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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 measure-
ment of the Z resonance parameters. 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 accommaodated in the modelling of
the beam-energy i 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 tock place in conditions very different from the previous
vears. In particular the interaction-point specific corrections to the centre-of-mass
energy in 1995 are more complicated than previously: these arise from the modi-
fied radiofrequency-system configuration and from opposit vertical dispersion
induced by the bunch-train mode of LEP aperation.

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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Abstract

The determination of the centre-of-mass energies for all LEP 2 munning is presented.
Accurate knowledge of these energies 1s of primary importance to set the absolute energy
scale for the measurement of the W boson mass. The beam energy between 80 and 104 GeV'
is derived from continuous measurements of the magnetic bending field by 16 NMR probes
situated in a number of the LEP dipoles. The relationship between the fields measured by
the probes and the beam energy is defined in the NMR model, which is calibrated against
precise measurements of the average beam energy between 41 and 61 GeV made vsing the
resonant depolarisation technique. The validity of the NMR model is verified by three in-
dependent methods: the flux-loop. which 1s sensitive to the bending field of all the dipoles
of LEP; the spectrometer. which determunes the energy through measurements of the de-
flection of the beam 1m a magnet of known integrated field; and an analysis of the vanation
of the synchrotron tune with the total RF voltage. To obtain the centre-of-mass energies,
corrections are then applied to account for sources of bending field external to the dipoles,
and variations in the local beam energy at each interaction point. The relative error on
the centre-of-mass energy determination for the majority of LEP 2 running is 1.2 x 10—,
which is sufficiently precise so as not to introduce a dominant uncertainty on the W mass
measurement.
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‘ Overview

Goals of energy calibration at LEP
RDP at LEP

The LEP energy model, and its application to the
LEP1 m, and [, measurement campaigns

Energy calibration at LEP2 — living without RDP

Summary and (maybe) some lessons for the future
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Goals of E,, calibration at LEP

Knowledge of the beam (and collision) energy, a critical common uncertainty
for the most important legacy measurements of both LEP1 and LEP2

LEP1: m,and [, LEP2: my,
Goal ~1 MeV (~10°) on o_ Goal 1-2 x 10% on E,
CM
- cl & LEP W-Boson Mass .
5 Zs| ALEPH Z
o DELPHI ALEPH —— 80.440 + 0.051 &
= L3 DELPHI  —e— 80336+0067 B
o - OPAL R o
N 20F L3 —— 80.270+0.055 &
q'_ Lt average measurements, /'2
o e s OPAL e 8041540052 10
o =
: 10 ©
2 i LEP .- 80.376 + 0.033 =
C 2 -
o %°/DoF = 48.9/41 ©
0 =36 88 90 92 9 80.0 802 804 806 808 810
E_, [GeV] Mw [GeV]
Key data sets: 3 point scans in
. Data at E~,, = 161-207 GeV, 1996-2000
1993 & 1995 (+ peak run in 1994) M
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[ Phys. Rep. 427 (2006) 257 ]

Goals of E,, calibration at LEP

Knowledge of the beam (and collision) energy, a critical common uncertainty
for the most important legacy measurements of both LEP1 and LEP2

LEP1: m,and [, LEP2: my,
Goal ~1 MeV (~10°) on o Goal 1-2 x 10% on E,

ECM

B ﬁ LEP W-Boson Mass .

g AL I DIL 3y Y

<[

c %
LEP Energy Working Group: a team of physicists from ;7 3
the machine and experiments, tasked with this responsibility. |, @

N

- 2 ’g

2

10 w

i \ LEP .- 80.376 + 0.033 -

J %°/DoF = 48.9/41 E
0=3 88 90 92 9 80.0 802 804 806 808 810

E_, [GeV] M,, [GeV]

Key data sets: 3 point scans in

1993 & 1995 (+ peak run in 1994) Data at E.,, = 161-207 GeV, 1996-2000
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E, calibration: resonant depolarisation (RDP)

E [MeV]
MethOd Of attaCk: 44717 44717.5 44718 44718.5 44718
. Wait for transverse polarisation to build up. 2 [ | | | |
« Precession frequency, v, £ 4 ¥
directly proportional to E, : e + S
E, =2 vymec?/ (ge - 2). |
« Monitor polarisation (with Compton- : +
scattered laser light) whilst exciting B T YR Y Y
beam with transverse oscillating B field. Y
Ultra precise (10-), however, S oo - E
two problems (at least at LEP): 2> E
- Not compatible with sF Here be Ws |
physics operation. ;1" - L. ! E
= 046I - ISIOI - IGIOI - ITIOI - ISIOI - I9I0I - I100
Required dedicated measurements E, [ GeV |
€. selected sampling out of physics Polarisation never obtained above
collisions, typically at end of fill ~60 GeV, I.e. cannot be directly used
14/6/16 for m,,, measurement.
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Selected RDP sampling is not enough !

E, residuals w.r.t. mean vs time

Distribution of E, from RDP shows . 2 .+
. e > _9 = e\
significant scatter and strong L5y ggy o TTETOONY . :
suggestion of time evolution. s OF e . e E
9 0 . = o . &
. ¢ 0 ¢ O ¢¢ .
Need model to reduce this scatter, = -~ « 5 e .
to track time evolution between -10 | . S
fills (not all were calibrated) and T | | | | | -
within fill (RDP took place atend). "~ s 200 20 20 200 280 00 520
Time [ days]
. . . . — 20 [ L L R T
Many ingredients in this model. 35| ggs RS 2SNy _
Here we will review the most 20 b 777 Rus pe2osove E
. . . 5 o .
important. Final (still imperfect) e . s *m e
understanding took many years ¢ ° * bt ° /f
. . -5 | . 5 e O =
to arrive at, and long periods of _12 g L e ) E
dedicated machine time ! e b ™ s P+2 3
—20 O Y L L ! ! P I .
210 220 230 240 250 260 270 280
Time [ days ]
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a = momentum
compaction factor

Circumference changes

Energy changes can be induced by changes in
the ring circumference, as this will lead the beam & — _l§
to sample different fields in the quadrupoles. E a C

At LEP 1/a ~ 5000 — even AC/C ~ 10° (~0.1mm) changes give noticeable effects.
Il At FCC 1/ais ~30x larger. Typical LEP effects will grow to AE, ~ 300 MeV !!

What though can affect the ring size ? Earth Rotation ) .
In the early days of RDP (1991) short-term B2 €y
energy changes were observed, & it was '

suggested that the origin might be ‘earth tides’.

Moon

o; 30 T T E R, o .: _____ S_M_ ) ECIiptiC-

. S 200 o l y _
Premsg % ; ‘.‘ ‘I‘ \“\ |‘\ I |||| ||'| [ ﬁ i Dominant
modelling ! £ b | || ||| || 1 e |t effect from

EE T .
& ol | ||| i I 1 moon:
UL I ] L AT
oI W W Y AR ~ M (3cos°6 — 1)
D0f e : 23
14/6/16 > 10 15 20 .

Day (November 1992)



“The tide experiment

Importance & understanding of tide effects demonstrated
in dedicated RDP experiment of autumn 1992.

46480 T T T ‘ T T T T ‘ T T T T ‘ T T T T | T T T T
= Beam energy
| measured by resonant depolarization
L — Tide prediction AEb =10 MeV
46475 - (AC =1mm)

,‘}

Beam Energy

(MeV) 46470

46465

46460 e L
0 5 10 15 20 25

Time (hours)
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“The tide experiment

Importance & understanding of tide effects demonstrated
in dedicated RDP experiment of autumn 1992.

46480 T T T LA N ) L Y N B
= B
I meeoon;uerre]srgi resonant depolarization NOte that these measurements
- Tide prediction AE, =10 Mev were taken when the fill was
46475 - (AC=1mm) already many hours long.
11 o W15 . : : : ‘
D August 29th 1993 (After Tide correction)
Beam Energy 3 Aug 9th 1993 )
L ?44?107 "hu.i"tt ]
(MeV) 46470 2 "
r E i *_7_ [
S 44705 *# _L\

44700 : : : : :
200 600 1000 1400 1800 2200 2:00

46465

Daytime

Otherwise the agreement would
have been worse (benefit of

46460 hindsight). Discrepancy seen in
0 d w202 a later experiment, but not
Time (hours) understood for two more years...
LEP ECAL remembered -
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‘ Longer-term effects

On top of the tide-effect, there is a slower evolution in the ring circumference
which can be tracked by average beam position measured by BPMs, and
then checked from time-to-time with ‘central frequency measurements’.

:41805'|""1""|'"|""|'_ T LU I L I
T 4175| 4 e 15 1 1
T arolr et 1997 || 1998 |
w4165 e : v *‘.f ‘ ’
O 4160 | EETH N | ‘6% Central frequency’ as deduced from
4155_— ’ "'.‘:--_.‘."‘_—_ - [ ’ -3 -
e | | "”xgg;w .| BPM data (x,) and from dedicated
mg 1 f 1 measurements during LEP2 era
bbbttt b latad - (ggain, corresponds to AC of a few mm).
sl e ||
ses| % 1 . 1 Can be modelled with good precision.
4160 [ ¥, % E :—?ﬁ? -
4155 | Aﬁh "i 1k ' % .
4150 | R W )
4145 | mg,{ 1b #ﬁkﬁfg 3
4140 | . o .
41353,l....l....l.,..l.,..l.. Eolo oo oo aalovualoaaalag
100 150 200 250 300 100 150 200 250 300
Day of year
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Longer-term effects

On top of the tide-effect, there is a slower evolution in the ring circumference
which can be tracked by average beam position measured by BPMs, and
then checked from time-to-time with ‘central frequency measurements’.

1993

Likely cause — ground stress caused
by annual modulation in water table
and level of Lac Leman.

=
=

Lake Level (m)
N
]
T

0 200 400 600 800 1000

Days
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‘Back to that odd experiment...

Recall that single RDP experiment, where the E, change could not be explained
by the tides, nor the then (simple) model of dipole temperature-dependence.

During 1995 NMR probes were inserted
in two dipoles in tunnel (several more
added during 1996). Revealing !

Noise and B-rise dependent on
time of day (quiet during night)
& fill duration (reducing with time).

Size of effect dependent on
position around ring.

If interpreted as an energy rise, it meant

Equivalent Beam Energy (MeV)

that all previous end-of-fill RDP calibrations

had overestimated mean energy of fill
(and hence m,) by 5 MeV.

46498

46494

46490

| 16th August 1995

46486~ | Ui
Fis

46482~ LAy |

46478

Noisy period
| 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1

5 MeV :|:

Quiet period

16:00 18:00 20:00 22:00 00:00 02:00 04:00 06:00

Daytime

Indeed, dedicated RDP measurements confirmed this a real effect on E, !

14/6/16
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Validating the field rise with RDP

Modelling of energy rise by (selected) NMR sampling of B-field is excellent !

(==]
LI B

>

Q - .

= ., — Tide

—. | © Tideand NMRrise (Experiment
w or from 1999)
- — 5 r

@ - o

E’ C | dj‘:‘IIjIPDEFq:h

= 4 - uns O

c Jussss hy

O 3 Ei:DEFD

E, = 50.0 GeV

T O (N BN B
0 1 2 3 4 5 6

Elapsed time | hours |
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Validating the field rise with RDP

Modelling of energy rise by (selected) NMR sampling of B-field is excellent !

: M
4

> 8- * RDP
= 73_ — Tide
— t o0 Tide and NMR rise
_Q L

w 6 r

£ _I

o °Ff

o

c

©

i -

&

*

E, = 50.0 GeV

0 1 2 3 4 5 6
Elapsed time | hours |

(Experiment
from 1999)
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‘ The TGV effect

Explanation: magnets being =
‘tickled’ by vagabound currents E
from (daytime) trains leaking 2,
onto the vacuum pipe. E
Earth current  —w__ >
f’t 5 2 AC ratlway 15 K\ — t f I t t I } }
' -
La Versoix m s ]
f E .ume;__b‘nu- .| ALﬁ
N E M LEP Beam Pipe ]
7 —
H‘ power stationﬁ % st . A h
- 2 e Vet
.\ kT .:.":___"‘ 22
DC railway 1.5 kV - B men| .
- ME2E —

| LEP NMR
1 1 I L L I L
16:50 | e 55

Significant effect on magnets not yet
at the top of their hysteresis curve.
(Also found that temperature effects are more complicated than originally thought.)

Time
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Getting the local E, — the RF sawtooth

RDP, and the beam-energy model,
gives the mean energy.

However we are interested in the
local beam energy at the IPs.

%-500 Fill 8401 ECM= 205.84 GeV *
= :‘|
o Spectrometer I :'-‘
a . A \ ; |
Need to account for the ‘RF sawtooth’ — 250 - 3 '
the synchrotron energy loss and A AURE L
RF-system replenishment around ring. ey LY LY Y
’ e I Y {_ \ ;:_r | I “\‘ ,l
Modelling sensitive to things such as rate VIV
of tripping (gives asymmetries — logging 250 ISRV ERTERT Y
important!), phasing, misalignments etc. ! } i "
\é |!|
-500 —
L3 ALEPH OPAL DELPHI L3
LEP ECAL remembered -
14/6/16

This is the LEP2 sawtooth. At LEP1 there
were only two sets of RF stations and the

amplitude of the sawtooth was ~30 MeV.

lessons for the future ?
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Getting the local E, — the RF sawtooth

RDP. and the b del Powerful constraints on sawtooth model
o © beam-energy motel, come from measured synchrotron

gives the mean energy. tune and beam position in arcs.

However we are interested in the
local beam energy at the IPs.

Ax, [mm]

Need to account for the ‘RF sawtooth’ — 5[ one RFiconfiguration | .

the synchrotron energy loss and
RF-system replenishment around ring.

0 100 200 300 400 500
I

Horizotnal beam position - nominal
Ax, [mm]

Modelling sensitive to things such as rate

. : _ _ nother configuration
of tripping (gives asymmetries — logging

important!), phasing, misalignments etc. - 2100 200 300 400 500
E 2|

Anti-correlation between e* and e, and L

averaging over the four IPs helps in ) J the difference

diluting uncertainty. Contributes ~0.4 MeV (check vs model) -

inm, and 0.2 MeV in I, and around 4 MeV onm,,. ° 1%

200 300 400 500
BPM number
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‘ Dispersion effects

Even with perfect knowledge of E, at interaction point, there are other issues to
consider when calculating E,,. For example opposite sign vertical dispersion...

Opposite sign vertical dispersion induced by 1995 bunch train operation,
when coupled with collision offset, can lead to significant E,, bias !

> Biases suppressed by routine separator
scans to optimise luminosity. This minimises
——- : .
_______________ P — offset averaged over bunches in train.
q IS — 6
y  —— ® e Family A
m—- J——— N'E 5+ o FamiliB .
— ; f {\ 4 Family C
— E:_‘
, og,= Energy spread é
—1 (S?j Ui"" AEb* Difference in 5
[, - - “h x = -
AL"cm - 9 2 B AD;{; i dispersion
- J‘.f/ b between
e*and e
e.g. if AD*,~ 2 mm and dy=1 um U T T separatorsettng um)
— AE, =2 MeV. — residual uncertainty on E,, = 0.3 MeV.
LEP ECAL remembered -
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Final LEP1 results

[ Phys. Rep. 427 (2006) 257 |

ALEPH |—<—  91.1893+0.0031  ALEPH ol 2.4959+0.0043
DELPHI ———| 91.1863+0.0028 DELPHI ——— | 2.4876+0.0041
L3 —=—  91.1894+0.0030 L3 2.5025+0.0041
OPAL —— | 91.1853+0.0029 OPAL A 2.4947+0.0041
LEP - 91.1875+0.0021  LEP Py 2.4952+0.0023
v /DoF = 2.2/3 y*/DoF =7.3/3
|..:.i|...| |....|.i..i.|....|..
01.18 91.19 91.2 2.48 2.49 2.5 2.51
m, [GeV] [, [GeV]
Contribution to
uncertainty arising  0.0017 GeV 0.0012 GeV
from E¢y,
LEP ECAL remembered -
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E, calibration for m — the ‘NMR model’

—_70 T
R f
Recall that at LEP, RDP was not =% e
. . . O 50
possible at W-production energies. = E
w [ e
. . . =30 —
Alternative strategy: _tak_e B field readln_gs f_g ol Here be Ws !
of 16 NMR probes distributed around ring, ol l
and make a linear fit to E,, measurements R ST T ST I
= 40 50 60 70 80 90 100

over the interval in which RDP was possible.

E, [GeV]

— predictions of this model at high field sets scale for the W mass measurement

-
o

However: é
« How representative of the total én
bending field are these 16 readings i
(~3200 dipoles in all); ff
* How linear is the relationship ?
Fit residuals show excellent /

year-to-year reproducibility,
but evidence of (mild) non-linearity.

[
=y
o

& & & M o N B o ©
e e e e e e e

40 425 45 47.5 50 525 55 57.5 60 21
E, [GeV]



Validating the NMR model at high energy

Three methods used to check the validity of the NMR model in the W*W- regime.
NB all required machine time, which had to be balanced against Higgs search !

1) The flux loop

Dipole Yoke

Copper loop in each dipole which sampled
~96% of the total LEP bending field.

Does not provide an absolute E, measurement,
but flux-loop cycles allow sampling representability
& linearity of NMR model to be checked.

_4. «—Beam Pipe
F J

N

NMR Probe

Flux Loop

- Fill 8809

0‘”0.22 T

2) Energy loss / synchrotron tune (Q.) studies

Qs? ~ (L/Ey) v (e*Vre? — Ug?)
U, = energy loss / turn — also depends on E,

02 ® E,=50GeV
- 4 E,=55GeV
018 - © E_=61GeV
- v E,=65GeV
016

0.14 |

Fit Q. dependence at low energy, to
calibrate RF voltage scale, and
then extract E, at higher energy.

012 |

01 [

0.08 |-

Calibration

Measurement

e E, =80 GeV

0.06
14/6/16

(I U S N W W W ST S e
750 1000 1250 1500 1750 2000 2250 2500 2750 3000

Ve [ MV ]
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Validating the NMR model at high energy

3) The LEP in-line spectrometer

First proposed in 1997; installed close to IP3 and commissioned
in 1999; data taking for E, measurements in 2000.

BPM LEP BPM Bdl
Triplet Dipole Triplet O — :‘
E

Beam

Required precision makes absolute measurement too challenging (impossible?).
Rather make relative measurement, in which the change in bend angle and
B-field integral is determined when ramping from ~50 GeV up to high energy.

* Since the dipole is ramped with the rest of LEP, the change in bend angle
during this procedure only enters as a second order effect (<< mrad).

« Clearly a local measurement — need RF-sawtooth to relate to average E,.
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“The LEP spectrometer

Quad Pickups Quad

Steel Dipole

Stretched-Wire Position Monitor : | . |

Copper "Absorbers” 0 10 m
Shielding & position Standard LEP BPMs with Dipole being
monitoring system customised electronics mapped in lab

Stretched Wire
.« Position Sensors

U S Ay S

Beam spot
Vacuum (not to scale)

aperture *.N /"

Micron precision achieved, but
controlling relative stability in
ramping to high energy challenging.

Jurassic Limestone Block
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“The LEP spectrometer

Quad Pickups Quad

Steel Dipole

1
Col Spectrometer measurements validate 10 m
NMR model with a precision of 2 x 104,
Shielding & . : . Dipole being
monitoring s (Dominant un_certalnty from stablllty_of BPM mapped in lab
response — without this 1 x 10 achievable.)

Button

Beam spot

Vacuum (not to scale)

aperture

Jurassic Limestone Block Mlcron preC|S|0n aChIeved, but
controlling relative stability in
ramping to high energy challenging.
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LEP2 results

Three methods give consistent
results and validate NMR model

1 T —
1B e Spect = Flux Loop

30 B QS [:l Global Fit

20
(VU i, o et 5 S S ..
-10 b d |
-20
-30
-40

E,MEAS - E_NVR [ MeV ]

saaadasa e b aa o s s ba oo laaaalaaaalasaalasss

50
65 70 75 80 85 90 95 100105110
E. [GeV]

Offset to NMR model
at 100 GeV -2 +10 MeV

LEP W-Boson Mass

ALEPH —e— 80.440 + 0.051
DELPHI —— 80.336 + 0.067
L3 —e— 80.270 + 0.055
OPAL —o— 80.415+ 0.052
LEP .- 80.376 £ 0.033

¥’/DoF = 48.9/41

| 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘
80.0 80.2 804 80.6 80.8 81.0

M, [GeV]
Common
uncertainty 0.009 GeV
from Eg,

Best precision now comes from
Tevatron, but compatibility is excellent !
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‘ Summary and lessons for the future

LEP energy calibration was a great success, and all goals were met.
But it took many years to achieve sufficient understanding,

a great deal of effort, and much dedicated machine time

(>50 full days from 1993 onwards...).

At FCC-ee, continuous RDP during physics operation, and polarisation in
the W*W-regime (if achieved) will ameliorate many problems that LEP faced.

But problems will remain (e.g. determining local E, at the IPs), and the
scale of some of the effects will for sure lead to residual uncertainties.

High quality instrumentation, plus mundane tasks such as continuous
logging, are essential for making sense of energy variation.

Surprises are inevitable !

LEP ECAL remembered -
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Backups

14/6/16
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LEP polarimeter

g . Focussing Soleil-Babinet Nd-YAG laser
Si-W calorimeter lense compensator (100 Hz)
Mirror
¢ =)=+ E---0--0-1---
Synchrotron | .
: i . . Tar Rotating
1, z : £
f((lr/(((r . ght monitor 1 Expander A/2 plate
o N
Detectors g, Optical bench o
- Laser pulse
|
Movable
absorber (Pb) I -
Laser polarimeter
Mirror
f ’f\
f” I
Electron e :
detector - I
LIR - |
i ! - ‘,f" 3 mrad | I
T 7 |
= | - |
— - Electron
! .-‘"/ : rad Focussifg mirror ! bunch
I -~ ‘0-.11_“111__1 mirror | 11 KH
Positron I g for positron \_‘l_/ ( z)
bunch * - measurement S
(11 kHz) Mirror
Positron
detector
b 313 m > 31 3m ——————*
LEP ECAL remembered -
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LEP1 energy uncertainty budget

AFoy (MeV)

Source P-2 P P+2 P P-2 P P+2 Energy Year Amy, Aly

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 04 | =041 02 | =02 | =05 | =02 +0.75 +0.75 0.2 0.1
Tide amplitude 00 | -031] 02 | =01} -=0.0]| =0.0] =00 =1. 1. 0.0 0.1
Tide phase 0.0 00 [ -011] 01 | =0.2 | =001 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 3.5 0.6 0.6 0.6 [0.47. 0.86] 0.50 1.5 0.5
B rise NMR48 T-coeft 0.6 0.3 0.6 0.5 1.0 1.0 1.1 0.75 0.75 0.8 0.5
Bending modulation jump 0. 0. 0. 0. 0.0 1.4 0.3 0.75 0. 0.1 0.1
e’ Energy umcertainty 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.) 04 | 04 04 | 0.7 0.3 | 0.3 0.3 || [0.50, 0.75] [0., 0.50] 0.2 0.1
Energy spread 0.2
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