
FCC-ee Luminosity Measurement and LumiCal

FCC-ee MDI & IR Mockup Workshop
Nov 16 – 17, 2023 

Laboratori Nazionali di Frascati

Mogens Dam
Niels Bohr Institute, Copenhagen



Mogens Dam / NBI Copenhagen 17.11.2023MDI Workshop 2

Luminosity Measurement with Small-angle Bhabha Scattering
u Bhabha scattering = Elastic scattering e+e-➝ e+e-

q Dominated by t-channel photon exchange
q Very strongly forward peaked

u Measured with set of two calorimeters; one at each side of the IP
q Crossing beams: Center monitors around outgoing beam lines 

q Minimize dependence on beam parameters and misalignment:
v Restricted acceptance: Average over two counting rates:     Rate = ½ × (SideA + SideB)

u Important systematics from acceptance definition: In particular minimum scattering angle

Two counting rates :
- SideA = NarrowA + WideB
- SideB = NarrowB + WideA
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Normalisation to 10-4

u The goal at FCC-ee is an absolute normalization to 10-4

u After much effort, the precision on the absolute luminosity at LEP was eventually dominated by theory

q Example OPAL - most precise measurement at LEP:

Theory: 5.4 × 10-4 Experiment: 3.4 × 10-4

u Theory precision

q Since LEP, theory precision has improved to 3.7 × 10-4 

q And a path is outlined to reach 10-4

u Instrumental precision – major effort to go to sub-permille level

arXiv:9910066

arXiv:1912.02067

arXiv:1902.05912

89 pages !

SiW sandwich

Via precise metrology, achieved 4.4 μm precision on inner acceptance border

OPAL is the
reference

https://arxiv.org/abs/hep-ex/9910066
https://arxiv.org/abs/1912.02067
https://arxiv.org/abs/1902.05912
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OPAL SiW LumiCal
Z = 250 cm

Detector outer radius:      370 mm
Sensitive region up to:     142 mm

Systematics on radius measurement

Sensitive depth: 140 mm / 22 X0 ;  19 Si layers

Systematics on z measurement

Achieved lumi uncertainty

Clam shell opening 
around beam pipe



× 10-4

”e
xt
er
na

l”
”s
im

ul
at
io
n”

O
PA

L 
Br

ea
kd

ow
n 

of
 S

ys
te

m
at

ic
s

Radial Metrology : 1.4

”Inner Anchor” :            1.4

Z Metrology : 0.4

Energy Measurement : 1.8

Beam Parametrers : 0.6

Clustering : 1.0
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ILD LumiCal (i)

§ z = 2350 mm - like rest of ECAL
§ Behind conical beam pipe: thin window
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ILD LumiCal (ii)

30 layers of 1 X0 deep tungsten 
30 Si layers (320 microns)

• segmentation 1.8 mm x 7.50

Depth:
• Calorimeter:                 134 mm
• Total (incl. support):  175 mm

Inner radius:
• Sensitive:                       80 mm
• Mechanical:                   76 mm

Outer radius:
• Sensitive:                     195.2 mm
• Mechanical:               232 mm

Bolts hold calorimeters together

Information on this and following
slide: Work of Krakow group
• EUDET-Memo-2008-13
• EUDET-Memo-2009-10
• EUDET-Memo-2010-06
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ILD LumiCal (iii)

~11 mm

232 mm

Cooling 
• Inner radius of acceptance varies by 0.33 μm/C0

• Temperature stabilization within 1 c0 safe. Probably within 0.2 C0

• Total dissipated heat in one LumiCal: 30 W.
• With power cycling: 1 ms active/199 ms breaks

• Water cooling: 15 l/min per LumiCal.

At FCC-ee, no power cycling.
More efficient cooling needed?

128 channels

1 LumiCal:
92160 readout channels

36 mm for 
assembly and 
electronics
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LumiCals @ FCC-ee

Challenge: 
- MDI region is very busy, LumiCals pushed deep inside detector volume

CLD Si Tracker
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CDR LumiCal Design
Design considerations:
u Need to control geometry to  precision of 
!(1 μm)
q Keep geometry as simple as at all possible

Multilayer barrels where all layers have 
identical circular geometry

u 25 layer SiW sandwich
q 3.5 mm W (1 X0) + 1.0 mm gap for Si sensors

u Physical dimensions
q Sensitive region: r = 54-115 mm
q Region for ”services”: 115-145 mm
q Calorimeter front face at z = 1074 mm

u Proposed segmentation
q 32x32 pads/layer (1.9 x 10-22 mm2 pads)
q 25,600 channels per LumiCal

u Weight
q About 65 kg per LumiCal
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Condiderations and Concerns
u Considerations for improved precision on radial 

coordinates:

q Construct LumiCals as full barrels and not (as previously) 

as two half barrels

v Avoid uncertianty from half barrel separation 

q Fabricate each Si layer from one single Si crystal

v Uncertainty on inner (and outer) radius basically

controlled by ”Hamamatsu”

u Concerns:

q By (ignorant) design, LumiCal sits very close to 

incomming beam pipe

v Only 1 mm clearance – is this sufficient ?

q For control of LumiCal geometry, temperature shall be

controlled to !(1 degree) and gradients should be

minimized

v Again the close proximity to the beam pipe is a

concern – What is its temperature?

v High temperature would also accelerate aging

v Aim to operate at ”room temperature”

17.11.2023MDI Workshop 11
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Acceptance and tolerances

u Effective Moliere radius of W-Si sandwich: ∼15 mm
u Stay 1 Moliere radius away from inner radius and 

somewhat more from outer radius
v To be optimised – simulation studies ongoing

u => Wide acceptance: 62 – 88 mrad
u Slightly smaller narrow acceptance: 64 – 86 mrad

q Bhabha cross section: 14 nb
v Compared to 30 nb multihadronic Z decays at  peak

u Geometrical tolerances for shift in acceptance of 10-4 :
q Inner border:   δΘmin  = ± 1.3 μrad ; δRmin = ± 1.5 μm
q Outer border: δΘmax  = ± 3.0 μrad ; δRmax = ± 3.3 μm
q Half distance between two calorimeters: δZ = ± 55 μm
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Geometric tolerances - radial

±1.5 μm

±3.3 μm

Centering of calorimeters around beam line

Transverse shifts should be δr ≲ 0.3 mm

Simulation study:
Bhlumi + shower
emulation

Required
construction
precisions

dx = x-coordinate shift of LumiCal system wrt true IP position

y-coordinate shifts give similar behaviour

• Simulation study
confirms that
dependence is second
order (due to use of
rescricted acceptance)

• Amplitude smaller in 
simulation than in 
analytic estimate: 
simulation includes
radiative correction –
events are not perfectly
back-to-back
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Geometric tolerances on positioning w.r.t. IP – longitudinal

First, consider example
of parallel beams

Centering of IP w.r.t. two-calorimeter system • Distance between two
calorimeters should be known to

2 x δZ = 2 x 55 μm = 110 μm

• IP position w.r.t. two-calorimeter
system can be off by few mm

±110 μm

±few mm

calorim
eter1

calorim
eter2

Analytic (lowest order) calculation is not precise.
Even sign is wrong!
This because of radiative effect: 
With longitudinal shifts, one cuts into acollinearity distribution

Simulation study:
Bhlumi + shower
emulation

dz = z-coordinate shift of LumiCal system wrt true IP position
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Geometric tolerances – longitudinal (ii)

u Now, have two distances, Z1 and Z2, to measure, each to ±55 μm
q To be measured w.r.t. fiducual marker indicating nominal IP position

u Offset / walk of the IP of the order of few mm in the longitudinal direction still tolerable

Notice: 
u As indicated, the face of each LumiCals shall be perpendicular to the corresponding

outgoing beam line.
u The two faces will not be parallel, they are each tilted by 15 mrad w.r.t. the global 

coordinate system.

30 mrad

Z1
Z2

outgoing beam 1 outgoing beam 2
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Summary of geometric tolerances

IP can be offset / walk by
- a few mm in z
- a few tenths of mm in xy

Distance between calorimeters
(or rather the sum of the two z-values) 
to be known to 110 μm

Rinner

Router

Radii to be known to
Rinner : 1.5 μm
Router  :  3.3 μm
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Material in front of LumiCals

~0.25 X0

Left side

Right side

VXD cables

fid
uc

ia
lc

ut

fid
uc

ia
lc

ut

OPAL FCC-ee

Looks promising

The very heavy Cu cooling manifolds are very close
- High rate showering into LumiCal acceptance?
- To be studied – studies starting…

however
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LumiCal Integration !!

Copied from F. Palla’s talk yesterday

Beautiful !
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Problems with CDR LumiCal design
u Stays inside 100 mrad cone around z-axis (bisector of beam lines)?

q Certainly not!

u Stays inside 150 mrad cone around z-axis ?

q Yes, per design!

u Sits asymetric w.r.t. the main detector symmetry axis

q It is, of course,  LumiCal which sits ”correct” w.r.t. the (forward) physics

u In global coordinate system

q φ dependent full depth coverage of scattering angle (θ)

v Minimum scattering angle: 35.2 – 65.2 mrad

v Maximum scattering angle:  81.3 -- 111.3 mrad

q To ensure hermeticity: forward ECAL must cover down to 81 mrad

q Inner hole: No instrumentation below a φ-dependent  θ angle

v Maximum: 61 mrad

v Minimum:  31 mrad
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150 mrad

100 mrad

50 mrad

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.

Yes, it is really rather confusing with the two systems
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Centered on outgoing beam but still ”symmetric” in global system

Pads shown in yellow are identical
between two drawings

On paper, one can draw anything! 
But can it be built?
And how to control geometry of 
yellow region to !(1 μm) ??

Coverage from global θ = 35 to 110 mrad for ”all” φ

Why not?
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Summary & Conclusions
u Very ambitious FCC-ee absolute normalisation goal of 10

-4

q More than a factor 3 better than at LEP 

u Compared to LEP, the FCC-ee LumiCals are placed in a more complicated location

q At about z=1 m from the IP, inside the general detector volume

u Many challenges

q Detector geometry to be controlled to !(1 μm) in radius                 [4.4 μm achieved in OPAL]

q Distance between the two monitors to be controlled to 100 μm    [100-140 μm achieved in OPAL]

q LumiCal design squeezed from two sides

v i) Stay away from beam pipe; and ii) Stay inside 150 mrad cone

v Visible cross section rather small: 14 nb compared to 30 nb for Z ➝ qq

q Furthermore, the CDR design has a hermeticity challenge

v Coverage towards very small angles

v Overlap with lower edge of forward ECAL

u Detailed simulation studies needed

q Currently in start-up phase

u Proper engineering design needed

17.11.2023MDI Workshop 21
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Extra slides
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LumiCal CDR Design
u W+Si sandwich: 3.5 mm W + Si sensors in 1 mm gaps

q Effective Molière radius: ~15 mm

u 25 layers total: 25 X0

u Cylindrical detector dimensions: 

q Radius:                                              54 < r < 145 mm  
q Along outgoing beam line:  1074 < z < 1190 mm

u Sensitive region: 

q 55 < r < 115 mm;

u Detectors centered on (and perpendicular to) 
outgoing beam line

u Angular coverage (>1 Molière radius from  edge):

q Wide acceptance:      62-88 mrad

q Narrow acceptance: 64-86 mrad

q Bhabha cross section @ 91.2 GeV:  14 nb

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

q Red: Mechanical assembly, read-out electronics, cooling, equipment for alignment

q Blue: Cabling of signals from front-end electronics to digitizers (behind LumiCals?)
Precision goal: 1 x 10-4
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LumiCal CDR Design
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q Effective Molière radius: ~15 mm

u 25 layers total: 25 X0
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q 55 < r < 115 mm;

u Detectors centered on (and perpendicular to) 
outgoing beam line

u Angular coverage (>1 Molière radius from  edge):
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q Narrow acceptance: 64-86 mrad

q Bhabha cross section @ 91.2 GeV:  14 nb

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

q Red: Mechanical assembly, read-out electronics, cooling, equipment for alignment

q Blue: Cabling of signals from front-end electronics to digitizers (behind LumiCals?)
Precision goal: 1 x 10-4

18 22

2460 2600

62 142

27-55

31-51
83

Numbers for OPAL

achieved: 3.4 x 10-4
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LumiCal Support – Interesting proprosal in Krakow

F. Fransesini

S. Lauciani
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