using
the average orbit deformations described in Sect. 7.2.

Since the effect of correctors remains rather uncertain,
the systematic error was calculated by assuming that hor-
izontal correctors affect the energy either by their field
contribution or by their influence on the orbit length. The
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Fig. 15. Evolution of the beam-energy Eb as a function of time
in LEP fills 3702 (top) and 3719 (bottom). Eb is corrected for
tides and magnet temperature. All RD measurements plotted
as circles correspond to the reference orbit with a fixed cor-
rector pattern. The solid lines indicate the average energy on
the reference orbit. RD measurements performed with different
corrector settings are indicated by squares. The dashed lines
represent the energy shifts predicted from the orbit lengthen-
ing due to the change of corrector patterns with respect to the
reference orbit

Table 7. Average difference of centre-of-mass energy values as-
suming that the horizontal-corrector settings affect the beam-
energy either via the orbit lengthening or via the beam deflec-
tion. The values are luminosity weighted and for all the physics
fills

∆ECM (MeV)

Year P−2 P P+2

1993 +0.0 +0.4 −0.4
1994 +0.2
1995 −0.2 −0.5 −0.2

results shown in Table 7 are taken as the error. The val-
ues are uncorrelated between years and 75% correlated
between energy points where the sign of the correlation is
taken from the relative signs of the shifts of Table 7.
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8.2 QFQD compensation-loop effects

The QFQD compensation loop (see Sect. 2.7) was used in
1993 and in 1994 (although it was not always on), and was
turned off in 1995. For 1995 the effect of the stray field is
constant and therefore absorbed in the overall normaliza-
tion. For 1993 and 1994 the beam energy is corrected for
the current, IQFQD, flowing in the QFQD compensation
loop using

∆Eb = kQFQD · ∆IQFQD. (13)

The coefficient kQFQD, determined in dedicated experi-
ments [3], has been revised in the light of the improved
modelling of the LEP energy and it agrees with the theo-
retical prediction. The value used here is 0.04±0.01 MeV/A
where the error is determined from the spread of the ex-
perimental results.

9 Uncalibrated fills

A number of fills ended by loss of beam before calibra-
tion could be performed. For these uncalibrated fills, the
absolute energy is fixed to the average energy obtained
from the calibrated ones. This leads to an additional un-
certainty, arising from two types of fluctuations.

First the statistical error on the mean energy esti-
mated from the finite number, Ncal, is equal to σcal/

√
Ncal,

where σcal is the rms scatter of the differences (Emodel −
Epolarization). Here Epolarization is the end-of-fill calibration
measurement and Emodel is computed from the model of
(5), with a constant normalization factor Enorm equal to
the nominal value defined in Sect. 6.1.2. The distributions
of these differences for the calibrated fills in 1993, 1994
and 1995 are shown in Fig. 16.

Secondly, the mean energy of the uncalibrated fills
(Nuncal) can also fluctuate with an error of σcal/

√
Nuncal .

When combined to form the resulting error on the average
energy of all fills, this gives the normalization error

∆Enorm
CM =

Nuncal

Ntotal

(
σcal√
Ncal

⊕ σcal√
Nuncal

)

=
σcal

√
Nuncal√

Ntotal
√

Ncal
. (14)

where Ntotal = Nuncal + Ncal is the total number of fills.
The equations above are for illustration purposes only as
they neglect the effect of luminosity weighting, which is
taken into account in practice. The normalization errors
including the effects of luminosity weighting, are shown in
Table 8.

10 Centre-of-mass energy corrections

The centre-of-mass energy at each IP is not simply twice
the average beam energy for two main reasons. The first
arises from the asymmetry in the distribution of the RF

Table 8. The normalization error for each centre-of-mass en-
ergy and each year. For the peak points of 1993 and 1995 the
rms of all the P−2 and P+2 fills has been used

∆Enorm
CM (MeV)

Year P−2 P P+2

1993 1.7 5.9 0.9
1994 – 1.1 –
1995 0.8 5.0 0.5

power which compensates for the energy lost by the beams
due to synchrotron radiation. Specifically, the centre-of-
mass energy can be shifted differently at each IP depend-
ing on the relative misalignments of the RF cavities in use,
the phase errors on these cavities, and the disposition of
RF cavities around LEP. These considerations were par-
ticularly important in 1995, when the commissioning of a
large number of the SC-RF cavities needed for LEP2 op-
eration led at times to a very asymmetric distribution of
the accelerating voltage around the ring.

In 1995, the new bunch-train mode of operation intro-
duced the second possible source of IP-specific systematic
shifts in ECM. To avoid unwanted encounters between the
bunches in the counter-rotating bunch-trains, the beams
were separated electrostatically in the vertical plane as
they passed through the straight sections of LEP. As a
consequence of passing off-axis through the quadrupoles
near the IP, a non-negligible vertical ‘dispersion’ (a mo-
mentum ordering of the particles in the vertical plane)
is induced. If the bunches within the train do not collide
head-on, significant shifts in ECM can occur because the
sum of the energies of the colliding particles will not be
equal to the average ECM. This effect was anticipated and
minimized by the use of a separation scan technique to
centre the beams (see Sect. 10.3).

As only the electron energy is routinely monitored by
RD an additional correction or uncertainty common to
all four IPs arises from a possible difference in energy be-
tween electrons and positrons. The measurements of this
difference over the years are described in Sect. 10.5.

10.1 Centre-of-mass energy corrections
from the RF system

This section presents the ingredients of the simulation
used to calculate for each IP the shift in ECM due to the
interaction of the LEP beams with the RF system and
other LEP components. The previously published analy-
sis of the 1993 data [4] is summarized along with the new
results from 1994 and 1995.

Until October 1995 the beam-energy loss due to syn-
chrotron radiation (approximately 125 MeV per turn) was
compensated for by acceleration provided by RF cavities
placed symmetrically at IP2 and IP6 at diametrically op-
posite points on the LEP ring (see Fig. 2). Each of the
groups of RF cavities was placed so that its centre lies an
integral number of RF wavelengths, λRF, from the IP; the
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Fig. 16. Differences between the beam en-
ergies measured by RD and those predicted
by the model with a constant normalization
factor. The error bar attached to each point
is of 1 MeV. Open squares: P+2, open tri-
angles: P, black circles: P−2

RF wavelength is given by λRF = c/fRF ' 85 cm, where
c is the speed of light and fRF is the LEP RF frequency,
fRF = 352209188.1 Hz. However, to reduce the operating
power the CU-RF system includes a supplementary stor-
age cavity driven by an independent klystron operating at
a slightly different frequency, f2 = 352299152.2 Hz, such
that the RF power oscillates between the storage and the
accelerating cavity with a frequency (f2 − fRF)/2. This
configuration results in the CU RF system providing an
accelerating voltage with a frequency (f2 +fRF)/2, rather
than fRF. Since the cavities were placed an integral num-
ber of λRF from each IP, they are longitudinally misaligned
with respect to their operating frequency. The misalign-
ment ∆` is given by

∆` = c · dIP

[
1

fRF
− 2

fRF + f2

]
≈ 2.1 cm (15)

where dIP ≈ 196 m is the effective distance from the IP to
the centre of the CU cavities. Since λRF > 2c/(fRF + f2),
the cavities are too far away from the IP. The effect on
the beam energies is that the incoming beam on each side
of the IP will gain too much energy from the RF (about
10 MeV extra) such that ECM will be approximately 20
MeV higher than the average LEP centre-of-mass energy.
This effect is essentially exactly compensated for as the
beams leave the IP, so that there is on average no energy
offset outside IP2 and IP6. A schematic representation
of this effect is shown in Fig. 17. This cancellation is not
necessarily exact, however: other geometrical effects, such
as a non-zero path difference in the lengths of the LEP

half-arcs IP2-IP4-IP6 and IP2-IP8-IP6 (defined as ∆`26),
or an asymmetric distribution of RF power around LEP,
can result in non-zero corrections at IP4 and IP8 as well.

To calculate the corrections to ECM at each IP, a de-
tailed simulation of the energy losses and gains of the
beams as they travel around LEP is necessary. The mod-
elling of the corrections is carried out by the iterative cal-
culation of the stable RF phase angle φs

10 which proceeds
by setting the energy gains of the beams in the RF cavi-
ties equal to all of the known energy losses. These losses
include synchrotron radiation in the bending magnets, ra-
diation in the wiggler magnets used to control beam emit-
tances, and beam-energy loss in unused RF cavities. In
addition, beam-loading effects, changes in the RF voltage
distribution, phase errors and cavity misalignments are
included.

The 1995 RF model includes several updates specific to
the new running conditions experienced during the 1995
scan:

• The introduction of the bunch-train running has ne-
cessitated the independent simulation of φs for each
bunch in the bunch trains, which takes into account the
details of interbunch spacing and the different bunch
positions on the RF wave.

• The first series of high-gradient, SC cavities, which
are needed for LEP2 running, has been added, includ-
ing all of their alignment, phase, and voltage calibra-

10 The energy gain of the beams is given by VRF ·sin φs, where
VRF is the total RF accelerating voltage
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Fig. 17. The effects of misalignment of the RF cavities on the LEP beam-energy. In this drawing, the amplitude of the
accelerating voltage (VRF) is represented by the curved line on which the particle bunches are sitting. The top half of both
figures shows the acceleration experienced by the incoming bunch, here shown as the e+ bunch, whereas the bottom half of the
figures shows the acceleration of the outgoing (e−) bunch at the same cavity but at a later time, after the bunches have crossed
at the IP. The left figure shows the ideal situation, where the cavity sits at an integer number of RF wavelengths from the IP.
Here, both bunches are given the same acceleration by the cavity. The right figure shows the situation if the cavity is moved a
distance ∆` away from the IP but the timing of the RF accelerating voltage is kept constant. In this case, the incoming bunch
arrives earlier than is optimal, and thus sees a larger accelerating field and gains a larger amount of energy Egain. The outgoing
bunch e− arrives later than is optimal, and thus sees a smaller accelerating field and has a smaller Egain. If the misalignment
were the same on both sides of the IP (as it is for the CU cavities in LEP), ECM at this IP would be higher than expected from
this effect

tion information. These cavities do not suffer from the
longitudinal misalignment problems of the CU–RF as
they operate with a single frequency.

• The use of a small number of high-gradient cavities
to provide the necessary acceleration resulted in many
of the CU cavities being unused during 1995. Thus, a
means of describing the interaction of the beams with
the unused cavities had to be added to the model. The
best description was achieved if the bunches deposit
energy in the unused cavities equivalent to the mea-
sured peak induced voltage, but do not, on average,
interact with the stored energy.

• A new diagnostic tool, RBOM , combines the measured
size of the electron–positron difference orbit ∆+− on
both sides of IP2 and IP6 into a ratio which is sensitive
to the phasing of both individual RF units and the rel-
ative phase of the RF between IP2 and IP6. The orbit
difference is directly proportional to the difference in
energy of the two beams. An example of the energy
difference as the beams travel around LEP is shown in
Fig. 18. The definition is:

RBOM =
|∆+−

IP2 Left| + |∆+−
IP2 Right|

|∆+−
IP6 Left| + |∆+−

IP6 Right|
. (16)

where ∆+− = re+ − re− with r being the radial dis-
placement at the end of the LEP curved section mea-
sured by the BOM sensors. Based on the modelled en-
ergy loss and the known horizontal dispersion at the
BOM position, this quantity can also be calculated in
the RF model. Comparison with the measured values
places powerful constraints on potential phase errors
within the RF system.

Some of the model parameters are known with only
limited precision, and, in addition, varied with time. To
control these, the measured value of the electron and
positron synchrotron tunes11 Q±

s are compared with the
value from the model, calculated from the phase angles,
φ±

i , in each cavity i, for each bunch, and the derivatives of
the energy gain, Ei, at each cavity with reference to the
phase angle, dEi/dφ±

i :

Q±
s =

√
− hfα

2πEb

∑
i

dEi

dφ±
i

. (17)

Here, hf is the LEP harmonic number (the ratio of the
RF frequency to the revolution frequency, 31324) and α is
the momentum compaction factor (see Sect. 7). Deviations
between the measured and the calculated Qs were taken as
an indication of inconsistencies between input parameters,
in particular the individual time-dependent unit phases.

Longitudinal shifts of the collision point in the IPs oc-
cur if the stable phase angles of the electron and positron
bunches become different and vary with time. Such shifts
were observed in all experiments and could be compared
with the model prediction, providing another cross-check
of the model’s validity.

The calculations of the RF corrections use a database
of patched and corrected input values where any necessary
information that was not available from the variety of log-
ging sources has been interpolated. Uncertainties arising
from this can be controlled by comparison of distributions
for complete and interpolated database records.

After the tuning of the RF model parameters, which
required the input of time-dependent misphasing and volt-
11 The synchrotron tune is the number of longitudinal, or en-
ergy, oscillation per turn of LEP
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Fig. 18. The evolution of the energy of each
of the counter-rotating beams as they circu-
late in LEP, the so called energy sawtooth. The
electron beam is represented by the left-going
dotted line, the positron beam by the right-
going solid line. The light grey lines mark the
positions of the IPs. ∆E = 0 denotes the av-
erage energy of LEP, i.e. that given by the
rest of the energy model. The orbit differences
∆+− used in RBOM are measured at the points
marked by a ?, just outside the RF sections
around IP2 and IP6. The energy gains pro-
vided by the RF are clearly visible. This con-
figuration represents a typical RF complement
and centre-of-mass energy corrections for the
1995 running

age calibrations, the difference between the measured and
calculated values of Qs is finally adjusted to be zero by
the application of a small voltage scaling to all of the RF
voltages. Its value of 1.5% to 2.0% is consistent with the
precision expected from the original voltage calibration.
The rms of the difference between calculated and mea-
sured Qs is larger in 1995 (0.0008) and 1994 (0.0006) than
it was in 1993 (0.0004): this is due to the instability of
the RF configuration during the 1995 scan and the poor
logging quality of the 1994 running.

For the 1995 data, the mean of the distribution RBOM
(calc)/RBOM(meas) is 1.009, with an rms of 0.077. Assum-
ing a resolution of 20µm on each of the quantities ∆+−
in (16), the width of the [RBOM(calc.) − RBOM(meas.)]/
σ(RBOM) distribution is 2.1 . This implies that the phasing
of the machine is understood to a level of approximately
twice the resolution achievable from RBOM .

The average corrections for the off-peak and peak
points from 1993, 1994 and 1995 are shown in Table 9.
The average bunch-specific corrections for each IP show
only small bunch-to-bunch variations (≤ 0.2 MeV), and
therefore the average over the bunches in a train is used
in the energy determination.

10.2 Evaluation of errors for the RF corrections

The constituent errors on the 1994 and 1995 analyses are
discussed below. Unless explicitly mentioned, nothing is

Table 9. The corrections to ECM for each LEP IP and each
energy point from the RF model

Corrections to ECM (MeV)

1993 1994 1995

LEP IP P–2 P P+2 P P–2 P P+2

2 19.0 18.8 19.9 19.1 14.7 15.0 14.8
4 0.0 –0.3 0.0 –0.2 0.9 1.7 1.4
6 19.5 19.6 20.1 18.9 4.4 4.6 4.6
8 0.0 0.3 0.0 0.0 –1.0 –1.8 –1.5

changed for 1993 from the published results [4]. The 1994
and 1995 errors are summarized in Table 10.

The largest systematic error on the RF corrections
arises from the uncertainties on the positions of the RF
cavities. The uncertainty on the alignment of the CU-
cavities is taken to be ±1 mm, where the most conser-
vative estimate of the effect is to assume that the total
uncertainty on the difference in cavity positions is 2 mm,
moving the cavities coherently towards or away from the
IP to calculate the effect. This led to shifts of 0.4 MeV at
IP2 and IP6 in 1994, and 0.6 MeV at IP2 and 0.2 MeV
at IP6 in 1995. In 1995, alignment uncertainties of about
1.4 mm (obtained from repeated measurements of the cav-
ity positions) on the superconducting cavities are also im-
portant and amount to 0.1 MeV at IP2 and 0.5 MeV at
IP6, leading to a total systematic error arising from RF
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cavity misalignment of 0.6 and 0.5 MeV for IP2 and IP6,
respectively. The corresponding error for the 1994 run-
ning is negligible because the total accelerating voltage
provided by superconducting cavities was small. Since the
source of this error is geometrical, it is taken to be 100%
correlated between energy points and years of running.

A very important systematic uncertainty in 1995 re-
sults from the discrepancy between the observed and pre-
dicted longitudinal movements of the collision point and
the difference in collision points between bunches. The
measurements by the LEP experiments of the position of
the average interaction point measured along the beam
axis (z coordinate) show good agreement except for a
small period at the end of the scan, when all CU cav-
ities around IP6 were unused and new superconducting
RF cavities were operated instead. The model also pre-
dicts smaller differences between the individual bunch col-
lision points, about 0.5 mm between the first and the last
bunch in a train, than are measured from the data, where
differences up to 1 mm are observed. The average energy
of the various bunches was shown to be equal to within
0.1 MeV, with an rms of 0.3 MeV, by means of RD mea-
surements. This, however, does not exclude local effects
due to the RF system. Limits on the possible shifts in col-
lision energy arising from collective and bunch-to-bunch
shifts in stable phase are obtained by using the measured
vertex positions as an input to the RF model to constrain
the bunches to sit at a φs which identically reproduces
the observed collision positions [20]. The systematic er-
rors due to this effect are 0.8, 0.6, 0.1, and 0.6 MeV for
IPs 2, 4, 6, and 8, respectively. These errors include small
discrepancies in the Qs values of the individual bunches
in a train. The errors are assumed to be 100% correlated
between IPs and 50% correlated between energy points.

The residual rms spread of (Qs(calc.)−Qs(meas.)) was
larger in 1994 and 1995 by 50% and 100% respectively
compared to 1993. This, and the need to re-scale the RF
voltages to obtain agreement between the average mea-
sured and calculated Qs, indicates an uncertainty in the
RF voltages and phases, which is taken into account by
assuming the full normalization correction as the error on
the voltages. This resulted in errors on centre-of-mass en-
ergy of 0.4 MeV at IP2 for both years, 0.4 and 0.1 MeV at
IP6 in 1994 and 1995 respectively, and much smaller er-
rors (< 0.1 MeV) at IP4 and IP8. These errors are 100%
correlated between energy points and IPs, but are taken
to be uncorrelated between years. Separate studies of the
agreement between measured and modelled Qs at the var-
ious energy points showed no significant differences.

Measurements made in 1996 during the high-energy
running of LEP have revealed a potential discrepancy be-
tween the modelled and actual energy loss by the circu-
lating beams. In particular, a difference of approximately
5% was observed between the energy loss calculated from
the size of the horizontal orbit excursions measured by the
BOM system and that assumed from the optical modelling
of LEP. To estimate the effect of a global change in the
rate of energy loss on the RF corrections to ECM, the loss
was changed in the simulation by 5% and the full shifts in

ECM taken as the uncertainty from this effect. This results
in an additional error of 0.3 MeV at IP2 for 1995, and 0.6
MeV errors at IP2 and IP6 for 1993 and 1994 which are
correlated between these two IPs for these years.

For 1995, the measured quantity RBOM provides a
stringent constraint on possible phase errors between and
within the RF at IP2 and IP6. To estimate the possible
energy errors due to misphasing, the relative phases of the
CU cavities at IP2 and IP6 were shifted in a way to move
RBOM to two standard deviations from its central value.
The size of the effect is a negligible 0.1 MeV at IP2 and
0.0 MeV at IP6. For 1994, however, the RBOM informa-
tion is not available, and a 5◦ shift in the relative phases
between the two IPs is used to estimate the error due to
misphasing. In this case, the error is 0.5 MeV at IP2 and
IP6, anticorrelated between the two. Possible errors due
to misphasing are not correlated between years.

The recent measurement of cavity positions [21] also
includes an estimation of the possible path-length differ-
ence of the two half-arcs of LEP, from IP2 to IP6 via IP4
or IP8 (∆`26). The difference in path length was measured
to be zero, with an error of 1 mm. This result can be ap-
plied retrospectively to the 1993 analysis, such that the
resulting error on the centre-of-mass energy is reduced
from 1 MeV to 0.1 MeV for IP4 and IP8. The error is an-
ticorrelated between the two IPs, and is 100% correlated
between energy points and years.

Additional small errors arise from missing input data,
from a small difference in average Qs of electrons and
positrons, and from the errors on model input parame-
ters. These are quantified in Table 10.

10.3 Centre-of-mass energy corrections
from dispersion effects

The bunch-train mode of operation used for the 1995 en-
ergy scan required the control of a new effect. The beam-
orbit deflections induced by the electrostatic separators
to avoid unwanted collisions, hereafter called ‘bunch-train
bumps’, generate vertical dispersion of opposite-sign for
the two beams at the IPs. If the beams collide with a ver-
tical offset, the centre-of-mass energy is shifted from the
nominal by an amount ∆ECM [22]:

∆ECM = −1
2

· δy

σ2
y

· σE2
b

Eb
· ∆D∗

y (18)

where δy, the collision offset, is the vertical distance be-
tween the centre of the positron bunch and the electron
bunch in collision at the IP, σy is the individual beam size,
∆D∗

y is the difference in the vertical dispersion (D∗
e+ −

D∗
e−) and Eb, σEb are the beam-energy and spread re-

spectively.
As ∆D∗

y is a characteristic of the bunch-train bumps
and σE is set by the beam-energy and optics, the only
feasible control of this effect is to reduce δy. In the 1995
energy scan, LEP was operated with four trains of three
bunches per beam. Under such circumstances it is not pos-
sible to collide all bunches with zero δy since the residual
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Table 10. A summary of the systematic errors for the 1994 and 1995 analyses of the
RF corrections. Errors not listed for a given IP are negligible (< 0.1 MeV). The values
for 1994 are given in square brackets, and are zero if not listed. The column labelled
‘P ± 2 Corr.’ gives the correlation of the errors between energy points in 1995. The
correlations between years of LEP running are given in the text

Error ∆ECM (MeV) P ± 2 Corr. Comments

RF misalignment IP2 0.6 [0.4] 100%
IP6 0.5 [0.4] 100% uncorrelated

Bunch 〈z0〉 shifts IP4, 8 0.6 50%
within a train IP2 0.8 50% all IPs correlated

IP6 0.1 50%
Voltage scale IP2 0.4 [0.4] 100%

IP6 0.1 [0.4] 100% IP2 and IP6 corr.
Energy loss IP2 0.3 [0.6] 100%

IP6 0.0 [0.6] 100% correlated
∆`26 IP4, 8 0.1 [0.1] 100% IP4 and IP8 anticorr.
Missing data 0.1 [0.2] 50% all IPs correlated
Qs(e−) − Qs(e+) 0.2 50% IP4 and IP8 anticorr.
RF misphasing IP2 0.1 [0.5] 50%

IP6 ∼ 0 [0.5] IP2 and IP6 anticorr.
∆α = ±2 · 10−6 IP2, 6 0.1 [0.1] 100% IP2 and IP6 corr.
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Fig. 19. Typical online display of a separator scan taken at
IP6. The three different sets of points correspond to the three
families. The lines are Gaussian fits to the data

beam–beam kicks generate transverse distortions of the
train [23]. It is shown in [22] that optimization of the to-
tal luminosity results in a cancellation of the individual
∆ECM of each collision within a train, provided that the
dispersion differences are the same for each bunch.

The strategy adopted for controlling collision offsets
was based on luminosity optimization using vertical sepa-
rator scans [24]. From these separator scans are obtained:

• The electrostatic-separator setting giving maximum
luminosity, at the time of the scan, for the given IP
(optimal setting), globally and for each family.

• The vertical beam size, σy.
• The collision offset, δy, by comparing the setting of the

separator before the scan to the optimal setting.
• The opposite-sign vertical dispersion was measured by

repeating the separator scans for different RF frequen-
cies, i.e. different beam energies.

With the knowledge of the energy spread measured as
described in Sect. 12, these measurements are sufficient to
determine the energy shifts of (18). More details of this
analysis can be found in [25].

10.3.1 Separator scans

A separator scan consists of moving the beams vertically
in opposite directions by varying the voltage of the elec-
trostatic separators. Separator scans were performed once
or twice in a fill. After a scan was completed, the separator
setting was adjusted to the optimal position, that is the
one maximizing the total luminosity, given by an online
fit.

Figure 19 shows a typical separator scan. The three dif-
ferent sets of points correspond to the three families. The
shift of the maximum for family B with respect to families
A and C is in agreement with theoretical predictions [23].

The separator-scan data were re-analysed offline to
study quality, stability and other characteristics of the
scans. The Gaussian fits were found to be good with a
mean χ2/D.O.F. of ' 1.2. The typical statistical error
on the optimal separator scan position per family is 0.2–
0.3µm. There were about 35 scans taken at each IP and at
each off-peak energy point for the purpose of controlling
the collision offsets.

As an example, the stability of the optimal position is
shown in Fig. 20 for IP2 as a function of time into the 1995
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Fig. 20. The stability of the optimal
separator setting for IP2 during the
1995 energy scan for P−2

Table 11. The rms variation of the optimal separator-setting
position (using a Gaussian fit) for each IP

rms separator setting (µm)

IP2 IP4 IP6 IP8

P−2 1.07 ± 0.13 0.86 ± 0.11 1.41 ± 0.18 0.98 ± 0.12
P+2 0.97 ± 0.11 1.11 ± 0.13 1.50 ± 0.18 1.24 ± 0.14

Table 12. The mean vertical beam size σy. The errors shown
are statistical only: the overall absolute scale at each IP is
uncertain by up to 15%

σy (µm)

IP2 IP4 IP6 IP8

P−2 3.84 ± 0.12 5.20 ± 0.08 4.75 ± 0.11 4.08 ± 0.13
P+2 3.93 ± 0.07 5.39 ± 0.10 4.76 ± 0.07 4.10 ± 0.06

energy-scan running period (time since 1 Aug., 1995) for
P−2. The rms variation of the optimal position for each
IP and each energy is given in Table 11.

10.3.2 Vertical beam sizes

Ideally the vertical beam size can be extracted directly
from the width of the luminosity curve in a separator scan.
The beam size itself varies during the separator scan due
to increased beam-beam forces when the collisions are not
perfectly head-on at the IP being scanned. This effect was
corrected for using the luminosity measured at the same
time in the other IPs, resulting in much improved fits to
the luminosity curves. The luminosity-weighted average
of the vertical beam size, σy, determined in this way is
used in (18) to define the scale of the energy shifts. Ta-
ble 12 shows the average vertical beam size, σy, for each
IP and energy point in 1995. The significant differences in
the vertical beam sizes at different IPs are likely due to
the overall separator-setting scale, i.e. to the conversion
of separator voltages to microns of deflection at the IP,
which can differ by up to 15% between IPs. An overall
difference in the separator-setting scale drops out of (18)
since the collision offset, δy, and the dispersion difference,
∆D∗

y, are also subject to the same scale differences.

10.3.3 Collision offsets

In practice, the LEP operators set the separators for each
IP to the optimal setting determined from the online fit
after a separator scan at that IP. For data taken before
a separator scan had been performed, the settings deter-
mined from the previous fill were used. These actual set-
tings were logged continuously. They are close, but not
identical, to the true optimal settings, the differences lead-
ing to potentially dangerous collision offsets.

In order to evaluate the collision offsets and result-
ing energy corrections, a model of the optimal settings as
a function of time is required, and was estimated as de-
scribed below. Since optimal settings are known only at
the time of a separator scan, this involves interpolation in
time, with some uncertainty.

First the separator scans were refitted offline in order
to take into account such effects as variation of beam size
and online data truncation. Then, for fills with two sep-
arator scans available (50% of the data), the value given
by the first scan was used for the first part of the fill, a
linear interpolation was used between the two scans, and
the value given by the second scan was used for the last
part of the fill. For fills with only one scan, its value was
used throughout. For fills with no scan (less than 10% of
the data), the yearly average of optimal settings for the IP
and energy considered was used. Uncertainties in this pro-
cedure were evaluated by using the last available optimal
setting instead of these interpolations.

The luminosity-weighted collision offsets at the four
IPs are shown in Table 13. The errors are calculated from
the rms variation of the optimal settings. The stability
of the optimal settings with time and the large number
of scans performed, about 35 scans at each energy point
for each IP with an rms of about 1 micron over the 1995
running period, ensure that the resulting errors are small.
The optimal settings were found to be different for the two
off-peak energies. Since this was not anticipated, the sep-
arator settings at the beginning of fills, being taken from
the previous fill with a different energy, were systemati-
cally offset from the optimum during the first part of the
1995 running period. This was corrected for the later part
of that period. The resulting corrections to the energies
of the off-peak points lead to corrections to the Z width,
determined from the 1995 data, of up to 0.6 MeV for each
experiment. The corrections have different signs for the
different IPs and are correlated so that the effect for the
LEP average Z width is smaller than 0.2 MeV.
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Table 13. The luminosity-weighted collision offsets 〈δy〉lum

〈δy〉lum (µm)

IP2 IP4 IP6 IP8

P−2 0.43±0.17 0.53±0.19 0.34±0.24 0.18±0.16
P+2 −0.05±0.17 −0.36±0.19 0.15±0.30 −0.16±0.24

Table 14. Dispersion difference ∆D∗
y at each IP

∆D∗
y (mm)

IP2 IP4 IP6 IP8

Measurement 2.0±0.4 −2.0±0.7 1.8±0.8 −1.5±0.7
Theoretical
prediction 1.8 −2.8 1.9 −1.9

10.3.4 Dispersion measurements

The LEP beam-energy is changed by changing the RF fre-
quency. Each beam moves by an amount proportional to
the beam energy shift. Measurements of the optimal ver-
tical separator settings before and after the RF frequency
shift allow the determination of the difference ∆D∗

y in the
dispersion of the two beams from the relation

∆D∗
y = −α · fRF

∆fRF
· ∆yopt (19)

where ∆yopt is the observed shift in the optimal separator
setting when the RF frequency, fRF, is shifted by ∆fRF.
The momentum compaction factor (see Sect. 7) is denoted
by α.

An example of a dispersion measurement at IP2 is
given in Fig. 21, where the offsets measured for each fam-
ily are displayed for three beam energies. The dispersion
is proportional to the offset difference between both off-
energy measurements. The dispersion value retained is
the average over the three families. The three separator
scans done at nominal frequency before and after each
off-frequency scan are used as a consistency check.

Dispersion measurements were made for each IP at
each energy. The results (see Table 14) were averaged over
the families and the energies. The fluctuations of the dif-
ferent measurements are much larger than their statistical
error and are quite different from one IP to another. The
error quoted in Table 14 is the sum of all the systematic
effects investigated in [25]. The theoretical expectations
coming from the accelerator simulation code MAD [26]
are also given. The agreement between these predictions
and the measurements ensures that the effect is well under
control.

10.3.5 Energy shift

Using the results from the previous sections for beam size
and dispersion difference, the sensitivity to collision offsets

Table 15. The centre-of-mass energy correction ∆ECM due to
dispersion effects. The error is due to the error on the deter-
mination of the collision offset δy

∆ECM (MeV)
IP2 IP4 IP6 IP8

P−2 −0.99±0.39 0.69±0.24 −0.48±0.33 0.29±0.25
P+2 0.12±0.39 −0.47±0.24 −0.21±0.41 −0.26±0.38

Table 16. Mean global errors on ∆ECM for each IP. The sys-
tematic errors are labelled uncorrelated and correlated

Errors on ∆ECM (MeV)
Statistical Uncorrelated Correlated

IP2 0.39 0.46 0.31
IP4 0.24 0.35 0.18
IP6 0.37 0.34 0.20
IP8 0.32 0.36 0.24

at each IP is determined from (18) to be −2.3, 1.3, −1.4
and 1.6 MeV/µm for IP2, 4, 6 and 8 respectively.

This sensitivity can be combined with the collision off-
sets given in Table 13 to obtain an estimate of the
luminosity-weighted centre-of-mass energy shifts at each
IP and energy point. This is shown in Table 15. The error
is due to the statistical error on the collision offset, δy,
from Table 13.

10.4 Evaluation of errors for the dispersion corrections

In addition to the statistical errors given in Table 15, the
following systematic error sources were considered. A first
set of errors is uncorrelated between IPs and energies, ei-
ther because they stem from luminosity statistics in the
separator scans, or because they produce effects with no
obvious pattern between energies and experiments:

• The errors on the measurement of ∆D∗
y

• The error on the measurement of the vertical beam size
(except the overall scale error, which drops out). This
is obtained by comparing the results obtained with and
without the correction for beam size variation during
the separator scans. Also, the difference in results ob-
tained when using a time-averaged beam size for the
whole running period or that measured as function of
time is taken as a systematic error.

• The results from the Gaussian fit have been compared
to the results of the beam size corrected fit, as well as
to those of another fit (and model) which uses the LEP
BEUV [27] instrument to estimate the beam size.

• Equation (18) gives the energy shift assuming the op-
posite sign vertical dispersion is the same for all
bunches in a train. Possible deviations from this as-
sumption were evaluated using the experimental errors
on the family-by-family dispersion measurements.

The following errors are considered fully correlated be-
tween energies and experiments:



The LEP Energy Working Group: Calibration of centre-of-mass energies 215

Family A Family B Family C

Hours Hours Hours

O
ffs

et
  [

µm
]

O
ffs

et
  [

µm
]

O
ffs

et
  [

µm
]

21 22

1

0

−1

−2

−3

−4

−5

21 2221 22

1

0

−1

−2

−3

−4

−5

1

0

−1

−2

−3

−4

−5

Fig. 21. Example of a dispersion measure-
ment at IP2 for the three families. The offsets
for the three energies are displayed (◦ for the
nominal energy, N and H for ∆fRF = +50 and
−50 Hz respectively)

• A possible bias resulting from the direction in which
the separator voltages are scanned. This effect was
studied by performing separator scans where voltages
were varied in the direction opposite to the usual one.

• Variations in the method used to interpolate the opti-
mal settings between separator scans (see Sect. 10.3.3).
This effect is found to be similar at P−2 and P+2 and
for each IP presumably because the drift of optimal
settings during a fill is due to variations in the beam-
current intensity.

The off–peak averages of these errors, as well as the
statistical errors are given in Table 16 for each IP. In all
cases, the systematic errors are larger than the statistical
ones. The resulting errors on the energy shifts are between
0.5 and 0.7 MeV, in good agreement with design expecta-
tions [24].

10.4.1 Dispersion effects in 1993 and 1994

During the LEP pretzel running in 1993 and 1994, the
beams were separated in the odd IPs with short vertical-
separation bumps similar to the bunch-train bumps. The
opposite-sign dispersion expected at the even points due
to these bumps is smaller than 0.1 mm. An unknown frac-
tion of horizontal-dispersion difference created by the pret-
zel separators may also couple into the vertical plane. An
estimate of the opposite-sign dispersion at the collision
points was obtained from dispersion measurements made
with the beam position monitors. An extrapolation of the
difference dispersion measured at monitors located around

the collision points indicated the presence of opposite-sign
vertical dispersion of between 0.2 and 0.6 mm. The mea-
surement accuracy is about ±0.3 mm. No precise figures
are available in 1993 and 1994 for the collision offsets since
the separator settings were optimized manually by the op-
erators to tune the performance. No systematic separator
scans were performed at that time. By comparing the re-
sults of empirical optimisation of the collision offsets by
the accelerator operators with the separator scan results
from 1995 it was concluded that any possible vertical col-
lision offset in 1993 and 1994 would be smaller than 1
µm. This yields systematic errors on the centre-of-mass
energy of 0.4 MeV for 1993 and 0.7 MeV for 1994. The
correlations between the interaction points and the two
running periods are unknown: 75% correlation between
energy points in 1993 and 50% correlation between years
has been assumed, with no correlation between IPs.

10.5 Positron beam-energy

Imperfections in the LEP lattice such as misalignments
of quadrupoles, imperfections in the quadrupole and sex-
tupole fields or asymmetries in the optical sequences com-
bined with the energy sawtooth (see Fig. 18) can cause
horizontal deviations from the ideal orbit which are dif-
ferent for positrons and electrons. Theoretical calculations
and detailed simulations of imperfect accelerator layout
lead to an upper limit of 0.3 MeV on the maximum en-
ergy difference between the two beams (see [14], p. 119 and
references therein). In 1994 a positron polarimeter was in-
stalled in LEP, while in 1993 the electron polarimeter was
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Table 17. Difference in energy between positron and electron
beam as measured during the various years. In 1994 a ded-
icated positron polarimeter was installed, while in 1993 the
measurement was performed with a modification of the elec-
tron polarimeter

Year Date Ee+ − Ee− (MeV) LEP operation

1993 Nov. 15th [0.5,3.2] Pretzel
1994 Jul. 15th 0.4±0.4 Pretzel

Aug. 1st 0.0±0.2 Pretzel
1995 Sep. 26th 0.1±0.25 Bunch-Train

slightly modified in order to attempt a measurement of the
positron energy which was carried out at the very end of
the running period. To maximize the physics time the cal-
ibration of the positron beam-energy was performed only
once or twice per year, while the RD measurements were
performed routinely on the electron beam. A summary of
the various measurements performed is given in Table 17.
The 1993 experiment performed with the pretzel optics
shows an unexpectedly large deviation which contradicts
any expectation and was not confirmed in 1994 with the
improved polarimeter when running in the same condi-
tions. As all subsequent measurements showed differences
compatible with zero it was decided to use, for 1993 and
1994, the largest possible estimated deviation as the cor-
rection with an error equal to the correction (0.3 MeV
on centre-of-mass energy). Without pretzel the expected
possible deviation is negligible and for 1995 the error has
been correspondingly reduced to 0.25 MeV on the centre-
of-mass energy and the correction set to zero.

11 Summary of the systematic errors
on the 1993, 1994
and 1995 LEP centre-of-mass energies

The luminosity-weighted energies at each IP are affected
by a number of possible systematic error types.

There is an uncertainty in the average beam-energy
determination at a given time arising from the accuracy
with which the energy is tracked during a fill and from the
precision in the definition of the absolute beam-energy for
a given fill. The known contributions to the errors due
to the tracking of the energy during a fill have been de-
scribed in the preceding sections and the unknown ones
estimated using the comparison of the model prediction
with the measured changes during fills which had multi-
ple calibrations.

In addition there are uncertainties from the RD mea-
surement technique (see [3]) and errors on the corrections
to convert the average beam-energy to the energy at the
interaction points (see Sect. 10).

The full list of error components is summarized in Ta-
ble 19. Note that for 1993 these supersede those given in
[4] (in Appendix A the changes between the earlier model
and the one described in this paper are quantitied in de-
tail). In the same table an indication is also given of the

contribution of each component to the error on the mZ
and ΓZ measurements assuming a similar dataset for each
experiment and an equal weight for the 1993 and 1995
energy scans; as this is only an approximation the final
errors might differ slightly from those indicated.

The dominant error on mZ arises from the uncertainty
in the dipole-field rise. The Z width is less sensitive to
these uncertainties: the largest error contribution to ΓZ is
the statistical contribution from uncalibrated fills.

The systematic uncertainties have correlations between
energy points, between IPs and between years. A 7×7 ma-
trix was constructed which held the correlations between
the P−2, P and P+2 energy points in 1993, 1994 and 1995
(see Table 18). This matrix takes into account the correla-
tions between IPs in a manner which is correct if it is used
to combine the data from the four LEP experiments. The
full 28 × 28 matrix which contains the information about
the errors and correlations between IP, years and energy
points is given in Appendix B.

11.1 Periods with less precise energy calibration

In 1993 and 1995, prior to the energy scans and in prepara-
tion for them, a substantial amount of data was collected
at peak energies in conditions which were far from ideal
from the point of view of controlling the systematics re-
lated to the LEP energy. In 1994, at the end of the year,
a special accelerator configuration was tested in order to
prepare for the bunch-train running scheme of 1995: LEP
had for part of the time a special separation bump in IP4
and IP8. At the same time the existing superconducting
RF cavities were also switched on to be tested. During
these periods the recording of the RF status was erratic.
The same model used to derive the energy for the other
fills was used as much as possible for these fills.

For the 1993 pre-scan period (fills 1527 to 1624) the
analysis described in [4] is still valid and hence a centre-
of-mass energy error of ±18 MeV is retained. For the 1995
pre-scan period (fills 2614 to 2832) the accelerator param-
eters were better controlled than in 1993 and the main
uncertainty stems from the evidence that one supercon-
ducting RF module voltage was not correctly logged. A
centre-of-mass energy error of ±10 MeV is assigned for
this period.

For the bunch-train test period, at the end of 1994, es-
timates of potential luminosity loss due to a vertical offset
between the colliding beams, together with the theoreti-
cal upper limits on the vertical dispersion at the IPs, and
the effects of missing RF records, lead to an error on the
centre-of-mass energy of ±20 MeV (fills 2493 to 2551).

These error assignments are conservative: with such
large values the correlations between years can safely be
neglected. It is worth mentioning that within these spe-
cial periods some physics fills were at energies significantly
different (up to 500 MeV in centre-of-mass) from the stan-
dard ones.
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Table 18. LEP energy common error matrix for the scan points of 1993, 1994 and
1995. The values are for centre-of-mass energy in units of MeV2

93 P–2 93 P 93 P+2 94 P 95 P–2 95 P 95 P+2

93 P–2 11.71 7.60 6.73 5.06 1.66 1.41 1.45
93 P 44.81 6.96 5.67 1.30 1.43 1.33
93 P+2 8.69 4.67 1.51 1.57 1.76
94 P 13.14 1.51 1.68 1.53
95 P–2 3.17 1.53 1.49
95 P 29.08 1.79
95 P+2 2.83

11.2 Energies for the LEP runs before 1993

The model of LEP used for determining the energies from
1993 onwards cannot be applied to the earlier datasets
as some of the basic information was not logged and the
quality of the accelerator diagnostic tools was lower. Sys-
tematic cross checks have been made to ensure that the
times at which RD calibrations were performed in 1991
and 1992 were uniformly spread and therefore not biased
in a significant way by the tidal and geological deforma-
tion cycles and by the field rise effects. The conclusion
is that the published analysis had correctly evaluated the
errors and is still adequate [6]. Given the large errors the
year-to-year correlation can be neglected.

12 Energy spread

The LEP centre–of–mass energy spread σECM induces a
shift δσ in the measured cross section (σ) proportional to
its second derivative with respect to energy:

δσ = −0.5
d2σ

dE2 σ2
ECM

(20)

This in turn affects the measured width of the Z resonance.
A spread of 55 MeV requires a correction to the measured
Z width of about −4 MeV. This correction is essentially
the same for all four LEP experiments and the correspond-
ing error is fully correlated. Because the energy scans were
approximately symmetric around the resonance peak, the
effect on mZ is negligible.

For the 1993 scan, σECM was evaluated with a 10%
uncertainty, from measurements of the length of the lumi-
nous region in the LEP experiments. The resulting error
of 1.0 MeV on ΓZ was the single largest systematic error on
this quantity. The main systematic error originated from
the uncertainty in the incoherent synchrotron tune Qinc.

s .
The precision has been improved by a factor four for

the 1995 scan, and retroactively for data taken in 1993 and
1994. This improvement comes from a direct measurement
of Qinc.

s from the synchrotron side-bands of the depolariz-
ing resonance and an improved theoretical calculation of
the expected beam-energy spread. In addition, the rela-
tionship between beam-energy spread and centre-of-mass
energy spread in the presence of opposite-sign vertical dis-
persion has been investigated and corrected for. Full de-
tails of the analysis can be found in [28].

12.1 Beam-energy spread calculations

The rms beam-energy spread σEb can be calculated for
electrons in equilibrium between the radiation losses in
the ring and the energy gain in the cavities [29]:

(
σEb

Eb

)2

=
55

32
√

3
~

mec
γ2 I3

JeI2
(21)

where Eb is the beam energy, ~ the reduced Planck con-
stant, me the electron mass, c the speed of light, γ the rel-
ativistic factor, Je the energy damping partition number,
I2 =

∮
G2ds and I3 =

∮ |G|3ds are the integrals around
LEP (s being the local variable along the beam orbit) of
G(s) = eB(s)/pbc, where B(s) is the magnetic field, pb
the beam momentum and e the electron charge.

The largest source of variation in σEb comes from the
excitation of the emittance wigglers. They are continu-
ously trimmed to control the horizontal emittance and op-
timize the luminosity. Additional variations of Je, due to
geometrical effects, were controlled with the beam-orbit-
measurement system with a relative precision of 1%. Vari-
ation of σEb with wiggler current and Je have been para-
metrised [30], allowing evaluation of σEb as a function of
time with an estimated precision of 2%.

12.2 Beam-energy spread
from bunch-length measurements

Another method to evaluate σEb is to relate it to the rms
longitudinal size (σz) of the interaction region in the ex-
periments. This quantity has the advantage of being con-
tinuously measured from the distribution of event vertices
and is automatically luminosity-weighted. The relation be-
tween σEb and σz is [29],

σEb =
√

2Eb

αRLEP
Qinc.

s σz (22)

where α is the LEP momentum compaction factor (see
Sect. 7), RLEP is the average LEP accelerator radius (i.e.
the LEP circumference divided by 2π) and Qinc.

s is the
incoherent synchrotron tune. The factor

√
2 relates the

longitudinal size of the interaction region to that of the
individual bunches.
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Table 19. Summary of errors (MeV) on the centre-of-mass energy determination. These are selected numbers shown for
illustration, the exact errors are determined using the correlation matrix formalism. The energy correlation coefficients
between energy points and between years are shown. Whenever the year-to-year or the energy-to-energy correlation coefficient
is not fixed the range is indicated. The relative sign of the energy correlation coefficient is given by the relative sign of the
error. The last two rows give average errors due to RF and dispersion effects when combining the 4 IPs with the respective
correlation coefficients. The last two columns give estimates of the error contributions to the determination of mZ and ΓZ in
MeV: the actual errors depend on the details of experimental samples

∆ECM (MeV)

Source P−2 P P+2 P P−2 P P+2 Energy Year ∆mZ ∆ΓZ

93 93 93 94 95 95 95 correlation correlation (MeV) (MeV)

Normalization error 1.7 5.9 0.9 1.1 0.8 5.0 0.4 0. 0. 0.5 0.8
RD energy measurement 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.04 0.04 0.4 0.5
QFQD correction 0.2 0.2 0.2 0.0 0.0 0.0 0.0 0.75 [0., 0.75] 0.1 0.1
Horizontal correctors 0.0 0.4 −0.4 0.2 −0.2 −0.5 −0.2 ±0.75 ±0.75 0.2 0.1
Tide amplitude 0.0 −0.3 0.2 −0.1 −0.0 −0.0 −0.0 ±1. 1. 0.0 0.1
Tide phase 0.0 0.0 −0.1 0.1 −0.2 −0.0 0.0 ±1. 0.50 0.0 0.1
Ring temperature 0.1 0.4 0.4 0.2 0.4 0.3 0.4 0.75 0.75 0.3 0.2
B rise scatter+model 2.8 3.0 2.5 3.3 0.6 0.6 0.6 [0.47, 0.86] 0.50 1.5 0.5
B rise NMR48 T-coeff 0.6 0.3 0.6 0.5 1.0 1.0 1.1 0.75 0.75 0.8 0.3
Bending modulation jump 0. 0. 0. 0. 0.0 1.4 0.3 0.75 0. 0.1 0.1
e+ Energy uncertainty 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.5 [0., 0.50] 0.2 0.1

RF corrections (Comb.) 0.5 0.5 0.5 0.6 0.7 0.7 0.7 [0.63, 0.96] [0.18, 0.70] 0.4 0.2
Dispersion corr. (Comb.) 0.4 0.4 0.4 0.7 0.3 0.3 0.3 [0.50, 0.75] [0., 0.50] 0.2 0.1

Energy spread 0.2

The main uncertainty in this determination of σEb

comes from Qinc.
s . The incoherent synchrotron tune is the

number of energy oscillations per turn for individual beam
particles. What is operationally measured are the longitu-
dinal oscillations of full particle bunches, giving the co-
herent synchrotron tune, Qcoh.

s . Equation (22) is written
in terms of Qinc.

s . The relation between Qcoh.
s and Qinc.

s is
parametrized as

Qcoh.
s

Qinc.
s

= 1 − κ
I

I0
, (I0 = 300 µA) (23)

where I is the bunch current and κ is a complicated func-
tion of the longitudinal impedances of the machine ele-
ments which is difficult to evaluate analytically.

The incoherent synchrotron tune was measured in a
dedicated experiment carried out at P+2 in 1995 during
an RD calibration. Depolarization was observed at the
main resonance and at spin tunes different from the main
one by ±Qs, identified as synchrotron sidebands. From
the precisely determined position of these sidebands, the
value of Qinc.

s was measured. By comparing these values
of Qinc.

s with the value of Qcoh.
s simultaneously determined

by the RF system, a value of κ could be extracted using
(23). The sidebands were determined for bunches with cur-
rents of 50 and 180 µA, showing agreement with (23) for
a value of κ = 0.045 ± 0.022. The error is assigned from
the frequency sweep interval (see Sect. 2.2) used in the RD
measurements and the time variations of Qcoh.

s during the
experiment.

For each year of data-taking and each energy point, the
beam-energy spread (luminosity–weighted) was computed

according to (22) using the rms of the z distribution in
ALEPH, the measured bunch currents and Qcoh.

s , and κ =
0.045. For 1995 data, no difference between the different
bunch families was observed.

Consistency checks of the two determinations of energy
spread could be performed as a function of time for groups
of events recorded in the ALEPH detector, showing con-
sistency at the level of ±2%. The comparison is shown in
Fig. 22 as a function of the most sensitive parameter, the
wiggler current, showing again consistency at that level of
precision.

12.3 From beam-energy
to centre-of-mass energy spread

The centre-of-mass energy spread σECM is related to the
beam-energy spread σEb by the simple formula:

σECM =
√

2 σEb C , (0 ≤ C ≤ 1) (24)

For colliding beams having no or identical energy dis-
persion (as in 1993 and 1994) the monochromatization
factor C is equal to 1 [22]. This is not the case for data
taken in 1995 with the bunch train operation mode, where
beams had opposite sign vertical energy dispersion lead-
ing to a more complicated relation between σEb and σECM

[25]. This relation can be simplified to:

σ2
ECM

= 2σ2
Eb


1 +

(
Dy

σEb
Eb

2σy

)2



−1

(25)
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Table 20. Centre-of-mass energy spread for the different years and interaction points. The
numbers in brackets are the average σ2

ECM
including the effect of varying energy spread during

a fill due to changes in the wiggler magnets currents. These are the numbers needed since
the cross-section correction depends at leading order on σ2

ECM

σECM (σ2
ECM

) in MeV (MeV2)

1993 1994 1995

IP2 IP4 IP6 IP8

P−2 54.6 (3022) 55.0 (3084) 55.7 (3154) 55.7 (3154) 55.7 (3159)
P 55.4 (3108) 54.9 (3044) 55.6 (3128) 56.2 (3198) 56.2 (3199) 56.3 (3204)
P+2 55.6 (3120) 56.0 (3196) 56.6 (3269) 56.7 (3269) 56.7 (3274)

Mean Wiggler current
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Fig. 22. 1994 data. Comparison of the two evaluations of σEb

as a function of wiggler current. The ‘theoretical’ prediction
(full line); σEb computed from σz using Qcoh.

s (black dots);
σEb computed using Qinc.

s with a κ value of 0.045 (open dots)

where Dy is the opposite sign vertical energy dispersion
and σy is the vertical beam size.

The possible beam dispersion differences at the IP for
the 1993 and 1994 running periods have been evaluated
[31]. The reduction on the centre-of-mass energy spread
is estimated to be less than 0.2%. This corresponds to a
change of 0.1 MeV on σECM , and is therefore neglected.
For the 1995 running period this correction amounts to
about 2% and is different for each IP. This was calculated
using the measurements of dispersions [25] described in
Sect. 10.3.

The LEP centre-of-mass energy spread is given in Ta-
ble 20 for the different years where also the luminosity-
weighted average squares, which are needed in (20), are
shown. The measured energy spread increases with en-
ergy, as expected.

LEP centre-of-mass energy variations increase the
centre-of-mass energy spread. The rms of the LEP centre-
of-mass energy distribution for each year, experiment and
energy point has to be added in quadrature to the num-
bers given in Table 20.

12.4 Systematic errors
on the LEP centre-of-mass energy spread

A full estimate of systematic errors was performed for the
determination using bunch length as follows. The resulting
evaluation of ±2% is similar to the quality of the consis-
tency with the theoretical calculation. The following pa-
rameters contribute to the systematic error on the LEP
centre-of-mass energy spread.

• The LEP momentum compaction factor α, was mea-
sured to be (1.86 ± 0.02) · 10−4. The 1% error on this
parameter directly translates into a 1% error on σEb :
0.4 MeV.

• The difference between the measured and the com-
puted Qcoh.

s is −0.00034 for the 1995 scan [20] and
0.0001 for the 1993 scan [32]. It is a 10−3 effect at
maximum (mean value of Qs = 0.065) and therefore
can be neglected.

• The beam-energy variations within a fill have not been
included in the above calculations. However it is less
than a 10−3 effect and can be neglected.

• The error on κ is the dominant error, resulting in an
error of 0.7 MeV on σEb and of 1.1 MeV on σECM .

• The errors on the opposite-sign vertical dispersion, de-
scribed in Sect. 10.3, yield an error of the order of 0.01
on the monochromatization factor C, which leads to
a 0.6 MeV error on σECM , for 1995 data. This uncer-
tainty is negligible for earlier years.

From the above discussion, the error on the LEP
centre-of-mass energy spread is 1.1 MeV for 1993 and 1994.
For 1995 this error is increased to 1.3 MeV due to verti-
cal beam-energy dispersion. These numbers are correlated
between years and experiments. The contribution to the
corresponding error on ΓZ is ∆ΓZ≈ 0.2 MeV.

12.5 Energy spread for LEP runs before 1993

To insure a consistent set of values for the analysis of LEP
data taken before 1993, the values of the energy spread to
be used for the years previous to 1993 are presented here.
These values supersede those given in [33]. The Table 21
summarizes the results for the years 1990, 1991 and 1992.
The values from 1989 are the same as 1990. Since no data
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Table 21. Centre-of-mass energy spread for the years 1990,
1991, 1992. To be noted that the Z scans before 1993 consisted
of 6 off-peak points: here ±1 and ±3 means respectively ±0.9
GeV and ±3 · 0.9 GeV on either side of the Z peak for 1991
and 1992, while for 1990 the step is an integer number of GeV

σECM in MeV

1990 1991 1992

P−3 47. 43.
P−2 48. 44.
P−1 49. 45.
P 50. 46. 51.
P+1 51. 47.
P+2 52. 48.
P+3 53. 49.

on the time-dependence of the energy spread exists, the
quantity σ2

ECM
is assumed to be equal to (σECM)2, where

σECM is taken from Table 21.
The difference in values between 1990 and 1991 is a re-

sult of the beams being more centered in the LEP
quadrupoles during 1991. In 1992, wiggler magnets were
used in LEP to increase the beam size in order to main-
tain a higher luminosity, which also increased the energy
spread.

Owing to the less accurate logging of vital information,
the error the center-of-mass energy spread is taken to be
3 MeV for all years prior to 1993.

13 Conclusions

The 1995 energy scan and the improved accelerator in-
strumentation have allowed a significant advance in the
understanding of the energy of the LEP beams. The im-
proved understanding of the thermal behaviour of the LEP
dipoles and newly discovered effects of parasitic currents
flowing on the LEP beam-pipe have improved the mod-
elling of the LEP energies. All the datasets since 1993 have
been analysed and the final LEP energies determined with
small, but significant, changes with respect to the pub-
lished 1993 results.

The precision of the centre-of-mass energy spread de-
termination has been improved by more than a factor of
four reducing significantly what used to be one of the dom-
inant sources of error in the Z width.

The overall contribution of the energy uncertainties to
the combined LEP mZ and ΓZ measurement can be esti-
mated to be ∆mZ≈ 1.9 MeV and ∆ΓZ ≈ 1.2 MeV on the
assumption that datasets from all experiments and both
scans enter with equal weight. A full fit to the experimen-
tal cross-sections using the error matrix of Appendix B is
expected to yield different errors.
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Appendices

A Comparison between the present
and original 1993 energy ldetermination

There are several differences between the present determi-
nation of the 1993 scan energies and the previously pub-
lished analysis [4]. These differences are summarised in Ta-
ble 22. Certain components of the model have been wholly
revised, namely the treatment of the dipole temperature
behaviour and the B field rise within a fill, and new ingre-
dients have been introduced concerning the effects of hor-
izontal correctors. Small modifications to the modelling
of other corrections have resulted in further changes in
the central values. These include re-evaluated values of
the fill-by-fill ring deformation (‘BOM file’), a new proce-
dure for averaging groups of RD measurements to obtain
a mean value for the calibration (‘RD file’), and changes
of coefficients for the tide and QFQD corrections. A possi-
ble difference in energy between the electron and positron
beams, not propagated to the final energies in the original
analysis, has now been included (e+ vs e−). Table 22 lists
how these changes have affected the two off-peak energy
points and the resulting shifts in mZ and ΓZ. Note that
because of correlations, the exact values of the shifts for
the mean beam energy, component by component, have
some dependence on the order in which they are applied.
The given values of the energy shifts correspond to the
order in which the components are listed. Also shown is
the effect of the re-evaluated centre-of-mass energy spread,
whose central value has changed by by −0.4 MeV at P-
2, 0.4 MeV at P and 0.6 MeV at P+2. It can be seen
that the major effect comes from the dipole field rise. In
total the measured value of mZ has decreased by ∼ 1.6
MeV and that of ΓZ has increased by ∼ 0.6 MeV. Ta-
ble 23 lists the assigned errors in both analyses. The large
dipole field rise in the present model is accompanied by
a significant uncertainty which dominates for mZ and in-
flates the final error. The dipole field rise also induces a
larger uncertainty on ΓZ, although the degradation from
this and other effects is partially compensated for by the
improved knowledge of the beam energy spread.



The LEP Energy Working Group: Calibration of centre-of-mass energies 221

Table 22. Shifts in 1993 off-peak centre-of-mass energies of the present analysis with
respect to the old analysis for each component of the model and for the model as a whole.
Only components which have changed or were not present in the earlier analysis are listed.
In the earlier publication ‘B rise’ was referred to as ‘NMR uncertainty’. Approximate shifts
in mZ and ΓZ are also given, with the contribution from the re-evaluated energy spread
included

1993 dataset

Source δ(P − 2) (MeV) δ(P + 2) (MeV) δmZ (MeV) δΓZ (MeV)

BOM file 0.0 0.3 0.1 0.2
RD file -0.3 0.0 -0.2 0.2
Tide coefficient 0.0 -0.2 -0.1 -0.1
QFQD coefficient 0.0 0.0 0.0 0.0
Ring temperature -0.1 0.0 -0.1 0.0
B rise -1.9 -1.9 -1.9 0.1
Horizontal correctors 0.0 0.4 0.2 0.3
e+ vs e− 0.3 0.3 0.3 0.0
RF corrections 0.0 0.0 0.0 0.0
Energy spread / / 0.0 -0.1

Total -2.1 -1.1 -1.6 0.7

Table 23. Approximate errors on mZ and ΓZ for the 1993 scan in the old and present
analysis, as induced by the assigned uncertainties on the off-peak energy points and in
the beam energy spread. In the earlier publication ‘B rise’ was referred to as ‘NMR
uncertainty’

1993 dataset

Source Old analysis New analysis

∆mZ (MeV) ∆ΓZ (MeV) ∆mZ (MeV) ∆ΓZ (MeV)

Normalisation error 0.9 1.2 1.0 1.4
RD energy measurement 0.4 0.5 0.4 0.5
QFQD correction 0.4 0.0 0.2 0.1
Horizonal correctors 0.0 0.0 0.2 0.3
Tide 0.2 0.3 0.1 0.1
Ring temperature 0.3 0.1 0.3 0.2
B rise 0.9 0.4 2.6 1.1
e+ energy uncertainty 0.3 0.2 0.3 0.2
RF corrections 0.2 0.1 0.4 0.1
Dispersion corrections 0.0 0.0 0.2 0.1
Energy spread 0.0 1.0 0.0 0.2

Total 1.4 1.7 2.9 1.9
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B The global error matrix

The LEP energy error matrix representing the errors and
corresponding correlations between energy points, years
and IPs for 1993, 1994 and 1995 is given. The values are for
centre-of-mass energy in units of MeV2. The prefixes L, A,
O, D stand, respectively, for IP2, IP4, IP6 and IP8, while
the other part of the column and row labels represents the
year (1993, 1994, 1995) and the energy point.

L93−2 L93P L93+2 L94P L95−2 L95P L95+2

L93−2 12.59 8.32 7.45 5.59 2.05 1.80 1.84
L93P 8.32 45.69 7.68 6.20 1.69 1.82 1.72
L93+2 7.45 7.68 9.57 5.20 1.90 1.96 2.15
L94P 5.59 6.20 5.20 14.30 1.90 2.07 1.92
L95−2 2.05 1.69 1.90 1.90 4.49 2.34 2.30
L95P 1.80 1.82 1.96 2.07 2.34 30.40 2.60
L95+2 1.84 1.72 2.15 1.92 2.30 2.60 4.15
A93−2 11.53 7.43 6.56 4.91 1.61 1.36 1.40
A93P 7.43 44.63 6.79 5.52 1.25 1.38 1.28
A93+2 6.56 6.79 8.51 4.52 1.46 1.52 1.71
A94P 4.91 5.52 4.52 12.87 1.47 1.64 1.49
A95−2 1.61 1.25 1.46 1.47 3.25 1.57 1.53
A95P 1.36 1.38 1.52 1.64 1.57 29.16 1.83
A95+2 1.40 1.28 1.71 1.49 1.53 1.83 2.91
O93−2 11.76 7.78 6.91 5.29 1.81 1.56 1.60
O93P 7.78 44.86 7.14 5.90 1.45 1.58 1.48
O93+2 6.91 7.14 8.74 4.90 1.66 1.72 1.91
O94P 5.29 5.90 4.90 13.15 1.66 1.83 1.68
O95−2 1.63 1.27 1.48 1.48 2.90 1.42 1.38
O95P 1.38 1.40 1.54 1.65 1.42 28.81 1.68
O95+2 1.42 1.30 1.73 1.50 1.38 1.68 2.56
D93−2 11.53 7.43 6.56 4.91 1.61 1.36 1.40
D93P 7.43 44.63 6.79 5.52 1.25 1.38 1.28
D93+2 6.56 6.79 8.51 4.52 1.46 1.52 1.71
D94P 4.91 5.52 4.52 12.87 1.47 1.64 1.49
D95−2 1.61 1.25 1.46 1.47 3.26 1.58 1.54
D95P 1.36 1.38 1.52 1.64 1.58 29.17 1.84
D95+2 1.40 1.28 1.71 1.49 1.54 1.84 2.92

A93−2 A93P A93+2 A94P A95−2 A95P A95+2

L93−2 11.53 7.43 6.56 4.91 1.61 1.36 1.40
L93P 7.43 44.63 6.79 5.52 1.25 1.38 1.28
L93+2 6.56 6.79 8.51 4.52 1.46 1.52 1.71
L94P 4.91 5.52 4.52 12.87 1.47 1.64 1.49
L95−2 1.61 1.25 1.46 1.47 3.25 1.57 1.53
L95P 1.36 1.38 1.52 1.64 1.57 29.16 1.83
L95+2 1.40 1.28 1.71 1.49 1.53 1.83 2.91
A93−2 11.71 7.56 6.69 5.06 1.62 1.37 1.41
A93P 7.56 44.81 6.92 5.67 1.26 1.39 1.29
A93+2 6.69 6.92 8.69 4.67 1.47 1.53 1.72
A94P 5.06 5.67 4.67 13.37 1.48 1.65 1.50
A95−2 1.62 1.26 1.47 1.48 3.33 1.51 1.47
A95P 1.37 1.39 1.53 1.65 1.51 29.24 1.77
A95+2 1.41 1.29 1.72 1.50 1.47 1.77 2.99
O93−2 11.53 7.43 6.56 4.91 1.61 1.36 1.40
O93P 7.43 44.63 6.79 5.52 1.25 1.38 1.28
O93+2 6.56 6.79 8.51 4.52 1.46 1.52 1.71
O94P 4.91 5.52 4.52 12.87 1.47 1.64 1.49
O95−2 1.61 1.25 1.46 1.47 2.81 1.34 1.30
O95P 1.36 1.38 1.52 1.64 1.34 28.72 1.60
O95+2 1.40 1.28 1.71 1.49 1.30 1.60 2.47
D93−2 11.51 7.41 6.54 4.90 1.60 1.35 1.39
D93P 7.41 44.61 6.77 5.51 1.24 1.37 1.27
D93+2 6.54 6.77 8.49 4.51 1.45 1.51 1.70
D94P 4.90 5.51 4.51 12.86 1.46 1.63 1.48
D95−2 1.60 1.24 1.45 1.46 3.06 1.46 1.42
D95P 1.35 1.37 1.51 1.63 1.46 28.97 1.72
D95+2 1.39 1.27 1.70 1.48 1.42 1.72 2.72

O93−2 O93P O93+2 O94P O95−2 O95P O95+2

L93−2 11.76 7.78 6.91 5.29 1.63 1.38 1.42
L93P 7.78 44.86 7.14 5.90 1.27 1.40 1.30
L93+2 6.91 7.14 8.74 4.90 1.48 1.54 1.73
L94P 5.29 5.90 4.90 13.15 1.48 1.65 1.50
L95−2 1.81 1.45 1.66 1.66 2.90 1.42 1.38
L95P 1.56 1.58 1.72 1.83 1.42 28.81 1.68
L95+2 1.60 1.48 1.91 1.68 1.38 1.68 2.56
A93−2 11.53 7.43 6.56 4.91 1.61 1.36 1.40
A93P 7.43 44.63 6.79 5.52 1.25 1.38 1.28
A93+2 6.56 6.79 8.51 4.52 1.46 1.52 1.71
A94P 4.91 5.52 4.52 12.87 1.47 1.64 1.49
A95−2 1.61 1.25 1.46 1.47 2.81 1.34 1.30
A95P 1.36 1.38 1.52 1.64 1.34 28.72 1.60
A95+2 1.40 1.28 1.71 1.49 1.30 1.60 2.47
O93−2 12.59 8.32 7.45 5.59 1.71 1.46 1.50
O93P 8.32 45.69 7.68 6.20 1.35 1.48 1.38
O93+2 7.45 7.68 9.57 5.20 1.56 1.62 1.81
O94P 5.59 6.20 5.20 14.30 1.56 1.73 1.58
O95−2 1.71 1.35 1.56 1.56 3.36 1.64 1.60
O95P 1.46 1.48 1.62 1.73 1.64 29.27 1.90
O95+2 1.50 1.38 1.81 1.58 1.60 1.90 3.02
D93−2 11.53 7.43 6.56 4.91 1.61 1.36 1.40
D93P 7.43 44.63 6.79 5.52 1.25 1.38 1.28
D93+2 6.56 6.79 8.51 4.52 1.46 1.52 1.71
D94P 4.91 5.52 4.52 12.87 1.47 1.64 1.49
D95−2 1.61 1.25 1.46 1.47 2.82 1.35 1.31
D95P 1.36 1.38 1.52 1.64 1.35 28.73 1.61
D95+2 1.40 1.28 1.71 1.49 1.31 1.61 2.48

D93−2 D93P D93+2 D94P D95−2 D95P D95+2

L93−2 11.53 7.43 6.56 4.91 1.61 1.36 1.40
L93P 7.43 44.63 6.79 5.52 1.25 1.38 1.28
L93+2 6.56 6.79 8.51 4.52 1.46 1.52 1.71
L94P 4.91 5.52 4.52 12.87 1.47 1.64 1.49
L95−2 1.61 1.25 1.46 1.47 3.26 1.58 1.54
L95P 1.36 1.38 1.52 1.64 1.58 29.17 1.84
L95+2 1.40 1.28 1.71 1.49 1.54 1.84 2.92
A93−2 11.51 7.41 6.54 4.90 1.60 1.35 1.39
A93P 7.41 44.61 6.77 5.51 1.24 1.37 1.27
A93+2 6.54 6.77 8.49 4.51 1.45 1.51 1.70
A94P 4.90 5.51 4.51 12.86 1.46 1.63 1.48
A95−2 1.60 1.24 1.45 1.46 3.06 1.46 1.42
A95P 1.35 1.37 1.51 1.63 1.46 28.97 1.72
A95+2 1.39 1.27 1.70 1.48 1.42 1.72 2.72
O93−2 11.53 7.43 6.56 4.91 1.61 1.36 1.40
O93P 7.43 44.63 6.79 5.52 1.25 1.38 1.28
O93+2 6.56 6.79 8.51 4.52 1.46 1.52 1.71
O94P 4.91 5.52 4.52 12.87 1.47 1.64 1.49
O95−2 1.61 1.25 1.46 1.47 2.82 1.35 1.31
O95P 1.36 1.38 1.52 1.64 1.35 28.73 1.61
O95+2 1.40 1.28 1.71 1.49 1.31 1.61 2.48
D93−2 11.71 7.56 6.69 5.06 1.62 1.37 1.41
D93P 7.56 44.81 6.92 5.67 1.26 1.39 1.29
D93+2 6.69 6.92 8.69 4.67 1.47 1.53 1.72
D94P 5.06 5.67 4.67 13.37 1.48 1.65 1.50
D95−2 1.62 1.26 1.47 1.48 3.41 1.54 1.50
D95P 1.37 1.39 1.53 1.65 1.54 29.32 1.80
D95+2 1.41 1.29 1.72 1.50 1.50 1.80 3.07
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