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LHC Schedule
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Introduction - LHC Schedule
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• During LS3 the accelerator will be upgraded to instantaneous peak luminosities of 5 × 1034 cm−2s−1 

• or even 7.5 × 1034 cm−2s−1 in the ultimate performance scenario 
• This will allow CMS to collect 300 fb-1 per year and up to 3000 fb-1 during the accelerators projected 

lifetime of ten year 
• or 4500 fb-1 in case of the ultimate performance scenario 
• unprecedented radiation levels of up to 1.1 x 1015 neq x cm−2
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During LS3: upgrade of accelerator to peak luminosities of 5 × 1034 cm−2s−1 (ultimately up to 7.5 × 1034 cm−2s−1 ) 
  —> collect up to 300 fb-1 per year (450 fb-1 ultimately) 

  —> irradiation levels 1.1 x 1015 neq x cm−2  

  —> requires new trigger concepts 
  —> requires higher granularity 
  CMS Tracker will be upgraded
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CMS Tracker Concept
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• Layout with barrel (6 layers)  and endcaps (5 double discs) 
• Only 3 types of rectangular sensors in two types of modules throughout tracker  

• TBPS: barrel with straight and tilted section of PS modules 
•  TB2S: barrel with 2S modules 
•  TEDD: endcap with PS modules in inner and 2S in outer region 

•  Modules are cooled via evaporative CO2 to keep sensors at <-20℃ 
•  German groups will build modules and assemble and integrate one endcap

TB2S

TBPS

TEDD

26 Chapter 3. The Outer Tracker
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Figure 3.2: Average number of module layers traversed by particles, including both PS (blue)
and 2S (red) modules, as well as the total (black). Particle trajectories are approximated by
straight lines, using a flat distribution of primary vertices within |z0| < 70 mm, and multiple
scattering is not included.

Extensive studies performed with different detector configurations have shown that with only
five module layers the track finding performance for the L1 trigger would be heavily affected as
soon as some parts of the detector become inefficient, while with six layers the performance is
robust with respect to inefficiencies affecting one layer [18]. A similar logic drives the choice of
the number of layers populated with PS modules: at least two precise coordinates are needed to
measure the polar angle of the track and provide some level of primary vertex discrimination,
hence three macro-pixel layers are necessary to ensure adequate performance with minimal
redundancy.

3.1.1 Implementation of hermetic layers

Since pT modules are read out by front-end hybrids at the edges to connect the two sensors,
significant inactive surface on the two ends of the sensors is unavoidable. Furthermore, to
simplify the connectivity and minimize the mass, the service electronics providing the readout
and powering infrastructure for the front-end chips and the bias for the sensors has also been
integrated at module level on service hybrids, placed at the ends of the sensors. In order to
form hermetic layers, overlap between modules is required on all four edges of the sensors.

In the three layers of the TB2S, modules are mounted on “ladder” structures (Fig. 3.3, left).
Consecutive modules are mounted on opposite sides with respect to the central plane of the
ladder, ensuring z overlap between the active surfaces of the sensors. Along j, consecutive
ladders are staggered in r (Fig. 3.3, right). Hence a hermetic barrel layer is formed by modules
located at four different radii, due to the staggering of modules in z along a ladder and of
ladders in j. A ladder covers half the length of the barrel; at z = 0, two ladders overlap with
modules staggered in r, ensuring hermetic coverage.

In the three layers of the TBPS, the arrangement of modules in space appears to be more compli-
cated, however the active surfaces of the sensors still form hermetic layers, as seen by particles
emerging from the luminous region. In the central section, modules are mounted on “planks”,
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TEDD with 
5 layers

TBPS Layer 1 with flat and two tilted sections

TB2S

TBPS

TEDD60

Chapter 3. The Outer Tracker

Figure 3.24: Drawings of a TB2S ladder with its 12 modules (left) and of the support wheel

(right).

Figure 3.25: The ladders of the innermost layer of TB2S as installed in the support wheel.

the C-profiles to one end of each ladder. There will be 36 wires per ladder in total, three for

each module (LV, HV, common ground). At the end of the ladder these wires are connected to

one multi-core cable. The 24 optical fibres (two per module) are connected at the ladder end to

24-fibre bundles.

Small-size all-metal fittings are used to connect each ladder cooling pipe to the supply and

return cooling pipework. These fittings allow also temporary connections during the ladder

manufacturing and testing phases.

Technical details on the wheel and ladder design and production are provided in Section 9.3.1.

3.4.2 The Tracker Barrel with PS modules (TBPS)

The TBPS has 2872 PS modules distributed on three concentric layers. Each layer is sub-divided

into one central section and two end sections, as shown in Fig. 3.26. The modules in the central

section are horizontal (barrel arrangement) and supported by flat plank structures. The mod-

ules in the end sections are tilted, with the outer (higher radius) part of each module being at

lower |z| with respect to the inner part, with tilt angles ranging from 47 to 74 degrees. The

TB2S 
Ladder



CMS Module Concept
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• exploit strong magnetic field of 3.8 T of CMS solenoid 

• pT discrimination on board: 

• two closely spaced sensors  

• correlate signals —> local pT measurement 

• reject low pT Tracks —> minimise data volume 

• ‘stub’ is formed of signals found within search window

�5

2S Module Assembly

• on-module pT discrimination relies on precise alignment of 
both sensor wrt. to each other

• 2S module: 400 μrad

• PS module: 800 μrad


• jig-based assembly of 2S module relies on cut edges of both 
sensors


• mechanical dummy module produced

• Aluminium spacers

• laser marked glass dummy sensors


• first assembly not yet within specifications

• problems have been identified and jigs are being improved

fail

1.
6
-4

.0
m
m

bottom sensor

top sensor

high transverse
momentum programmable

search window

low transverse
momentum

pass

stub

B

• Level-1 and readout data provided 
• ‘stubs’ are sent at each bunch-crossing (40 MHz) 
• Full data are read out on trigger decision (<750 kHz)



CMS Tracker Concept — Modules
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• Two main types of modules:  
• 2S with two strip sensors 
• PS with one strip and one pixelated sensor 

• variants differ in sensor spacing  

• arranged to optimise pT  discrimination vs. 
geometrical position in Tracker

�6
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CMS Tracker Concept — Modules
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coarse z coordinate
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Tracker Layout
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barrel one end cap tracker

1.8 mm 2S Module 4464 1396 7256

4.0 mm 2S Module 212 424

1.6 mm PS Module 826 826

2.6 mm PS Module 1462 1462

4.0 mm PS Module 584 1372 3328

total 7336 2980 13296

http://cms-tklayout.web.cern.ch/cms-tklayout/layouts-work/recent-layouts/OT614_200_IT612/info.html



2S Module
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• 2 x 1016 strips of ~5cm x 90 μm per sensor 
• Front-end power ~5 W 
• Sensor power ~1 W at -20℃ 
• Flexible hybrid brings signal of top and bottom, sensor to 

CBC chip  
• Sensors are supported and kept at distance by Al-CF bridges 

• Al-CF is carbon-fibre reinforced Aluminium 
• Coefficient of thermal expansion matches Silicon 
• no or minimal thermal stress when module is operated at 

low temperature 
• HV Isolation necessary

�8

3.1. Overview and layout 29

Table 3.1: Main parameters of the 2S module and the PS module of the CMS tracker.
2S module PS module

⇠ 2 ⇥ 90 cm2 active area ⇠ 2 ⇥ 45 cm2 active area
2 ⇥ 1016 strips: ⇠ 5 cm ⇥ 90 µm 2 ⇥ 960 strips: ⇠ 2.4 cm ⇥ 100 µm
2 ⇥ 1016 strips: ⇠ 5 cm ⇥ 90 µm 32 ⇥ 960 macro-pixels: ⇠ 1.5 mm ⇥ 100 µm

Front-end power ⇠ 5 W Front-end power ⇠ 8 W
Sensor power (�20 �C) ⇠ 1.0 W Sensor power (�20 �C) ⇠ 1.4 W

CIC

Spacer

Strip sensor

Strip sensor

Spacer

CFRP support Flexible
hybrid

CBCs

CFRP support

Kapton
HV isolator

Spacer

Baseplate Flexible hybrid

MPAs

SSAs

CFRP support

CFRP support

Spacer

CIC

Strip sensor

Macro-pixel sensor

Kapton
HV isolator

Figure 3.6: The 2S module (left) and PS module (right) of the Outer Tracker. Shown are views
of the assembled modules (top), details of the module parts (centre) and sketches of the front-
end hybrid folded assembly and connectivity (bottom). Details are given in the text, and in the
following sections.

in the line density on the readout hybrid for the 2S module and on the bump density of the
C4 technology for the PS module. The strip sensors are wire bonded directly to the front-end
hybrids, thus avoiding heavy pitch adapters.

In both modules the desired gap between the two sensors is achieved by gluing them onto
spacers made of aluminium / carbon fibre composite (Al-CF). The spacers provide mechanical

5 cm
5 cm

4 mm 2S Module

• CBC processes data from 2x127 strips and builds stubs 
• 8 CBC’s per FEH 
• exchange data with neighbours  
• CIC receives data, performs zero suppression



PS Module
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• 2 x 960 strips of ~2.4 cm x 100 μm for PSs sensor 
• 32 x 960 macro-pixels of ~1.5mm x 100 μm for PSp sensor 
• Front-end power ~8 W 
• Sensor power ~1.4 W at -20℃ 
• AlN spacers might replace Al-CF 

 —> no Kapton strip gluing would be necessary 
• MPAs and sensors are cooled through base plate 

—> requires a large-area glue joint between pixel sensor  
and base plate

�9

3.1. Overview and layout 29

Table 3.1: Main parameters of the 2S module and the PS module of the CMS tracker.
2S module PS module

⇠ 2 ⇥ 90 cm2 active area ⇠ 2 ⇥ 45 cm2 active area
2 ⇥ 1016 strips: ⇠ 5 cm ⇥ 90 µm 2 ⇥ 960 strips: ⇠ 2.4 cm ⇥ 100 µm
2 ⇥ 1016 strips: ⇠ 5 cm ⇥ 90 µm 32 ⇥ 960 macro-pixels: ⇠ 1.5 mm ⇥ 100 µm

Front-end power ⇠ 5 W Front-end power ⇠ 8 W
Sensor power (�20 �C) ⇠ 1.0 W Sensor power (�20 �C) ⇠ 1.4 W

CIC

Spacer

Strip sensor

Strip sensor

Spacer

CFRP support Flexible
hybrid

CBCs

CFRP support

Kapton
HV isolator

Spacer

Baseplate Flexible hybrid

MPAs

SSAs

CFRP support

CFRP support

Spacer

CIC

Strip sensor

Macro-pixel sensor

Kapton
HV isolator

Figure 3.6: The 2S module (left) and PS module (right) of the Outer Tracker. Shown are views
of the assembled modules (top), details of the module parts (centre) and sketches of the front-
end hybrid folded assembly and connectivity (bottom). Details are given in the text, and in the
following sections.

in the line density on the readout hybrid for the 2S module and on the bump density of the
C4 technology for the PS module. The strip sensors are wire bonded directly to the front-end
hybrids, thus avoiding heavy pitch adapters.

In both modules the desired gap between the two sensors is achieved by gluing them onto
spacers made of aluminium / carbon fibre composite (Al-CF). The spacers provide mechanical

2.6 mm PS Module

• SSA processes strip sensor data, sends data to MPA 
• MPA processes macro-pixel sensor data, receives SSA 

data, correlates strip and pixel clusters and builds stubs 
• CIC as for 2S module



Requirements on pT Module
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 Relative sensor position
• pT modules use programmable search window to correlate hits 
• discrimination requires precise sensor alignment within module 

• parallel shifts can be corrected for in ‘stub’ finding logic 
• rotations result in position-dependency along strip direction           
  —> max misalignment for PS sensor 800 μrad

Assembly of 2S modules jig-based
For PS we are working on establishing a partially automated assembly 

�10

2S Module Assembly

• on-module pT discrimination relies on precise alignment of 
both sensor wrt. to each other

• 2S module: 400 μrad

• PS module: 800 μrad


• jig-based assembly of 2S module relies on cut edges of both 
sensors


• mechanical dummy module produced

• Aluminium spacers

• laser marked glass dummy sensors


• first assembly not yet within specifications

• problems have been identified and jigs are being improved

fail

1.
6
-4

.0
m
m

bottom sensor

top sensor

high transverse
momentum programmable

search window

low transverse
momentum

pass

stub

B



2S Module Assembly Sequence
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S. Maier, KIT

Reception test of 
all parts

Glue Kapton isolator and 
attach HV tails on sensor 
backside

Wire bond and 
encapsulate HV tails

Glue sensors on Al-CF 
bridges

Glue readout and 
service hybrids on bare 
module

Place 2 x 2 x ~1000 
wire bonds

Encapsulate wire 
bonds

Optical 
inspection

HV Test
Sensor IV Module 

metrology

Module test Module test Optical Inspection
HV/LV Test

�11



2S Module Assembly Steps
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1. Reception tests:
• visual inspection of all parts 
• IV curves of sensors 
• hybrid tests 
• check sensor edges

Assembly and test of 2S modules for the Phase-2 CMS Outer Tracker
DPG 2019 Aachen | 28.03.2019
Tim Ziemons | ziemons@physik.rwth-aachen.de

Assembly of 2S modules

Assembly steps

1) Reception test:
• Visual inspection of all parts: front end hybrids, 

sensors, Kapton strips, AlCF bridges, HV pigtails
• IV-curves of sensors
• Readout test of FEH

2) HV-flex cable (pigtail) gluing:
• Sensor positioned in precision jig (Teflon surface)
• Polytec EP 601 LV (2-part epoxy)
• Pigtail positioned in separate cutout
• Curing with weight to achieve homogenous and thin 

glue layer (O(10µm))
• Applied for bottom and top sensor

4 of 12

WORK IN PROGRESS
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Assembly of 2S modules

3) Wire bonding of HV connection from pigtail 
to sensor + encapsulation:
• Applied for top and bottom sensor
• Flat surface with clean room tissue (fixed 

with vacuum)
• Drop of silicone encapsulant (Sylgard 186, 

2-part, high viscosity) 
→ complete coverage of wires

Assembly steps

4) HV isolation Kapton gluing:
• Position Kapton strips into precision cutouts of 

positioning jig
→ problems if Kapton strips not perfectly in 
specs
→ enlarge cutout

• Pick up strips with pick up tool (vacuum)
• Apply glue with gluing robot (Polytec EP 601 LV)
• Put pick up tool with strips onto sensor 

(alignment pins)

5 of 12

WORK IN PROGRESS
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Assembly of 2S modules

3) Wire bonding of HV connection from pigtail 
to sensor + encapsulation:
• Applied for top and bottom sensor
• Flat surface with clean room tissue (fixed 

with vacuum)
• Drop of silicone encapsulant (Sylgard 186, 

2-part, high viscosity) 
→ complete coverage of wires

Assembly steps

4) HV isolation Kapton gluing:
• Position Kapton strips into precision cutouts of 

positioning jig
→ problems if Kapton strips not perfectly in 
specs
→ enlarge cutout

• Pick up strips with pick up tool (vacuum)
• Apply glue with gluing robot (Polytec EP 601 LV)
• Put pick up tool with strips onto sensor 

(alignment pins)

5 of 12

WORK IN PROGRESS2. Glueing of HV pig tail 3. Wire bonding of HV 
connection, encapsulation

4. Glueing of Kapton strips for 
HV insulation

�12
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2S Module Assembly Steps
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Assembly and test of 2S modules for the Phase-2 CMS Outer Tracker
DPG 2019 Aachen | 28.03.2019
Tim Ziemons | ziemons@physik.rwth-aachen.de

Assembly of 2S modules

5) Sensor gluing:
• Position bottom sensor so that all three stoppers touch sensor edge (check 

with microscope)
• Fix with vacuum
• Uniformly paste glue onto flat aluminum surface (Polytec EP 601 LV /

Polytec TC 437)
• Wet the bridges by softly pressing onto surface (both sides)
• Align top sensor to three stoppers
• Set up springs and put weight plate on top for curing

Assembly steps

6 of 12

WORK IN PROGRESS

5. Module glueing:
 glue sensors to spacers 
 alignment through sensor edges pushed to stoppers 

�13
Aachen

KIT



2S Module Assembly Steps
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6. Hybrid glueing 7. Wire bonding

Assembly and test of 2S modules for the Phase-2 CMS Outer Tracker
DPG 2019 Aachen | 28.03.2019
Tim Ziemons | ziemons@physik.rwth-aachen.de

Assembly of 2S modules

7) Wire bonding:
• Preparation of bonding jig → support of module
• Bond program (programmed once):
− Bond direction: hybrid → sensor
− Wire height: <300µm
− Inner row (~4mm), check, then outer row (~5mm)

• Evaluation of quality (sample): pull test on extra wires
− Pull force
− Wire break, lift-off, heel break

Assembly steps

Support 
rod (FEH)

8 of 12

WORK IN PROGRESS

Assembly and test of 2S modules for the Phase-2 CMS Outer Tracker
DPG 2019 Aachen | 28.03.2019
Tim Ziemons | ziemons@physik.rwth-aachen.de

Assembly of 2S modules

8) Wire bond encapsulation:
• Protect wires from damages (mechanical, corrosion, …)
• Completely cover wires with Silicone encapsulant 

(Sylgard 186)
• Program: spiral path
• Cure for at least 5h
• Apply on other side

Assembly steps

9 of 12

WORK IN PROGRESS

8. Wire bond encapsulation
protect from damage 
cover with Sylgard 186

�14
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Metrology
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Double sided metrology system

• Measure sensor misalignments (translation and 
rotation) 

• Automated optical inspection 
• Measurement of module thickness 

• Camera from top and from bottom 
• Calibrate shift of the camera axes by rotation of 

module 

—> all produced modules within specs

Assembly and test of 2S modules for the Phase-2 CMS Outer Tracker
DPG 2019 Aachen | 28.03.2019
Tim Ziemons | ziemons@physik.rwth-aachen.de

Test of 2S modules

Sensor alignment check with Double-Sided Metrology system

• Features:
− Measurement of sensor 

misalignments (translation 
and rotation)

− Measurement of module 
thickness (by camera focus)

− Automated optical inspection
• Camera from top and bottom
• Calibrate shift of camera 

axes by rotation of module
• All modules in specs

10 of 12

Specs:
⟂   50 µm
‖  100 µm
∢ 400 µrad

WORK IN PROGRESS

Aachen

�15
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Metrology
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sensors 
• used for qualification sensors before they are used for production 

• Measure edges alignment with laser system 
• top and bottom sensor distance measured at 300 Hz while sensor 

edges move along laser (10mm/s) 
• fit of distances vs. position of sensor gives edge orientation rel. to 

laser

KIT

camera

sensor

x, y, z, phi 
stage

KIT



PS Module Assembly
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Why  automate?

• Requirements on precision 
• 300 μm overhang plus undersell are a challenge 
• PSp and PSs sensor oriented upwards 

—> can look from top and see markers on both sensors 

�17
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3.1. Overview and layout 29

Table 3.1: Main parameters of the 2S module and the PS module of the CMS tracker.
2S module PS module

⇠ 2 ⇥ 90 cm2 active area ⇠ 2 ⇥ 45 cm2 active area
2 ⇥ 1016 strips: ⇠ 5 cm ⇥ 90 µm 2 ⇥ 960 strips: ⇠ 2.4 cm ⇥ 100 µm
2 ⇥ 1016 strips: ⇠ 5 cm ⇥ 90 µm 32 ⇥ 960 macro-pixels: ⇠ 1.5 mm ⇥ 100 µm

Front-end power ⇠ 5 W Front-end power ⇠ 8 W
Sensor power (�20 �C) ⇠ 1.0 W Sensor power (�20 �C) ⇠ 1.4 W
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HV isolator

Figure 3.6: The 2S module (left) and PS module (right) of the Outer Tracker. Shown are views
of the assembled modules (top), details of the module parts (centre) and sketches of the front-
end hybrid folded assembly and connectivity (bottom). Details are given in the text, and in the
following sections.

in the line density on the readout hybrid for the 2S module and on the bump density of the
C4 technology for the PS module. The strip sensors are wire bonded directly to the front-end
hybrids, thus avoiding heavy pitch adapters.

In both modules the desired gap between the two sensors is achieved by gluing them onto
spacers made of aluminium / carbon fibre composite (Al-CF). The spacers provide mechanical

What to automate, and how

(baseplate +) PSp + spacers + PSs

the high-precision steps of the module assembly

ï the core idea:

õ markers on sensor corners aligned
to pixels/strips to high precision

õ measure their positions and
use it to align sensors

ï the goal:

õ an automated system that can locate
markers and move sensors into alignment

tolerance on PSp-PSs alignment: 800 µrad

M. Missiroli (DESY) | Automating the assembly of PS modules for the CMS Phase II Tracker 8 / 27

What to automate?

• high-precision steps of assembly: 
•  baseplate + MaPSA + spacers + PSs

• use high-precision markers on sensor corners and precise 
mounting jig with markers  

• PSp sensors edges extended by 300 μm wrt. PSs 
—> both corner markers visible from top 
          one camera sufficient 
          metrology ‘built in’



Automated PS Module Assembly
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Camera

Hardware / pickup tool and platform

ï ESD plastic “pickup tool”

õ vacuum distributed via inner chamber
and ESD rubber suction cups on lower surface

õ provides secure but non-destructive
handling of sensors

ï assembly platform on rotation stage

õ independent vacuum lines for
spacers and baseplate/sensor

õ positioning pins for baseplate

õ positioning stops for spacers

M. Missiroli (DESY) | Automating the assembly of PS modules for the CMS Phase II Tracker 10 / 27

Hardware

ï integrated system comprised of

õ motion stage precision:
5 µm in (x, y, z), 175 µrad in ◊

õ robot-arm with camera and vacuum
handling to pick-up/put-down sensors

õ custom-made assembly platform
to be mounted on rotation stage

(x, y, z, ◊) motion stage

high-res cameravacuum tooling

XYZ Motion Stage

Camera

Vacuum
Pickup Tool

Assembly Platform

Rotation Stage

M. Missiroli (DESY) | Automating the assembly of PS modules for the CMS Phase II Tracker 9 / 27

system consists of

�18



Automated PS Module Assembly
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• Dedicated software developed to control motion, vacuum, image  
acquisition 

• need to use small amounts of fast-curing glue (epoxy) to allow for handling 
(R&D ongoing)

Hardware

ï integrated system comprised of

õ motion stage precision:
5 µm in (x, y, z), 175 µrad in ◊

õ robot-arm with camera and vacuum
handling to pick-up/put-down sensors

õ custom-made assembly platform
to be mounted on rotation stage

(x, y, z, ◊) motion stage

high-res cameravacuum tooling

XYZ Motion Stage

Camera

Vacuum
Pickup Tool

Assembly Platform

Rotation Stage

M. Missiroli (DESY) | Automating the assembly of PS modules for the CMS Phase II Tracker 9 / 27

SW interface to PatRec and Alignment
ï real-time feedback on PatRec/alignment results

Pattern Recognition interface

M. Missiroli (DESY) | Automating the assembly of PS modules for the CMS Phase II Tracker 14 / 27
�19



Automated PS Module Assembly

D
or

is
 E

ck
st

ei
n

12
th

 T
er

as
ca

le
 D

et
ec

to
r 

W
or

ks
ho

p,
 D

re
sd

en
 , 

 1
4.

3.
20

19

• Mechanical prototypes assembled with glass sensor 
dummies with laser engraved markers 

• All within specs 
• Next steps: evaluate glues 

• Other assembly steps will be jig-based

�20

• two types of glue used in the assembly  
•  Polytec EP 601 LV

• standard glue used for OT module assembly 
• slow curing: approx 24h 
• fully uniform thin glue layer 

•Loxeal or Loctite fast Epoxies 
• fast curing: approx. 10 min 
•very small amounts needed 

• fast glue necessary to be able to lift assembled parts 
• similar dispensing for baseplates and spacers 
•qualification ongoing 



From Modules to TEDD
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DESY LouvainTEDD Integration

Dee Integration

Module Burn-In

Module Production

2S PS

US NE 
1250

US MW 
1250

Perugia 
1000

Bari 
1000

DESY 
1250

Aachen 
1000

KIT 
2000

Belgium 
2000

Pakistan 
2000

India 
2000

US NE 
1000

US MW 
1000

DESY 
PS 4.0 mm: 1128 
2S 1.8 mm: 1184 
2S 4.0 mm: 104

Louvain 
PS 4.0 mm: 884 
2S 1.8 mm: 860 
2S 4.0 mm: 108

DESY 
1250 x PS   3000 x 2S

Lyon 
PS 4.0 mm: 732 
2S 1.8 mm: 748 
2S 4.0 mm: 212

under discussion

�21
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Page 1 

Options for integration and shipment 

•  Only one type of integration tooling 
per center. 

•  High number of shipments of 
integrated Dees 
•  DESY uses Lyon shipping box 

| Presentation Title | Name Surname, Date (Edit by "Insert > Header and Footer") 

DESY 
Prod: 16x T-1 
Integr: 16x T-1 

Lyon 
Prod: 24x T-2 
Integr: 12x T-2 

Louvain 
Integr: 12x T-2 

•  Minimized number of shipment of 
integrated Dees. 
•  Less testing 

•  DESY and Louvain integrate both 
types. 
•  More flexibility 

12x T-2 

DESY 
Prod: 16x T-1 
Integr: 8x T-1 

8x T-2 

Lyon 
Prod: 24x T-2 
Integr: 12x T-2 

Louvain 
Integr: 8x T-1 

4x T-2 
4x T-2 

8x T-2 

T-1: TEDD-1 Dee 
T-2: TEDD-2 Dee 
  

 bare Dee 
 equipped Dee 

Option 1 Option 2 

under discussion
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R&D and Prototyping

MaPSA

Modules

Mechanical Prototypes

Early Prototypes

Final Prototypes

Burn-In Test

Dee

TEDD

MaPSA

MaPSA Pre-Production Testing

MaPSA Production Testing

Module

Module Pre-Production

Module Production

Burn-In Test

Pre-Production Module Burn-In Test

Production Module Burn-In Test

Dee

Dee Pre-Production

Dee Production

Dee Integration and Testing

TEDD

Disk & Double-Disk Integration & Testing

TEDD Integration

Packing and Shipping

OT Integration & Commissioning

TEDD Insertion @ CERN

Outer Tracker Commissioning @ CERN

Title

01.10.16 17.06.21

01.10.16 10.12.20

01.10.16 04.03.21

01.10.16 10.01.20

10.01.20 06.08.20

07.08.20 04.03.21

01.03.19 09.07.20

01.10.16 17.06.21

01.10.16 06.07.20

10.12.20 25.10.23

10.12.20 28.04.21

29.04.21 25.10.23

03.09.20 17.11.23

25.06.21 16.12.21

17.12.21 16.11.23

09.07.20 14.12.23

23.07.21 26.01.22

27.01.22 14.12.23

05.08.19 02.04.24

28.04.20 06.07.21

07.07.21 06.06.23

04.05.22 02.04.24

22.02.22 17.09.24

03.05.23 16.04.24

01.05.24 23.07.24

24.07.24 17.09.24

01.09.23 09.10.25

08.11.24 16.01.25

17.01.25 09.10.25

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2

�23

Current Planning - under development



Summary and Outlook
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Thanks to colleagues from Aachen, KIT and DESY 
especially T. Ziemons, S. Maier, M. Missiroli, A. Mussgiller, M. Haranko 
who provided me with information and plots

�24

• One CMS tracker endcap will be produced in Germany
Aachen, KIT and DESY contributing

• Aachen and KIT will assemble 2S modules
• DESY will assemble PS modules
• Systems under development to test full modules, cooled
• All modules will undergo burn-in at DESY and will be integrated 
  onto TEDD

• R&D and prototyping towards production are well under way



BACKUP
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Cooling
• Modules are cooled via evaporative CO2 to keep sensors at <-20℃ 

•cooling contacts to pipes embedded in e.g. Dee through 
—> carbon foam —> Dee facing —> PS baseplate to sensor 
—> aluminium inserts in Dee with cooling pipe embedded to 2S spacer 
—> good thermal contacts necessaryPrototype

CAD

�26
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Introduction - Limitations of the Current Tracker III

5

Phase 1 Tracker Phase 2 Tracker
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Test of produced Modules - mini Modules in Test Beams
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100 um

2S Mini Module
Single-Chip MaPSA

�28

DESY
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TEDD Support Structure - Dee
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- +

• Backbone is a carbon fibre sandwich half-disk structure (Dee)
• ~225 cm in diameter
• 10 mm thickness

• Modules are mounted from both sides onto structure
• O(300 μm) positioning precision

• 20 Dees are combined to build one TEDD
• 150 cm total length 12
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End Cap Integration - Arc-Frame
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• Dee is part of the TEDD mechanical structure
• TEDD has no ‚super-structure‘ into which Dees are inserted

• A single Dee is a rather floppy object
• Dees will stay in dedicated handling frame through-out integration 

process
• reception tests   � module integration   � TEDD assembly

• Only when all 20 Dees are combined they become a stiff object
• 4 Dees   � 2 Disks   � Double-Disk
• 5 Double-Disks   � TEDD

• Arc-frame design has to be compatible with all integration steps
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End Cap Integration - Disk & Double-Disk Assembly
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• Upper Dee is mounted in a static holding frame, lower Dee is supported by manual motion stages
• Relative alignment via metrology and motion stages
• Upper and lower Dees are pinned together and both Arc-Frames are mechanically connected when 

alignment is achieved
• Assembled Disk is then moved to ‚parking‘ position
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End Cap Integration - Disk & Double-Disk Assembly
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• Second Disk is assembled and remains in static holding frame
• First Disk is moved back from ‚parking‘ position and supported by manual motion stages 
• Relative alignment via metrology and motion stages
• Both Disk are bolted together and Arc-Frames are mechanically connected when alignment is achieved



D
or

is
 E

ck
st

ei
n

12
th

 T
er

as
ca

le
 D

et
ec

to
r 

W
or

ks
ho

p,
 D

re
sd

en
 , 

 1
4.

3.
20

19

End Cap Integration
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• Relative alignment of all five Double-Disks via metrology and manual 
motion stages

• Insertion of inner tube, longitudinal support bars and support rings when 
alignment is achieved


