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Why we need excellent momentum resolution?

Motivated by requirements of leptonic final
states

Higgs recoil measurement: reconstruction
of Z → e+e− and Z → µ+µ−

Measurement of H → µ+µ−

Slepton production

Goal: σ(pT)/p2T ≈ 2× 10−5GeV−1

H → µ+µ− at 3TeV
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Momentum resolution
CLIC SiD
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Momentum resolution goal reached for high momentum tracks in the central
region

Multiple scattering term dominates up to highest momenta

Could we relax some of the parameters, i.e. B field?
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TPC Occupancies

TPC readout integrates over full bunch train

Voxel occupancies reach > 10% for inner radii with pad readout

Pixel readout could mitigate the occupancy problem
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(a) The pad occupancy for different pad sizes.
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(b) The pixel occupancy for different pixel sizes.

Figure 3: The two dimensional occupancy (fraction of active pads or pixels) for one bunch
train of beam induced background at 3 TeV in the CLIC ILD TPC as a function
of the radius for different pad and pixel sizes.

sample during the bunch train, divided by the total number of pads/pixels.

• Voxel occupancy
The voxel occupancy is the number of 3D readout cells (voxels) which see a signal, di-
vided by all voxels in the TPC. A voxel has the size of a pad or pixel in the xy direction
and the length of one time sample multiplied by the drift velocity in z direction. Due to
the shaping of the electronics, a single pulse occupies several voxels, even if the signal is
just on one channel. With a typical drift velocity of 79 mm/µs and a readout frequency of
40 MHz the voxel size in z is ≈ 2 mm.

3.2 Pad/pixel occupancy

The pad occupancy for 1×6 mm2, 1×4 mm2 and 1×1 mm2 pads is shown in figure 3a. One
can see that up to a radius of one metre basically all pads see a signal at some time during the
bunch train. The pattern recognition truly has to be three dimensional as there almost certainly
is a signal on the neighbouring pad. Even at the outer radius of the TPC the pad occupancy is
20 % to 40 %, depending on the pad size.

The pixel occupancy (figure 3b) for 100×100 µm2 and 200×200 µm2 is also above 90 % near
the inner field cage of the TPC, but it drops quickly towards larger radii. For 55×55 µm2 pixels
the two-dimensional occupancy is only 40 % at the inner parts of the TPC, dropping to 2 % in
the outer region. The high occupancy in the inner region shows that the readout ASIC should
feature multi-hit capability and a short enough shaping time to allow a sufficient separation in
the z direction.
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(a) The voxel occupancy for different pad sizes [4].
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(b) The voxel occupancy for different pixel sizes.

Figure 5: The voxel occupancy of one bunch train of beam induced background at 3 TeV
in the CLIC ILD TPC as a function of the radius for different pad and pixel
sizes.
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Figure 6: The number of pulses per pixel
for a pixel size of 100×100 µm2.
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Figure 7: The pulse lengths for a pixel size of
100× 100 µm2 and a shaping time of
60 ns for the rising and the falling
edge.

in the order of 200 µm.
Figure 6 shows the number of pulses per pixel for a pixel size of 100× 100 µm2. It shows

an exponential behaviour, with 72 % of the pixels only having one pulse, and 94 % of the
pixels seeing three pulses or less. This confirms the conclusion that individual electrons can be
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Tracker Layout

2 Simulation setup

Two independent fast simulation setups were used to study the dependence of reconstructed
track parameters on the CLIC ILD and CLIC SiD detector layouts:

• LiC Detector Toy v. 2.0: The LiC Detector Toy simulation and reconstruction framework
(LDT) [9] simulates the passage of single tracks in the magnetic field through the detector
including multiple scattering. Detector elements are modeled as ideal cylinders and disks.
LDT is implemented in Matlab [10]. It reconstructs track parameters using an outside-
in Kalman filtering algorithm. LDT was used for the majority of the simulation results
presented in the following.

• CMS Kalman Filter: The CMS Kalman Filter implementation (CMS-KF) [11] performs
an analytical computation of track parameters, taking into account multiple scattering. The
outside-in Kalman-Filter implementation is similar to the one used in LDT. The CMS-KF
tool was used for a dedicated study of the forward-tracking region (section 4).

The main parameters of the LDT tracking simulation models of the CLIC ILD and CLIC SiD
detectors are given in Tab. 1. Figure 1 shows a sketch of the baseline tracking geometries. Pixel
detectors are assumed for the vertex barrel and innermost forward layers, followed by stereo
layers of silicon strip detectors in the forward region. The simulations also include the outer
barrel tracking detectors, consisting of a time projection chamber (TPC) with an envelope of
silicon strip detectors for CLIC ILD and of silicon strip detectors for CLIC SiD. The barrel
silicon strip layers of CLIC SiD provide a measurement of the R-φ coordinate, while the z
coordinate is only constrained by the length of the respective modules of approximately 10 cm.
A solenoidal magnetic field is simulated at 4 T for CLIC ILD and at 5 T for CLIC SiD.
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Figure 1: Tracking geometries used in the LDT simulation of the CLIC ILD (a) and of the
CLIC SiD (b) detector, respectively.

A closer look at the vertex regions is shown in Fig. 2. For CLIC ILD, the vertex region
consists of three double layers of cylindrical pixel sensors and three double disk layers of pixel

3

Hermetic coverage down to the beam pipe

Ideally equally spaced measurement points
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CLIC ILD

5.2 TRACKER CONCEPTS

between the resolution on the second coordinate, which improves with increasing angle, and the need to
keep the hit rate under control.

The Silicon External Tracker (SET) consists of a false double-sided layer of silicon strip detectors,
located between the external radius of the TPC and the inner radius of the ECAL. The same detector
technology as described above for the SIT is foreseen also for the SET, resulting in an rφ resolution of
7 µm and a resolution in z of 50 µm. The SET will improve the overall momentum resolution and provide
an entry point to the ECAL after the TPC’s outer field cage wall.

The Endcap Tracking Disk (ETD) is located between the TPC readout plane and the front face of
the ECAL endcap. Three closely spaced single layers of silicon disks with a single-point resolution of
≈ 7 µm will be mounted with stereo-angles of 60◦ with respect to each other, resulting in a symmetric
configuration with a single-point resolution in x and y of 5.8 µm.

Micro-strips have demonstrated capabilities in terms of spatial resolution and readout speed. Re-
cent progress is primarily in increasing the radiation hardness of the sensors and front-end (for the LHC
programme) and in further integration of the detector elements. The focus of the community involved in
future lepton colliders, in particular the SiLC R&D collaboration, is on the latter. Functionalities tradi-
tionally performed by separate elements or the readout hybrid can be integrated directly on the sensor.
For instance, a detector with pitch adapters integrated in a second metal layer on the sensor has been
operated successfully.

Figure 5.5 (left) shows the number of measurement points in the silicon detectors and the fraction
of TPC pad rows covered as a function of the polar angle, while Figure 5.5 (right) shows the thickness in
units of X0 of the tracking system, including beam pipe, as used in the CLIC_ILD full simulation studies.
The sharp peak at low angle corresponds to the conical section of the beam pipe.
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Fig. 5.5: The number of measurement points in the CLIC_ILD silicon detectors and the fraction of
TPC pad rows covered as a function of the polar angle (left). The thickness of the tracking system,
including beam pipe, as used in the CLIC_ILD full simulation studies (right). The sharp peak at low
angle corresponds to the conical section of the beam pipe.

5.2.2 The All-Silicon CLIC_SiD Tracking System

In contrast to the ILD concept, the SiD detector relies upon strong integration between the vertex detector
and the outer tracker in order to provide pure and efficient tracking for charged particles. The outer
tracking system for the SiD concept consists of an all silicon tracker arranged as a set of five nested
cylinders in the central region with four disks of silicon stereo-strip detectors on each side, mounted

99

CLIC SiD

5.2 TRACKER CONCEPTS

The cylindrical support barrel for each layer consists of sheets of carbon fibre composite sand-
wiched around a ROHACELL-foam core, fabricated as a single unit. The conical supports for the end-
caps are constructed in the same way and mount to the outer faces of flanges which are integrated in the
ends of each barrel cylinder, creating a set of closed and rigid units. Spoked, annular rings connect these
flanges to the inner surface of the next cylinder outward to create a nested structure which is, as a whole,
supported at the ends from the inner radius of the ECAL support structure. Mounted to the outside of the
spoked support rings there are readout and power distribution boards which collect data and distribute
control signals for the modules in each layer.

The coverage of the CLIC_SiD tracking system as well as the accumulated material budget, in-
cluding dead material such as readout, cables and support, are shown in Figure 5.7 as a function of the
polar angle. At least 6 hits are measured for all tracks with a polar angle down to about 8◦. The vertex
detector, including the beryllium beam pipe (see Figure 4.2) and the carbon fibre support tube, amount
to about 1% X0 for an incident angle of 90◦. The total material of all tracking systems corresponds to
about 7% X0, which increases to about 17% X0 in the transition region between barrel and disk detectors
at polar angles between 30◦ and 40◦.
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Fig. 5.7: The coverage of the CLIC_SiD tracking system (left) and the amount of material in the tracking
region expressed as a fraction of a radiation length X0 (right) as a function of the polar angle θ . The
conical beam pipe causes the sharp peak at θ ≈ 7◦.

A module is the smallest functional unit of the CLIC_SiD tracker. In the barrel, a module consists
of a single, square, micro-strip sensor read out by two chips through a single short pigtail cable and
glued to a simple low-mass support frame. The endcap modules have the same basic construction,
but have identical isosceles-trapezoidal sensors on both sides of the support frame to deliver stereo hit
information. The support frame holds the sensors flat and allows for easy handling and stable mounting
to the support structures. Each frame is composed of a pair of thin, high-modulus carbon fibre sheets
sandwiched around a thin sheet of ROHACELL foam. Large openings are cut in each frame leaving only
a pair of cross braces under the sensor to minimise material. Glued to the edges of each module there are
three carbon-filled PEEK (poly ether ether ketone) support points which engage a carbon-filled PEEK
mounting clip that is glued into the support cylinders. This arrangement allows for easy installation,
removal and repair of individual modules.

The barrel sensors, already prototyped by Hamamatsu, are single-sided, AC-coupled, p+ on n-bulk
sensors with 25 µm sensor pitch and 50 µm readout pitch. The readout strips are connected by vias to
traces on a second metal layer that route the input signals to a pair of bump bonding arrays near the
centre of the sensor. A pair of 1024-channel readout ASICs, called KPiX [17], is bonded to those arrays.

101
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Occupancies

CLIC ILD forward tracking disks
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(a) Beryllium beam pipe
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(b) Iron beam pipe

Figure 27: Radial distribution of the hit densities in the forward tracking disks for the beryllium
and 4 mm iron beam pipe from incoherent pairs.
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(a) Beryllium beam pipe
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Figure 28: Radial distribution of the hit densities in the forward tracking disks for the beryllium
and 4 mm iron beam pipe from γγ events.

disks are not negatively affected, because the secondaries are produced too far away. For disk
7 and 8 the reduction of indirect hits from incoherent pairs outweighs the increase of hits from
γγ→ hadrons.

Figure 29 shows the hit densities of selected FTDs: the last double pixel disks (FTD 5/6), the
first two strip-based disks (FTD 7 and 8), and the last strip-based disk (FTD 11). For incoherent
pairs, the hit densities for the 1.2 mm beryllium and 4 mm iron beam pipe are shown, for the
γγ→ hadrons only the 4 mm iron option is shown. Besides the total hit density, the rates of
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Figure 30: Maximum readout occupancy per train as a function of the strip length for the five
outer FTDs. The hits from incoherent pairs and γγ → hadrons are summed and
integrated over the respective strip area, taking into account cluster formation and
safety factors as discussed in Section 4.5.

direct (tHit < 12 ns) and indirect (tHit > 12 ns) hits are also shown. It can be seen that for the γγ→
hadron events (Figure 29 c,f,i,l) the direct hits dominate. For the incoherent pairs this depends
on the position of the disks and the radius. For the inner disks FTD 5-7 (Figure 29 a,b,d,e) the
back-scattering contribution is dominating with the beryllium beam pipe. With the iron beam
pipe, on the other hand, the direct component dominates, except for the outer radii of disk 7. For
the other disks FTD 8 and FTD 11 (Figure 29 g,h,j,k), the indirect component dominates, but is
reduced with the 4 mm iron beam pipe.

7.2. Hit Densities in the Forward Tracking Disks

As can be seen in Figures 27b and 28b the hit rates, both from incoherent pairs and γγ events,
depend only on the radius, and are independent of the Z-position of the disk. The hit rates, non-
ionising energy loss, and total ionising dose with the 4 mm beam pipe for all vertex and forward
tracking disks can be found in Appendix A in Tables A.1 to A.8.

The maximum hit density is 1 · 10−2 Hits/mm2/BX at the inner radius of the third double
layer (FTD 5/6). The number of hits increases here with increasing distance to the IP, because
smaller polar angles are reached at the same radius. The first doublet, closer to the vertex barrel
layers, has a hit density of 7 · 10−3 Hits/mm2/BX similar to the rate in the first vertex barrel
layer. As the same pixel sizes are foreseen, the occupancy at the inner radius is the same as for
the vertex barrels.

The readout occupancies per train, integrated over the respective readout unit and taking into
account cluster formation and safety factors as discussed in Section 4.5, depend on the geometry
of the respective layers. The highest train occupancy in the pixel layers reaches 2.8% at the inner
part of the third double disk. Figure 30 shows the maximum readout occupancy per train as a
function of the strip length for the five outer FTDs. The innermost single disk layer (FTD 7),

38

Occupancy problematic for strip detectors in forward region

Use large pixels or strixels instead - no stereo strip layers
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10.2 OVERVIEW OF SUBDETECTORS AND THEIR IMPLEMENTATION SCHEME

Table 10.1: Overview of readout details for the various subdetectors of the CLIC_ILD detector concept.
Occupancies and data volumes are for a full bunch train and include charge sharing between pixels/strips.
Safety factors of five and two are applied to the rates of the incoherent pairs and the γγ → hadrons, re-
spectively; except for the TPC, for which no safety factors have been applied. Occupancies averaged
over entire subdetectors are compared to the maximum values obtained for the regions with the highest
backgrounds.

time time number average number
stamping sampling cell of to maximum of bits data
resolution period size channels occupancy per hit volume

[ns] [ns] [mm2] [106] [%] [bit] [Mbyte]

VTX barrel ∼ 5 10 0.02×0.02 945 < 1.5 - 1.9 32 56
VTX endcap ∼ 5 10 0.02×0.02 895 < 2.0 - 2.8 32 72
FTD pixels ∼ 5 10 0.02×0.02 1570 0.1 - 1.0 32 6.3

FTD strips ∼ 5 10 - 25 0.05×100 1.6 160 - 290 16 48
SIT ∼ 5 10 - 25 0.05×90 1.0 100 - 174 16 30
SET ∼ 5 10 - 25 0.05×438 5.0 17 - 17 16 150
ETD ∼ 5 10 - 25 0.05×300 4.0 38 - 77 16 120

TPC –a 25 1×6 3b 5 - 32 24 500

ECAL barrel 1 25 5×5 69.5 < 3 16 2090
ECAL endcap 1 25 5×5 43.2 60 - 150 16 1300
HCAL barrel 1 25 30×30 6.9 < 5 16 210
HCAL endcap 1 25 30×30 1.8 120 - 5200 16 54
HCAL rings 1 25 30×30 0.2 < 5 16 6.0
LumiCal 5 10 5×5 0.2 600 - 6000 32 28
BeamCal 5 10 8×8 0.1 15600c 32 15

MUON barrel 1 25 30×30 1.4 0.01 - 0.05 24 < 0.01
MUON endcap 1 25 30×30 2.4 0.12 - 10 24 < 0.01
a By combining with different subdetectors in offline reconstruction 2 ns will be achieved.
b The 3D TPC reads out 1000 voxels per channel for each bunch train.
c All cells measure a signal for each bunch crossing.

these requirements calls for typical pixel sizes of 20 µm×20 µm combined with limited pulse height in-
formation for charge sharing purposes and an adequate Signal-to-Noise ratio, while the material budget
has to be kept as low as 0.2% X0 per layer. Power dissipation shall be at the level of 50 mW/cm2

including power pulsing, which will make it possible to foresee low mass air-cooling. The maximum
occupancy within the 20 µm×20 µm pixels will be 3% per bunch train, including a safety factor of five
for the incoherent pairs and a safety factor of two for the γγ → hadrons. The signal will originate from
a depleted silicon layer of ≈20 µm thickness, in the case of an integrated CMOS sensor, to ≈50 µm
thickness, in the case of a hybrid detector, and will therefore correspond to 1300-3300 electrons.

While several pixel detector technologies are considered for implementation an example based
on a hybrid pixel detector and on the experience with the Timepix1 ASIC [4] is given to evaluate a
possible readout concept. Assuming a detector chip organisation as an array of 512×512 pixels with
20 µm× 20 µm dimension, each pixel will include a simple front-end coupled to a discriminator and a
digital counter with 4 bits for the arrival time measurement, for 16 time-slices of 10 ns, and 4 bits for
Time-Over-Threshold (TOT) measurements. With a 50 µm thick silicon sensor simulations show that
setting the overall minimum threshold at 500 electrons (channel noise below 65 electrons) the detection
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Tracking software

Digitization

Need realistic simulation of charge collection and readout in silicon detectors
and hit clustering

Make use of the SiSim package in org.lcsim: noise, charge generation, etc.

Include experience from pixel R&D

Track finding and track reconstruction

SeedTracker algorithm in org.lcsim is very flexible but too simplistic →
need a Kalman filter

trf (D0 tracking), AIDA Tracking toolkit, MarlinTrk

How does the full overlay (including pairs) affects pattern recognition

Impact of realistic magnetic field map - need Runge-Kutta stepper?

Include first ECAL layer in track reconstruction to improve z resolution in case
of barrel strip option

Calorimeter assisted tracking to recover late decays in all silicon option
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Engineering aspects

Which technology options to reach the desired segmentation goals

Is air cooling feasible?

Realistic estimate of required services and cabling

Is the current amount of support sufficient?

How realistic are 0.5–1% X/X0 per layer in the main tracker?
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