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Luminosity Measurement

+ Standard lumi process is small angle elastic e*e”(Bhabha) scattering

e e
0 Dominated by t-channel photon exchange \/

o Very strongly forward peaked

+

- X 2 p2
$ emin omax

o Bhabha __ 1040 nb GeV? ( 1 1 )

o Measured with set of two calorimeters; one at each side of the IP

« Crossing beams: Center monitors around outgoing beam lines

* e} ]
Narrow Wide .
o ‘ Two counting rates:
- —— - SideA = NarrowA + WideB
- j o u: - SideB = NarrowB + WideA
< 27 >

+» Minimize dependence on beam parameters and misalignment:
= Average over two counting rates: SideA + SideB

0 Important systematics from acceptance definition: In particular minimum scattering angle
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Normalisation to 10*

+ The goal at FCC-ee is an absolute normalization to 10
+ After much effort, precision on absolute luminosity at LEP was eventually dominated by theory

0 Example OPAL - most precise measurement at LEP:

Experiment: 3.4 x 104 arXiv:9910066

Theory: 5.4 x 104

+ Theory precision
o Since LEP, theory precision has improved to 3.7 x 104 arXiv:1912.02067

arXiv:1902.05912

0 And there is a path outlined to reach 10

+ Instrumental precision — major effort to go to sub-permille level
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https://arxiv.org/abs/hep-ex/9910066
https://arxiv.org/abs/1912.02067
https://arxiv.org/abs/1902.05912

OPAL Summary of Systematics

x 104

Quantity Relative Relative
statistical error | Systematic error
(x107%) (x10™%)
Acceptance corrected hadrons 6 7
Acceptance corrected leptons 17 13

4

D

Luminosity (theoretical)
Luminosity (experimental)

Photonic correction to o7’y

o wWwe

Table 24: This table summarizes the experimental systematic uncertainties on the absolute Lgy,
luminosity measurement for the nine data samples. The lines labeled correlated and uncorrelated
refer to errors correlated and uncorrelated among the samples. All errors are in units of 1074,
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[ Uncertainty section || 93-2 [ 93pk | 93 +2 [ 94a 94b 94c 5 -2 95 5 +2
" Radial Metrology 23
uncorreiate 0.00 0.00 |  0.00 0.00 0.00 0.00 0.00 0.00 0.00
correlated 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.40
Radial Thermal 234 |
uncorrelated 0.06 000 |  0.06 0.09 0.11 0.11 0.25 0.25 0.25
correlated 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18
Inner Anchor 4.14 ‘
uncorrelated 0.23 023 | 023 0.23 0.23 0.23 0.58 0.58 0.58
correlated 1.36 1.36 1.36 1.36 1.36 1.36 1.36 1.36 1.36
Outer Anchor d.14 ‘
uncorrelated 0.13 013 | 013 0.13 0.13 0.13 0.28 0.28 0.28
correlated 0.31 0.31 0.31 0.31 0.31 0.31 0.30 0.30 0.30
Z Metrology 2.4 ’
uncorrelated 0.00 0.00 | 0.0 0.00 0.00 0.00 0.37 0.37 0.37
correlated 0.41 041 | 041 0.41 0.41 0.41 0.41 0.41 0.41
Background 5]
uncorrelated 0.76 076 | 0.76 0.75 0.75 0.75 0.76 0.76 0.76
correlated 0.75 075 | 075 0.75 0.75 0.75 0.75 0.75 0.75
Trigger 6
uncorrelated 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00
correlated 0.04 0.04 0.04 0.4 0.04 0.04 0.04 0.04 0.04
Wagon Tagger ]
uncorrelated 0.00 0.00 | 0.00 0.00 0.00 0.00 0.02 0.02 0.02
correlated 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total External (Aee)
uncorrelated 0.81 081 | 081 0.80 0.80 0.81 1.10 1.10 1.10
correlated 2.16 2.16 2.16 2.16 2.16 2.16 2.16 2.16 2.16
Ener 'K} |
uncorrelated 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
correlated 1.80 180 | 180 1.80 1.80 1.80 1.80 1.80 1.80
Beam parameters 7
S uncorrelated 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57
correlated 0.57 057 | 057 0.57 0.57 0.57 0.76 0.76 0.76
Radial resolution H§ '
uncorrelated 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
correlated 0.20 020 | 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Acollinearity bias 8 ‘
uncorrelated 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
correlated 0.36 036 | 036 0.36 0.36 0.36 0.36 0.36 0.36
Azimuthal resolution ) ‘
uncorrelated 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
correlated 0.04 004 | 004 0.4 0.04 0.04 0.04 0.04 0.04
Clustering 8 ’
uncorrelated 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
correlated 1.00 100 | 100 1.00 1.00 1.00 1.00 1.00 1.00
AR - AO cut difference 93
uncorrelated o 0.00 0.00 |  0.00 0.00 0.00 0.00 0.00 0.00 0.00
correlated 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M.C. statistics ) ‘
uncorrelated 0.29 0.27 0.29 0.33 0.13 0.25 0.36 0.34 0.32
correlated 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
Total Simulation (Aeywm)
uncorrelated 0.65 0.64 0.65 0.67 0.59 0.63 0.68 0.67 0.66
correlated 2.32 2.32 2.32 2.32 2.32 2.32 2.37 2.37 2.37
Grand Total
uncorrelated 1.04 103 | 104 1.4 1.00 1.03 1.29 1.28 1.28
correlated 3.17 3.17 3.17 3.17 3.17 3.17 3.21 3.21 3.21




OPAL SiW LumiCal

Z = 250 cm Sensitive depth: 140 mm /22 X,. 19 Si layers Achieved lumi uncertainty
| Quantity I Relative | Relative
statistical error | Systematic error
(x107%) \ (x107%)
Acceptance corrected hadrons || 6 [ 7 |
Acceptance corrected leptons 17 \
Silicon Wedge Luminosity (theoretical) 0 \ @
Luminosity (experimental) 3
Photonic correction to az’f];_ 0
Systematics on radius measurement
sed 1125 | Item Systematic sources [ AR |
Y asme ‘a Calibration plate radius | 0.7pm
e b Calibration plate distortions 1.0 um
c Microscope stability 1.45 um
005 men g d Half-ring separation stability 1.9 um
and guaed ring € Cover plate reproducibility 1.5pum
f Layer 7 measurement error 0.6 pm
s g Changes between metrology & operation 3.0 um
G h Operating temperature expansion 0.4 —-0.8um
03am” K Low detector polygon correction | 0.25um
grmiie \ Total radial metrology systematic error 4.4pum
[ Corresponding error in acceptance | 1.4 x10™
(l) . 2(1)0 . 4(1)0 mm Systematics on z measurement
| Systematic sources | 19934 1995
Detector outer radius: 370 mm Position of layer 7 relative to calorimeter reference face 34 pum 60 pm
L ) Length of the pressure and beam pipes 31 ym 31 ym
Sensitive region up to: 142 mm Position monitor stability | 5um 2 um
Reference pipe temperature during calibration | 10 pm O pm
Pro bab|y historical reason Reference pipe temperature during operation I 15 pm 4 uym
forla rge difference [ Total axial metrology systematic error g 50 um S 68 um J
{ Corresponding error in acceptance || 0.41 x 10—+ | 0.55 x 10—4 |

U
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Aleph SiCal Luminometer

Sensitive depth: 120 mm, 23 X,

Z =250Ccm _ Radius uncertainty
12 Si layers B o
(1) Silicon pad relative to CESIKA alignment hole Y pm
(2) Alignment pin, CESIKA and G10 hole tolerances 5 um
TPC (3) Alignment hole position on G10 support STIL
R _ (4) G10 support thermal distortion effects 3 pum (16 pm)
LEG INEENN ' (5) Support rod and hole tolerance 10 jemn
l 'T l (6) Support rod hole position on GG10 support 5 pm
¥ ! (V) Half-calorimeter separation LED precisions ST
B J (8) LED sensors calibration uncertainty S pm
1K
A l A - - -

Total uncertainty of mean radius

CSUPPORTROD D Fcinnsy] |
L B e p
l 2
AT | | ~400 mm @ z=2500 mm: .
C_AMPLIFIERS | 160 mrad 3
L I -‘;“ <0

Si-w ACTIVE ZONE | ||t |

: "'L 30
20
BEAM PIPE As for OPAL, energy

O
N}
| S S resolution not the best.
E j | ( Realtively few Si layers. .
| \ . . 0 L
S W ISR E— D N ~.| Small sampling fraction 0 0 20 30 40 50 60
T v 7~ p g Energy Side A (GeV)
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ILD LumiCal (i)

=

ILD

FCAL ECAL = z=2350 mm like rest of ECAL
Yoke/ Muon  HCAL = Behind conical beam pipe: thin window
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ILD LumiCal (ii)

Information on this and following
slide: Work of Crakow group
e EUDET-Memo-2008-13
* EUDET-Memo-2009-10
* EUDET-Memo-2010-06

30 layers of 1 X, deep tungsten
30 Si layers (320 microns)
* segmentation 1.8 mm x 7.5°

Depth:

* Calorimeter: 134 mm

e Total (incl. support): 175 mm
Inner radius:

* Sensitive: 8o mm

* Mechanical: 76 mm
Outer radius:

* Sensitive: 195.2 mm

* Mechanical: ~260 mm

Bolts hold calorimeters together

Mogens Dam / NBI Copenhagen FCC-EIC Joint & MDI Workshop 2022 25.10.2022



ILD LumiCal (ii)

36 mm for
assembly and
electronics

Space for front
end electronics

128 channels

ﬁ Tungsten

Aluminum Heat Exchanger
/-Fan out on Kapton foil
.

ISilicon senso

NNNNN
oooooo

Tungsten

1 LumiCal:
92160 readout channels

Note on cooling:

Front-end chip

Water cooling pipe

~11mm

Inner radius of acceptance varies by 0.33 um/C°
Temperature stabilization within 1 c® safe. Probably within 0.2 C°

Total dissipated heat in one LumiCal: 30 W.

At FCC-ee, no power cycling.
Need more efficient cooling?
Space requirement?

* With power cycling: 1 ms active/199 ms breaks
Water cooling: 15 I/min per LumiCal.

Mogens Dam / NBI Copenhagen

FCC-EIC Joint & MDI Workshop 2022 25.10.2022




LumiCals @ FCC-ee
Challenge:

- MDI region is very busy, LumiCals pushed far inside detector volume

E CLD Si Tracker
x
200 llllllll - _\l\ llllllll l lllllllll I lllllllll I llllllll ‘llv, llllllll 2'0_
I * LumicCal iCal '
QC1 Q Central chamber ' 1 QC1
K] b Z=+/-9cm >
N R=10cm !
100 X i 18]
1.0
I T
-100 - —
Qc1 LumiCal LumiCal k Qc1 _I
I 4 ' l [ S T |
_200 ................ | IR | PP | IEPAPPETIIITEN. 1.0 1.5 2.0 z [m]
-3 -2 -1 0 1 2 3
m
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CDR LumiCal Design

Design considerations:

160 -fmm 160 -pmm
+ Need to control geometry to a precision o & o 145 mm
Of 0(1 l-lm) 135 mm
120 + 120 1 115 mm
o Keep geometry as simple as at all possible
100 1+ 100 4
. 80 + ]0 +
Multilayer barrels where all layes have
. . . 60 60
identical circular geometry :
40 + 40 + 1074 mm P 1190 mm
' ' 207 20 T e ——
+ 25 layer SiW sandwich
- 07 0 =
0 3.5mm W (1Xy) + 1.0 mm gap for Si pads
. . . —-20 + —90 F
+ Physical dimensions
o : —40 —40 +
a Sensitive region: r = 54-115 mm
0 Region for ”services”: 115-145 mm —00 —60
o Calorimeter face at x = 1074 mm —80 T —80 T
+ Proposed segmentation —100 —100
o 32x32 pads/layer (1.9 x 10-22 mm? pads) —120 —120 +
o 25,600 channels per LumiCal —140 + —140 +
mim mim
+ Weight ~160 —_— ~160 —_—
—20 0 20 40 60 80 100 120 140 160 1040 1060 1080 1100 1120 1140 1160 1180 1200 1220

o About 65 kg per LumicCal

Mogens Dam / NBI Copenhagen FCC-EIC Joint & MDI Workshop 2022 25.10.2022 11



160

140 +

120 +

100

80 +

60

40 +

20 +

OAV

—20 1+

—40 1+

—60 1+

—80 +

—100 +

—120

—140 +

—160

LumiCal Assembly & Support

+ Much engineering work to be done on this

o Only thoughts so far
+ ”Bolts” needed to keep assembly together.

o However, ILC LCAL also has rails ...
0 ..anditis supported by a tray

0 At FCC-ee we do not like these item
protruding further outwards

o How can we support the assembly and still
maintain the geometric tolerances?

+ Each end of bolts probably need external
support to avoid sag under own weight

min
|

-20 0 20 40 60 8o 100 120 140 160 Need for dedicated engineering effort!
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Acceptance and tolerances

160 pmm
+ Effective Moliere radius of W-Si sandwich: ~¥15 mm 120 _—
+ Stay 1 Moliere radius away from both inner radius and 100 |
somewhat more at outer radius w0 |
« To be optimised 60 1
+ => Wide acceptance: 62 — 88 mrad P T Dl ngimm
+ Slightly smaller narrow acceptance: 64 — 86 mrad 50 | ——
o Bhabha cross section: 14 nb 0 >
« Compared to 30 nb multihadronic Z decays at peak —90 F
+ Geometrical tolerances for shift in acceptance of 10*: —40
o Inner border: 60O, =+ 1.3 prad ; 6Rpin = 1.5 um —60 +
0 Outer border: 60,5 =+ 3.0 prad ; 6Rpax=1 3.3 um —80 +
o Half distance between two calorimeters: 6Z = + 55 um ~100 +
-120 +
—140 +
—160 t f t t t t t } n?n

10401060 1080 1100 1120 1140 1160 1180 1200 1220
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Geometric tolerances - radial

160 -fmm
140 + Centering of calorimeters around beam line
120 + 0.0025 v
simulation s
100 + analytic
0002
80
GG 2o, . .
N =0 Simulation study:
40 + g Bhlumi + simple
s ooo1} i)‘ .
20 S shower emulation
Needed z
assembly o7 | s
precisions @ —20

—40 +

—60 +

X ; 7, 0 : o‘.s 1 1‘.5 2
dx [mm]
—80

~100 A
Transverse shifts should be ér < 300 pm

-120 +

—140 +
mm

—160 : t l 1
—20 0 20 40 60 80 100 120 140 160
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Geometric tolerances on positioning w.r.t. IP — longitudinal

First, consider example
of parallel beams

T J912WiIoed

Parallel beam lines "
Q

£z +few mm )

— -,

- =

D

o

+110 UM =

p. N

Centering of IP w.r.t. two-calorimeter system

0003

0002

0001

Simulation study:
Bhlumi + simple
shower emulation

-0001

relative change in rate

04

v

simulation s

»l * Distance between two
calorimeters should be known to
2X0Z =2 X 55 pmM =110 UM

0

= 10 15 20 25
dz [mm]

“

Longitudinal shifts of IP position
up to few mm are tolerable

"« IP position in two-calorimeter
system can be off by few mm

Analytic (lowest order) calculation not precise.

Even sign is wrong.

This because of radiation effect: With longitudinal shifts, one
cuts into acollinearity distribution

Mogens Dam / NBI Copenhagen

FCC-EIC Joint & MDI Workshop 2022

25.10.2022
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Geometric tolerances — longitudinal (ii)

Crossing beam lines

OUthing beam 1 Outgo\ng beam 2

Z Z,
30 mrad
+ Now, have two distances, Z; and Z,, to measure, each to 55 um

0 To be measured w.r.t. fiducual marker indicating nominal IP position

o Drift of the IP of the order of few mm in the “longitudinal” direction still tolerable
o Of course, now, longitudinal and transverse coordinates are (weakly) coupled

Notice:

+ As indicated, the face of each LumiCals shall be perpendicular to the corresponding
outgoing beam line.

+ The two faces will not be parallel, they are each tilted by 15 mrad w.r.t. the global
coordinate system.

Mogens Dam / NBI Copenhagen

FCC-EIC Joint & MDI Workshop 2022 25.10.2022
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Summary of geometric tolerances

+ Geometric ("manufactoring”) tolerance on (system of two) LumiCals:
0 Inner radius: 6Ryin=% 1.5 um
0 Outer radius: 6Rhin =% 3.3 um
0 Longitudinal distance between each LumiCal and nominal IP: 6Z = £ 55 um

« Challenge: the z of the LumiCal shall be the z coordinate defining the shower position measurement.

+ Geometric tolerance on positioning of LumiCal system w.r.t. IP position:
o Transverse:  few tenths of a mm
0 Longitudinal: few mm

Mogens Dam / NBI Copenhagen FCC-EIC Joint & MDI Workshop 2022 25.10.2022 17



OPAL: Material in front of LumiCals

OPAL

rrrryrrrrrrrrrrrrrrryrrrrrrrrrrrrrrrrrrr

g
3
T

!

2.2 Beam pipe and upstream material

Amount of Material (X,
N

An important consideration in the design of the SiW calorimeters, over which we had little control, was
the location of material associated with the existing parts of the OPAL detector. A flared beam pipe
which would have allowed particles to exit the beam pipe at normal incidence was ruled out by the
installation logistics of the OPAL microvertex detector. Instead, the material traversed by particles
originating at the interaction point was reduced by extending the beryllium portion of the cylindrical
OPAL beam pipe and modifying its supports. The distribution of material upstream of the calorimeters
is shown in figure 3. Note that in the crucial region of the inner acceptance cut the upstream material
totals approximately 0.25 radiation lengths. It was not possible to further reduce the shadow cast in
the middle of the detector’s radial acceptance by the microvertex detector cables and by the flanges
and support structures of the OPAL pressure pipe [11]. Fortunately, the reconstruction of the shower
position remains largely unaffected by this additional material (see section 4.1). Furthermore, this
R region is not crucial for the LEP 1 luminosity measurement. The effects of the degraded energy

; L resolution are important, but measurements of the longitudinal development of the showers can be
0.5 ; h used to correct for energy which is deposited in this dead material (see section 4.3).

1.5

~0.25 X,

0 PO T T TN T VT WY W U N TR WO U WA Y ST SN S N (U ST WA TN S SN SN AT U S S SN NN U SR R
6 7 8 9 10 1 12 13 14
Radius (cm)

Figure 3: The calculated material traversed by particles originating at the interaction point as a
function of calorimeter radius, measured at the reference plane (246 cm) for the 1993-1994 detector
configuration. The solid curve corresponds to the left, the dotted curve to the right side. The larger
amount of material on the left is due to the passage of cables from the OPAL microvertex detector.
The arrows show the location of the acceptance definition cuts on shower radius.
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Problems with CDR LumiCal design

+ Stays inside 100 mrad cone around z-axis (bisector of beam lines)? 150 mrad
o Certainly not!

+ Stay inside 150 mrad cone around z-axis ?
o Yes, per design!
0 Interfers with tracker acceptance below this angle
¢ Sits assymetric w.r.t. the main detector symmetry axis
0 Actually it is the LumiCal which sits “correct” w.r.t. the (forward) physics
¢ In global coordinate system
0 ¢ dependent full depth coverage of scattering angle (8)
< Maximum: 65.2 -- 111.3 mrad
« Minimum: 35.2 -- 81.3 mrad
0 To ensure hermiticity: forward ECAL must cover down to 81 mrad
o Inner hole: No instrumentation below a ¢ dependent 0 angle
« Maximum: 61 mrad

» Minimum: 31 mrad

B full depth calorimeter coverage 50.2-96.3 mrad in LCAL syst.
[] partial calorimeter coverage 45.3-106.7 mrad in LCAL syst.
[] service area full depth < 121.3 mrad in LCAL syst.
[] service area partial depth < 134.2 mrad in LCAL syst.

Mogens Dam / NBI Copenhagen FCC-EIC Joint & MDI Workshop 2022 25.10.2022 19
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Centered on outgoing beam but still “symmetric” in global system

.

]
7

N

W

N

W7
=
//////4¢ \§\\\:

N

Pads shown in yellow identical
between two drawings J

N

N

N
NHO
N

\

T

\

W

.

W\

%)

-
=
e

//

/
///%

y

7

g ==
.
/ =
/

o
n

/
n

/
7

/
7

7
7

On paper, one can draw anything!

m
/

/
/

/
/

/
/

/
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And how to control geometry of
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Conclusions

+ Very ambitious FCC-ee absolute normalisation goal of 104
0 Best at LEP was OPAL at 3.4 x 104 experimentally

+ Compared to LEP, the FCC-ee LumiCals are placed in a much more complicated position
0 Just above z=1 m from the IP, inside the general detector volume

¢ Challenges
0 Detector geometry to be controlled to 1 um in radius [4.4 um achieved in OPAL]
« Can in principle produce each (half) sensor layer from a single 10 inch Si wafer
0 Distance between two monitors to be controlled to 100 um  [100-140 um achieved in OPAL]
+ Tolerances refer to the sensitive layer(s) that determine the scattering angle
0 LumiCal design squeezed from two sides
<+ Stay away from beam pipe + stay inside 150 mrad cone
+ Visible cross section rather small: 14 nb compared to 30 nb for Z — qq
0 No engineering design performed so far
+ Electronics, cooling, ...
+ Mechanics: assembly, tolerances, support, ...
= How to construct adequate support without protruding further into detector region
0 Furthermore, the CDR design has hermeticity challenges:
<« Coverage towards very small angles
« Overlap with lower edge of forward ECAL
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Extra slides
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LumiCal CDR Design

+ W+Si sandwich: 3.5 mm W + Si sensors in 1 mm gaps 160
o Effective Moliere radius: ~15 mm 0
¢ 25 layers total: 25 X, 0
« Cylindrical detector dimensions: %
o Radius: 54 < <145mMm 60
o Along outgoing beam line: 1074 <z <1190 mm -
+ Sensitive region: 22
0 55<r<115mm; 0
o Detectors centered on (and perpendicular to) ~40
outgoing beam line Bl
+ Angular coverage (>1 Moliere radius from edge): -

62-88 mrad
o Narrow acceptance: 64-86 mrad

0 Wide acceptance:

—160

0 Bhabha cross section @ 91.2 GeV: 14 nb

¢ Region 115 < r < 145 mm reserved for services:

mnm

Hmmmum}}}}l
Z

)l
/////
//////////

////

)
//
4

\\\\\\\\\\\\\

\\
v

(o

Il

=

_——é
=
/
=

—
P ==
——

——

\\

.
= mm
.

-20 0 20 40 60 80 100 12¢ l4§) 160

0 Red: Mechanical assembly, read-out electronics, cooling, equipment for aIignmfent

o Blue: Cabling of signals from front-end electronics to digitizers (behind LumiCaI:s?)

140

120

—100 +

-120 +

—140 +

—160

min

145 mm
135 mm

115 mm

1074 mm 1190 mm

mm
! |

{

10401060 10801100 1120 1140 1160 1180 1200 1220

Precision goal: 1 x 1074
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LumiCal CDR Design

+ W+Si sandwich: 3.5 mm W + Si sensors in 1 mm gaps 160
o Effective Moliere radius: ~15 mm 0
« 18 layers total 22 X, 0
« Cylindrical detector dimensions: %
o Radius: 54 < <145mMm 60
o Along outgoing beam line 2460 <z < 2600 NM 0
+ Sensitive region: ?
162 <I< 142 NMm; _22
o Detectors centered on (and perpendicular to) ~40 1
outgoing beam line o
+ Angular coverage (>1 Moliere radius from edge): -
0 Wide acceptance:  27-55 mrad 190 -
o Narrow acceptance: 31.5q mrad ~140 1
—160

0 Bhabha cross section @ 91.2 GeV: 83 nb

¢ Region 115 < r < 145 mm reserved for services:

mnm

Hmmmum}}}}l
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-20 0 20 40 60 80 100 12¢ l4§) 160

0 Red: Mechanical assembly, read-out electronics, cooling, equipment for aIignmfent

o Blue: Cabling of signals from front-end electronics to digitizers (behind LumiCaI:s?)

140

120

—100 +

-120 +

—140 +

—160

Numbers for OPAL

min

145 mm
135 mm

115 mm

1074 mm 1190 mm

A

Y

mm
! |

{

10401060 10801100 1120 1140 1160 1180 1200 1220

Precision achieved: 3.4 x 10**
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