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always 
the next 
tracker

Uses no 
power so requires 

no cooling

Has 
infinite readout 

bandwidth

Is 
robust 
against radiation 

damage and 
accidents

Has 
perfect 

energy resolution 
and infinite dynamic 

range

Is 
simple 
and 

inexpensive 
to build

Contains 
no material but is 

perfectly stable 
mechanically

Has 
infinite 

readout granularity in 
both space and time

In the mind of the tracking designer...

“My next
tracker!”
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In all concepts, outer Si tracking part of an integrated tracking system!

• Pattern recognition includes vertex detector (also ECal!)

• Outer silicon tracker has a primary role only in measuring pT.

• Physics requires excellent resolution at all 𝛳, pT.  Given B and ΔR:

• high pT resolution 

• low pT resolution 

• forward tracking cannot be an afterthought.

• Particle-flow calorimeters to measure jets with exquisite precision. 
Must not place material in front of ECal that jeopardizes this mission.

• Cost and complexity should not be ignored.
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Shopping List

•Provide coverage as hermetic as possible

•Minimize material/hit

•Minimize single-hit resolution in r-phi

•Minimize number of hits required to 
achieve acceptable pattern recognition

•Employ simple, mature solutions where 
possible to lower risks and contain costs.
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Example: SiD for the ILC

Aggressive performance at a constrained cost

• 5-layer silicon vertexing detector 
(~3×109 channels)

• 5-layer silicon microstrip tracker 
(~3×107 channels)

• Finely segmented particle-flow 
calorimeter with Si-W ECal
(~2×108 channels)

• All inside a 5 T solenoid: SiD is 
“small” (roughly CMS-sized)

SiD is a “particle flow” detector:
subdetectors work together to reconstruct 
the physics objects, including tracks
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SiD Tracker Coverage

Bill Cooper Tracking R&D Review Beijing 5

Detector Open / Full Access to Inner Detector

Inner detector

Outer tracker

(ignoring module overlaps)

forward hits are stereo pairs.
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modules

double-sided 
stereo m

odules

2 Vertex Detector

• Timing resolution better than 20 µs (preferably one bunch crossing)

These requirements then drive the design of the vertex system. The 5 µm resolution
implies a pixel size of 17 µm, larger if charge sharing is used to improve the resolution.
Some CMOS MAPS devices, which collect charge by diffusion rather than drift, can utilise
larger pixels because diffusion naturally spreads the charge.

The small radiation length per layer is driven by the need for precise three dimensional
vertex resolution for heavy quark decays. This resolution has a direct effect on the efficiency
for b and c hadron identification. For a device with 0.3% radiation length per layer air
cooling appears to be the only viable low-mass sensor cooling technique. Gas cooling places
a limit on the average power based on the heat which can be removed by laminar flow of
the cooling gas. We combine this with an effective duty factor of 80-100 to calculate the
maximum average power in the barrel.

Timing resolution effects the number of overlapping events that occur when the detector
is read out. Here there is a tradeoff between speed and front-end signal to noise and power.
Fortunately, the low capacitance and high signal-to-noise ratio of a finely pixelated sen-
sor allows for acceptable power dissipation for single-crossing (⇡ 700ns) time resolution.
Therefore our baseline design assumes single-crossing time-resolution.

Figure 2.1.1: Layout of the vertex and forward tracking region, including carbon-
fibre support and forward cone. Dimensions are in mm

2.2 Baseline Design

Given the significantly extended physics reach that can be achieved with superb vertex re-
construction – primary, secondary and tertiary – the vertex detector for SiD is proposed to
be an all-silicon structure in a barrel-disk geometry. A side-view of the vertex detector is
shown in Figure 2.2.1.

The geometry parameters of the vertex detectors are summarized in Table 2.2.1. The
five barrel sensor layers are arranged at radii ranging from 14 to 60 mm. The vertex detector

22 —DRAFT— Last built: October 26, 2012
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3 Silicon Tracking

Figure 3.2.2: Rj projection view of the tracker barrels and disks.

of these support rings are the concentrator boards that connect to all of the individual mod-
ules. Each board hosts charge storage and DC-DC conversion to provide pulsed power to
at least ten sensors as well as distribution of clock and control signals and electrical to op-
tical conversion of signals to concentrate data output. With high-voltage low-current power
and optical transmission of data, the cable cross-section needed to service the concentrator
boards for the entire detector is minimised, improving the hermeticity of the detector at the
barrel-disk transitions. In order to spread out the material in the concentrator boards and
support rings, the barrel-disk transitions of the different layers are non-projective. The im-
pact of the concentrator boards on the material budget can be seen in Figure 3.2.3, which
shows the material inside of the ECAL as a function of polar angle.

42 —DRAFT— Last built: October 26, 2012



Reducing Material/Hit

Large silicon trackers (ATLAS, CMS) 
have been too massive for a LC!

•Power

•Cooling

•Readout

•Support

•Sensors

This is the primary challenge!

CMS

ATLAS
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Reducing Power/Cooling: ILC Timing

Pulsed operation of front end results in 
~100X reduction in dissipated power

• Minimizes cable plant and cooling

• The SiD realization is KPiX ASIC

• 1024 channels 

• 20 μW/channel avg. = 400 μW/cm2

➡~600 W total for 30 million channels: 
tracker can be gas cooled

KPiX used in ECal, possibly HCal, Muons also!

Bunch Structure at the ILC

~3000  to ~6000  bunches/train

5 Hz Repetition

1 ms

199 ms

(~150  to ~332 ns between bunches)

1 ms

• Final bunch structure of cold machine not yet known

• Bunches unlikely to be closer than 150 ns (kickers)

• Total length of bunch train unlikely to be more than 1ms
(damping ring size)

LCWS 05 2 19 March 05 – David Strom – UO

~1 ms (1312 bunches) ~1 ms (1312 bunches)199 ms, no beam
front end off

a single cell of KPiX

20
0 
μm

500 μm

LCWS 12 UTA 11 

Cross talk Study: Red: 4 pixels pulsed at 
500 fC, 
All other channels shown. Blue: no pixels 
pulsed. 

First Performance Studies 

Cosmic  telescope  “forced”  
trigger 
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Reducing Readout Material

KPiX stores signals acquired during a bunch 
train in 4 analog buffers

• Hits are time-stamped to individual bunch 
crossings, reducing background susceptibility

• Digitization and readout occur between bunch 
trains, minimizing potential for pickup of digital 
activity on analog front end.

Along with an enormous repertoire of built-in 
capabilities and flexibility of configuration, KPiX may 
be bump-bonded directly to sensors

digital section inactive

Bunch Structure at the ILC

~3000  to ~6000  bunches/train

5 Hz Repetition

1 ms

199 ms

(~150  to ~332 ns between bunches)

1 ms

• Final bunch structure of cold machine not yet known

• Bunches unlikely to be closer than 150 ns (kickers)

• Total length of bunch train unlikely to be more than 1ms
(damping ring size)
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UBM/bumping/bonding by IZM

Bonded Sensor 

» UCD has bonded a cable to one; it is being tested at SLAC. 
» UO is probe testing the other. First results will be shown. 

 

10 LCWS 12 UTA 

KPiX bump bonded to sensor 
Cable bump bonded to sensor 
Assembly 1 mm high 

bonded to ECal sensor
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SiD Tracker Module Design
• Two bump-bonded KPiX ASICs with double-metal readout: no hybrid circuit board!

• Single-sensor modules ensure low capacitance ⇒ high signal/noise

• negligible single-hit inefficiency reduces reliance upon redundancy in layout

• excellent single-hit resolution provides best possible high-pT resolution

• per-sensor occupancy from physics+noise is small: allows use of single-sided 
(r-𝜑 only) modules in barrel without compromising pattern recognition 

Power and readout
also routed on double-metal


 Pigtail Cable
 11 December 14,2011 

 Pigtail Cable on a Sensor  
•  Cable is just laying on the sensor & is not attached 

KPiX bonding
arrays

bias
connection

double-metal
traces
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Thinned Sensors?

The last place to pare down material

• High S/N is valuable!

• efficiency

• resolution

• purity (rate of noise hits)

• With 14,000 sensors; keep it simple, cheap

• 300 𝜇m, single-sided, p+ in n-bulk, <100> Si

• Largest square sensor from 6” wafer

• Want best resolution for channel count

• 25 micron sense pitch with 50 𝜇m readout
⇒ 4-5 𝜇m single-hit resolution at high S/N.

resolution vs. readout(sense) pitch (μm) 

Signal/Noise

R
es

ol
ut

io
n 

(μ
m

)

50(50) 

50(25) 

25(25) 

simulation, 
benchmarked 

against test beam

12

10
 c

m

10 cm



Minimizing Support Material

Emphasis on mass-producibility, ease of 
assembly, handling: conservative w.r.t. material

• Holds silicon flat; provides stable, repeatable mount

• Double-sided with addition of silicon on back side:
forward concept differs only in shape

• Pair of high-modulus carbon-fiber 
composite sheets around Rohacell 31 foam

• 0.10% X0 average w/o mounting hardware

• Carbon-fiber reinforced PEEK 
mounting clips glue to large-scale supports

3 Silicon Tracking

a single unit, similar to those used in the DØ CFT and the ATLAS SCT [5]. The inher-
ent rigidity of the cylinders allows for holes to be cut where allowed by module mounting
locations to further reduce the average material experienced by passing particles without
significantly compromising rigidity. The outer surface of each cylinder is populated with
PEEK mounting clips for the modules that allow the insertion and extraction of individual
modules without the use of tools, facilitating module replacement without complete disas-
sembly of the tracker. The normal to each module is tilted with respect to the radial direction
to allow for overlap between modules that are adjacent in f and partially compensate for
the Lorentz direction. Adjacent modules in z alternate between inner and outer mounting
positions to provide longitudinal overlaps. The material presented by a single barrel layer is
approximately 0.8% X0 for tracks at normal incidence.

The modules themselves comprise a single sensor, read out via two bump-bonded KPiX
ASICs and a short polyimide cable supported by a composite support frame. A rendering of
a module is shown in Figure 3.2.1. The sensors are single-sided, poly-biased, AC-coupled,

Figure 3.2.1: A barrel module of the SiD outer tracker.

micro-strip sensors fabricated on 300 µm thick, <100>, p+ on n bulk, high resistivity sil-
icon. The nominal sense(readout) pitch is 25(50) µm, with the intermediate strips capaci-
tively coupled to readout strips to improve single hit resolution. The KPiX chips bonded to
the surface of the sensor, described more fully in Chapter 4, store time-stamped hits from
the tracker exactly as for the ECAL sensors, for readout between bunch trains. Traces on the
second metal layer of the sensor connect power and signal lines on the KPiX chip to a short

40 —DRAFT— Last built: October 26, 2012

13



Minimizing Support Material

Bill Cooper Tracking R&D Review Beijing 8

Outer Tracker End View

• Sensor modules will 
be described in a 
separate talk.

• Single type of 
module for all barrel 
layers

• The drawings show 
sensors positioned 
mid-way through 
the thickness of a 
module.

• Closest separation 
between modules = 
0.1 cm

• Modules are square
– Outer dimensions 

= 0.3 cm x 9.65 
cm x 9.65 cm

– Sensor active 
dimensions 
assumed to be 
9.2 cm x 9.2 cm

Modules tile CF/Rohacell cylinders (like D∅,  ATLAS):
minimizes material for given rigidity

• Module tilt corrects for Lorentz drift

• FEA results: 7 μm static deflection, fully loaded 

• 0.3% X0 for solid cylinders: could be ~50% void

• Endcap disks are of similar construction

D∅ CFT support cylinder
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Power and Readout Services

Spoked support rings host power and data concentrators

• Commercial optical transceivers work fine here for data

• DC/DC conversion reduces cable plant for power, but...
peak current for tracker during pulses is ~10000 A!

• Store charge for each pulse (~10 mC) locally on capacitors

• Carefully balance Lorentz forces in remaining cables

Technology here is rapidly evolving.

Example: DC/DC charge-pump ASIC (LBNL)1508 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 56, NO. 3, JUNE 2009

Fig. 1. Diagram of divide-by-4 stack capacitor configuration shown in the two
alternating phases. The solid circles represent closed switches. Switches are
numbered 1–10. All switches closed in one phase are open in the other.

TABLE I
SWITCH PROPERTIES

discharge-in-parallel approach is conceptually simple, but it im-
poses certain constraints on the design. Fig. 2 shows a block dia-
gram of the IC. The series switches consist of an entrance PMOS
(1), followed by 3 NMOS transistors (only two are shown in
Fig. 2: 2 and 4). As transistor 1 sees the full input voltage at
startup (when all of the capacitors are discharged) this must be
a high voltage device. The series NMOS (2–4), however, can be
low voltage devices. Conversely, the parallel NMOS switches
(5–10) generally have drain-source voltages greater than those
allowed for low voltage devices, and thus must be high voltage
devices.

Three principal modules had to be developed for this circuit:
the switch drivers, their power supplies, and a low-power level
shifter. In this circuit, the voltage swings on the charge-storing
capacitors C1-C3 can be much more than the low voltage supply
value for the process. Consider the NMOS switch 2 following
the entrance PMOS switch 1: in the charging (CHG) phase, its
drain and source voltages are (nominally) . In the
discharging phase (DIS), its “drain” voltage is ground, whereas
its “source” voltage is , i.e., drain and source swap termi-
nals between the two phases. The NMOS bulk must therefore
be actively driven in order to avoid drain-bulk breakdown.

In driving the high-capacitance nodes represented by the
switches, both analog (op amps or op amp comparator combi-
nations) and digital (inverter chains) techniques are commonly
used. For this circuit, inverter chains were selected, and that
requires generation of intermediate supply rails relative to the
sources of the switching NMOS transistors. These intermediate
voltages are developed by the blocks labeled “ ” in

Fig. 2. Circuit schematic of the DC-DC converter IC. The circuit pattern re-
peats and the middle repetition (the circuitry for capacitor C2) has been omitted
for brevity.

Fig. 2, and the voltage difference (relative to the NMOS source)
is stored on external capacitors. The 3.3 V supply voltage

is generated internally by linear regulator consisting
of a band-gap voltage reference and an op-amp. The same
band-gap is used to generate the internal bias currents for the
various amplifiers. A replica circuit level-shifts to
all of the stages.

For the ideal case of linear (dis)charging of all capacitors
and perfect current efficiency, every switch conducts, when
closed, a constant current equal to half the output current,
(for this particular topology). Since any switch is only closed
in one phase (i.e., half of the time for the 50% clock duty cycle
used), the average power dissipated in any given switch is

and so the total power loss is . From
this it follows that the expected output resistance (due to the
switches) in the limit of ideal operation is , or in
this case (summing the resistance values
from Table I, assuming the all errors are 100% correlated).
The impedance of the flying capacitors also contributes to the
output resistance a term of order 1/4fC (where f is the switching
frequency and C the capacitance), but their values and operating
frequency are chosen such that the switch resistance dominates
the output resistance.

An equivalent circuit for the DC-DC converter and test setup
is shown in Fig. 3. The converter is modeled as a perfect x4
converter plus output and shunt resistances. The load
resistance is . For the perfect converter the output current is
exactly 4x the input current and the output voltage is exactly
the input voltage. The drive capability is fully specified for any
load by and . The voltage conversion efficiency is given

TYPICAL APPLICATIONS

Back up power for SSD and 

C = 10 F

V
max

= 2.5 V

E
max

= 32 W · sec
I
max

= 4.5 A

Mass = 6.8 g

Example: Maxwell PC10 Ultracapacitor

only 1 mV droop during train but adds 0.3% X0 / layer
15



SiD Simulation

Scrupulous accounting of 
material is critical!

• Included in GEANT: 
sensors, chips, cables, 
connectors, bypassing, glue, 
module supports, module 
mounts, overlaps, power 
distribution boards, DAQ

• Goal 0.8%/layer, currently 
0.92%/layer

• Simulation includes overlaid 
backgrounds

Bill Cooper Tracking R&D Review Beijing 17

Radiation Lengths

• Our goal has been to limit the tracker to 0.8% of a radiation length 

per layer at normal incidence.

– We are at ~ 0.92% in the

barrels.

– R&D will show whether 

improvement can be made,

or whether material has 

been overlooked.

• Upper, middle, and lower 

curves show fraction of a

radiation length within an 

envelope containing the 

outer tracker, an envelope 

containing the vertex detector,

and the beam pipe,

respectively.

Angle from transverse plane (degrees)

Fraction of a 

radiation length

10%

Tracker
power/readout

ra
di

at
io

n 
le

ng
th

s 
(X

/X
0)

polar angle

SiD Tracking Material
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Momentum Resolution

High pT resolution is excellent:

• 1 TeV tracks to 15-25 GeV for 𝛳<30°

• Degrades significantly as 𝛳→0°

• Multiple scattering still dominates 
below ~100 GeV

Low pT resolution is excellent:

• 10 GeV tracks measured to 20-200 MeV

• 1 GeV measured to 2-20 MeV

• Would still benefit from less material!

SiD DBD 3.4 Performance
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Figure 3.4.5: Normalised transverse momentum resolution for single muon events
in SIDLOI3 as function of momentum. The dashed lines indicate a fit to the
parametrisation given in Equation 3.4.1.

resolution of 1.46 10�5 and transverse impact parameter resolution better than 2 µm has
been obtained. Even though the SiD tracker is very “thin” the studies show that the material
budget still imposes limitations and a further reduction in mass is beneficial. It is expected
that some of the performance features can be mitigated through a further optimisation of the
overall detector design.
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Hits
4 6 8 10 12 14

Tr
ac

ki
ng

 e
ffi

ci
en

cy

0

0.2

0.4

0.6

0.8

1

 hadrons + pairs→ γγ+ 
 (uds)q q→ 1 TeVZ'

Distance to closest hit [mm]
0 0.1 0.2 0.3 0.4 0.5

Tr
ac

ki
ng

 e
ffi

ci
en

cy

0.75

0.8

0.85

0.9

0.95

1

 hadrons + pairs→ γγ+ 
 (uds)q q→ 1 TeVZ'

 > 1 GeV
T

, p° > 15θ

Figure 3.4.3: Tracking efficiency in di-jet decays of a Z-like particle with a mass
of 1 TeV in SIDLOI3 as function of the number of hits produced by the charged
particle (left) and the distance to the closest hit from a different particle (right).
Pile-up from incoherent pairs and gg ! hadrons events corresponding to 1 bunch
crossing is included.

one falsely assigned hit are counted as fake tracks. This fake rate is shown in Figure 3.4.4
for tracks in di-jet events including pile-up from beam-induced backgrounds. Unlike the
definition of tracking efficiency these rates include tracks reconstructed from background
particles. The fake rate is between 1% and 3%, while high momentum tracks are more
likely to have more than one false hit assigned, since they are necessarily in the centre of a
jet and thus, in general, suffer from higher local hit densities. The fake rate in the forward
region below 40� is lower by one order of magnitude compared to the central region. All
tracker hits in the forward region have 3D information which is not the case for the barrel
strip detectors.

3.4.3 Tracking Resolution

The normalised transverse momentum resolution achieved in the SIDLOI3 geometry is shown
in Figure 3.4.5 for single muons. The data points show the width of a Gaussian fit to the
d (pT)/p2

T distribution of the corresponding reconstructed tracks. The dashed line represents
a fit to the canonical parametrisation of the transverse momentum resolution:

s(pT)/p2
T = a� b

psinq
. (3.4.1)
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Tracking Efficiency

• Efficiency is excellent for pT > 1 GeV, 
reasonably good down to 200 MeV.

• Performance extends to forward region:
small modules, high S/N minimize ghost hits

• pT < 200 MeV (VTX-only) is very difficult, 
especially in presence of full backgrounds

3 Silicon Tracking

mass of 1 TeV. The average tracking efficiency in these events, including pile-up from beam
induced backgrounds, is approximately 98%. As shown in Figure 3.4.2, the tracking ef-
ficiency is almost constant for most polar angles and transverse momenta. Similar to the
performance in single muon events there is a slightly reduced track finding efficiency for
low momentum tracks at a polar angle of around 40� and for very forward tracks of all mo-
menta. In addition there is a drop in the track finding efficiency for high momentum forward
tracks. These are typically in the centre of the jet and thus suffer most from confusion due
to ghost hits in the stereo strip detectors.
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Figure 3.4.2: Tracking efficiency in di-jet decays of a Z-like particle with a mass
of 1 TeV in SIDLOI3 as function of the transverse momentum (left) and the polar
angle (right) of the corresponding particle. Pile-up from incoherent pairs and gg !
hadrons events corresponding to 1 bunch crossing is included.

In general the track finding efficiency is mostly limited by the total number of hits cre-
ated by the corresponding particle and the local hit density, as illustrated in Figure 3.4.3. The
tracking efficiency for particles within the acceptance which reach the calorimeters and thus
necessarily pass through at least 10 layers is about 99%. The tracking efficiency in dense
jets is limited by the strip sizes. Particles which have any other hit closer than 100 µm,
which corresponds to twice the pitch of the readout in the strip detectors, have a reduced
track finding efficiency. For more isolated particles the tracking efficiency is higher than
98%.

3.4.2 Fake Rates

As mentioned above, the low number of tracking layers requires a very high track purity.
We thus use a strict definition of the fake rate, were all reconstructed tracks with more than

48 —DRAFT— Last built: October 26, 2012

3 Silicon Tracking

mass of 1 TeV. The average tracking efficiency in these events, including pile-up from beam
induced backgrounds, is approximately 98%. As shown in Figure 3.4.2, the tracking ef-
ficiency is almost constant for most polar angles and transverse momenta. Similar to the
performance in single muon events there is a slightly reduced track finding efficiency for
low momentum tracks at a polar angle of around 40� and for very forward tracks of all mo-
menta. In addition there is a drop in the track finding efficiency for high momentum forward
tracks. These are typically in the centre of the jet and thus suffer most from confusion due
to ghost hits in the stereo strip detectors.
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Figure 3.4.2: Tracking efficiency in di-jet decays of a Z-like particle with a mass
of 1 TeV in SIDLOI3 as function of the transverse momentum (left) and the polar
angle (right) of the corresponding particle. Pile-up from incoherent pairs and gg !
hadrons events corresponding to 1 bunch crossing is included.

In general the track finding efficiency is mostly limited by the total number of hits cre-
ated by the corresponding particle and the local hit density, as illustrated in Figure 3.4.3. The
tracking efficiency for particles within the acceptance which reach the calorimeters and thus
necessarily pass through at least 10 layers is about 99%. The tracking efficiency in dense
jets is limited by the strip sizes. Particles which have any other hit closer than 100 µm,
which corresponds to twice the pitch of the readout in the strip detectors, have a reduced
track finding efficiency. For more isolated particles the tracking efficiency is higher than
98%.

3.4.2 Fake Rates

As mentioned above, the low number of tracking layers requires a very high track purity.
We thus use a strict definition of the fake rate, were all reconstructed tracks with more than
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Figure 3.4.3: Tracking efficiency in di-jet decays of a Z-like particle with a mass
of 1 TeV in SIDLOI3 as function of the number of hits produced by the charged
particle (left) and the distance to the closest hit from a different particle (right).
Pile-up from incoherent pairs and gg ! hadrons events corresponding to 1 bunch
crossing is included.

one falsely assigned hit are counted as fake tracks. This fake rate is shown in Figure 3.4.4
for tracks in di-jet events including pile-up from beam-induced backgrounds. Unlike the
definition of tracking efficiency these rates include tracks reconstructed from background
particles. The fake rate is between 1% and 3%, while high momentum tracks are more
likely to have more than one false hit assigned, since they are necessarily in the centre of a
jet and thus, in general, suffer from higher local hit densities. The fake rate in the forward
region below 40� is lower by one order of magnitude compared to the central region. All
tracker hits in the forward region have 3D information which is not the case for the barrel
strip detectors.

3.4.3 Tracking Resolution

The normalised transverse momentum resolution achieved in the SIDLOI3 geometry is shown
in Figure 3.4.5 for single muons. The data points show the width of a Gaussian fit to the
d (pT)/p2

T distribution of the corresponding reconstructed tracks. The dashed line represents
a fit to the canonical parametrisation of the transverse momentum resolution:

s(pT)/p2
T = a� b

psinq
. (3.4.1)
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Tracking Purity Z 0
1 TeV ! qq̄ (uds)

• Rate of tracks with incorrect hits is low for pT > 200 MeV

• Stereo information not necessary in barrel, but helpful forward

3 Silicon Tracking
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Figure 3.4.4: Fraction of reconstructed tracks with spurious hits in di-jet decays
of a Z-like particle with a mass of 1 TeV in SIDLOI3 as function of the transverse
momentum (left) and the polar angle (right) of the reconstructed track. Pile-up
from incoherent pairs and gg ! hadrons events corresponding to 1 bunch crossing
is included.

Despite the ambitious material budget, the multiple scattering term given by b dominates
the momentum resolution for tracks up to 100-200 GeV. Whereas the momentum resolution
for very forward tracks is limited by the short lever arm in the transverse projection, a
momentum resolution of s(pT)/p2

T < 10�4GeV�1 is achieved for high momentum tracks
at polar angles larger than 30�. Central tracks exceed a resolution of s(pT)/p2

T < 2 ⇥
10�5GeV�1.

The resolution on the transverse impact parameter, d0, as well as the longitudinal impact
parameter, z0, is shown in Figure 3.4.6. The d0 resolution is better than a few µm for tracks
with a momentum momentum exceeding a few GeV. For 1 GeV muons the d0 resolution
drops to a about 10 µm for central tracks. In the forward region the resolution degrades by
up to one order of magnitude at the acceptance limit of q ⇡ 10�. The z0 resolution has a
stronger dependence on the polar angle and, while similar to the d0 resolution in the central
region, it is about one order of magnitude worse for very forward tracks. In addition, the
z0 resolution for central tracks is limited by the lever arm of the straight line fit. In the
current algorithm the strip hits in the barrel region are excluded from the straight line fit
which results in a very short lever arm for central tracks. More details about the tracking
performance can be found in [10].

Overall the silicon tracker of the SiD concept detector, which incorporates a minimum
number of layers, shows excellent performance. Tracking efficiencies in excess of 99% are
demonstrated over most of the momentum and acceptance range. An asymptotic momentum
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Figure 3.4.4: Fraction of reconstructed tracks with spurious hits in di-jet decays
of a Z-like particle with a mass of 1 TeV in SIDLOI3 as function of the transverse
momentum (left) and the polar angle (right) of the reconstructed track. Pile-up
from incoherent pairs and gg ! hadrons events corresponding to 1 bunch crossing
is included.

Despite the ambitious material budget, the multiple scattering term given by b dominates
the momentum resolution for tracks up to 100-200 GeV. Whereas the momentum resolution
for very forward tracks is limited by the short lever arm in the transverse projection, a
momentum resolution of s(pT)/p2

T < 10�4GeV�1 is achieved for high momentum tracks
at polar angles larger than 30�. Central tracks exceed a resolution of s(pT)/p2

T < 2 ⇥
10�5GeV�1.

The resolution on the transverse impact parameter, d0, as well as the longitudinal impact
parameter, z0, is shown in Figure 3.4.6. The d0 resolution is better than a few µm for tracks
with a momentum momentum exceeding a few GeV. For 1 GeV muons the d0 resolution
drops to a about 10 µm for central tracks. In the forward region the resolution degrades by
up to one order of magnitude at the acceptance limit of q ⇡ 10�. The z0 resolution has a
stronger dependence on the polar angle and, while similar to the d0 resolution in the central
region, it is about one order of magnitude worse for very forward tracks. In addition, the
z0 resolution for central tracks is limited by the lever arm of the straight line fit. In the
current algorithm the strip hits in the barrel region are excluded from the straight line fit
which results in a very short lever arm for central tracks. More details about the tracking
performance can be found in [10].

Overall the silicon tracker of the SiD concept detector, which incorporates a minimum
number of layers, shows excellent performance. Tracking efficiencies in excess of 99% are
demonstrated over most of the momentum and acceptance range. An asymptotic momentum
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How Does the Solution Differ for CLIC?

“CLIC-SiD” is nearly 
identical to SiD:

• More aggressive timing for 
pulsed power

• Believe KPiX scales to 10 ns 
hit timing (20 bunches)

• Believe a similar power envelope 
is achievable (still air cooled)

• Storing charge for bunch train at 
module is easier, if anything.

Bunch Structure at the ILC

~3000  to ~6000  bunches/train

5 Hz Repetition

1 ms

199 ms

(~150  to ~332 ns between bunches)

1 ms

• Final bunch structure of cold machine not yet known

• Bunches unlikely to be closer than 150 ns (kickers)

• Total length of bunch train unlikely to be more than 1ms
(damping ring size)

LCWS 05 2 19 March 05 – David Strom – UO

156 ns (312 bunches) 156 ms (312 bunches)20 ms, no beam

5 CLIC TRACKING SYSTEM

on conical support disks at 5� with respect to the normal (see Figure 5.6). Details of the CLIC_SiD
geometry are described in [16].

The integrated tracking system provides at least ten precisely measured points for all tracks down
to a polar angle of about 15� and at least six measured points down to a polar angle of about 8�, as
shown in Figure 5.7. With five to seven pixel hits from the vertex and forward tracking detectors over
the covered polar angle, those detectors provide powerful pattern recognition capabilities on their own.
The outer tracker adds important track-finding constraints at larger radii where hits are less dense while
providing a very precise momentum measurement with extremely good single-hit resolution in the rf

plane over a large lever arm.

02064567069561206 0 577 777 1063 1344 1629

Fig. 5.6: Layout of the CLIC_SiD tracking system in the rf plane (left) and in the zx plane (right). The
main tracker modules are displayed in yellow and support structures are displayed in brown. Values are
given in millimetres.

Each barrel layer is made from several square silicon modules with a size of 97.8⇥ 97.8 mm2.
Each module has 0.3 mm of sensitive silicon. The barrel modules are tilted around the direction of the
5 T axial magnetic field so that the Lorentz drift for holes is roughly normal to the surface of the sensor,
resulting in a pinwheel layout with overlaps in f . In the z direction adjacent barrel modules alternate
between two slightly different radii to allow for overlap and provide hermetic coverage. The strip pitch
of the sensors is 25 µm and every second strip is read out. Therefore the readout pitch is 50 µm.

Each layer of the tracker endcap consists of several rings of trapezoidal modules. Each module
has two layers of 0.3 mm of sensitive silicon. The modules are mounted so that the silicon planes are
normal to the axial magnetic field. The resulting stepped configuration of the sensors with increasing
radius provides overlap in the radial direction while alternating the z of adjacent modules in f between
inner and outer positions provides overlap in the other dimension. With this configuration, each layer
provides hermetic coverage for high-momentum tracks from the origin within the polar acceptance of
the detector. The modules used in the inner three rings have a radial extent of 100.1 mm and the modules
in the outer rings have a radial extent of 89.8 mm. Like for the tracker barrel, the silicon strips have a
width of 25 µm and a readout pitch of 50 µm. The strips in the first sensitive layer are perpendicular to
one side of the trapezoid, while the strips in the second sensitive layer are perpendicular to the other side
of the trapezoid. The layout of the inner and outer modules is chosen such that in both cases the stereo
angle between the two sensitive layers is 12�.
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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 q . The
conical beam pipe causes the sharp peak at q ⇡ 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.
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CLIC-SiD Efficiency/Purity

• Efficiency and purity are 
similar to SiD under same 
conditions

• Most challenging processes 
at 3 TeV definitely stretch 
the limits of the SiD design

• Background immunity 
demonstrates safety factor in 
time stamping assumptions

5 CLIC TRACKING SYSTEM

Similarly to CLIC_ILD, the tracking efficiency is defined as the fraction of findable Monte Carlo
particles that can be matched to well reconstructed tracks. In this study, findable Monte Carlo particles
are defined as those charged particles whose origin is closer than 50 mm to the interaction point and
which lived long enough to travel at least 50 mm along their helical path. A well reconstructed track is
defined as a track which has more than 75% of its assigned hits originating from a single particle. The
fake rate is defined as the fraction of badly reconstructed tracks. A track is considered badly reconstructed
if the number of hits associated with the track which are originating from other particles than the one
contributing the most hits exceeds a certain limit. Due to the low number of hits required to form a
track (six to seven hits), every single falsely assigned hit can reduce the quality of a reconstructed track
significantly. This definition of the fake rate is rather stringent. Defining a fake as a track where every
single hit originates from a different particle, such that no particle travelled along the reconstructed helix
even partially, would be a less stringent definition.
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Fig. 5.18: CLIC_SiD tracking efficiency in di-jet decays of a Z-like particle with a mass of 3 TeV with
and without background from gg ! hadrons. Shown is the fraction of findable signal particles that are
reconstructed, as a function of pT (left), and as a function of the polar angle q (right).

Figure 5.17 shows the tracking efficiency for single muons in CLIC_SiD. The tracking efficiency
is almost 100% for single tracks in the barrel region, even for pT as low as 0.3 GeV. The efficiency drops
slightly for smaller polar angles. In particular, in the transition region between barrel and endcap at a
polar angle of around 30� the tracking efficiency drops by 2% even for tracks with very high momenta.
For low momentum tracks, the tracking efficiency is lower throughout the whole endcap region because
of the higher material budget. The efficiency drops sharply at polar angles of around 8.5� which is the
point where less than the required 7 layers are passed (see Figure 5.7).

The tracking efficiency for particles in jets has been studied using decays of a hypothetical heavy
gauge boson with a mass of 3 TeV into two light quark jets. In these events the 3 TeV are shared between
only two jets, leading to high local track densities. Therefore these events are particularly challenging for
the pattern recognition. Figure 5.18 shows the tracking efficiency in this kind of events with and without
the addition of gg ! hadrons background. In case of background overlay the efficiency is referring only
to the signal particles. The overall efficiency is about 96% throughout the barrel region for tracks with
a moderate pT. Curlers with a pT of less than 1 GeV in the central region are less likely to pass the
required number of different layers to be identified as a track. In combination with the high occupancy
within a dense jet this leads to a significant loss of efficiency for this kind of particles. High momentum
tracks are usually in the core of the jet which leads to a lower efficiency for these tracks, due to the high
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5.4 PERFORMANCE
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Fig. 5.19: CLIC_SiD tracking efficiency in di-jet decays of a Z-like particle with a mass of 3 TeV. Shown
is the fraction of findable particles that are reconstructed, as a function of the closest distance between
any of the tracker hits of the true Monte Carlo particle and any other tracker hit.

local occupancy. Starting at a pT of about 20 GeV the tracking efficiency is degrading, dropping below
80% for tracks with a pT of about 400 GeV. This effect can also be seen in Figure 5.19, which shows
the tracking efficiency as a function of the closest distance between any of the hits created by the true
Monte Carlo particle and any other hit. It can be seen that the efficiency to find a track from a particle
is degrading if there is another hit found within 120 µm of any of its hits. This corresponds to six times
the pixel size used in the digitisation. Any particle closer than 40 µm will produce a hit in a directly
adjacent pixel and the clustering will just create a single tracker hit. Overall the addition of gg! hadrons
background has little influence on reconstruction efficiency of signal particles.
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Fig. 5.20: CLIC_SiD fake rate for tracks in di-jet decays of a Z-like particle with a mass of 3 TeV with
and without background from gg! hadrons. Shown is the fraction of tracks that have more than zero or
one hits from other particles assigned to them, as a function of pT (left), and as a function of the polar
angle q (right).
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Pixel Trackers?

Some serious challenges to overcome...

• Power:

• pixels must be small in phi for high-pT resolution, 
small in z to improve tracking performance

• Small pixels × large area = huge channel counts 

➡ PTOT = 100 kW at 0.1 W/cm2 = an LHC-sized 
power and cooling problem (CMS is 30 kW)

• Assembly:

• Full tracker requires 250000 4 cm2 sensors

➡ Even modest processing on each part incurs costs 
that dwarf cost of sensors themselves.

... but in N years many more things will be possible!

STAR HFT “ultimate”

10 Vertex 2012, September 16, 2012 L. Greiner 

STAR HFT PXL detector Ult -1 prototype 

 Reticle size (~ 4 cm²) 
 Pixel pitch 20.7 μm  
 928 x 960 array ~890 k pixels 

 Power dissipation ~170 mW/cm² @ 3.3V 
 Short integration time 185.6 μs 
 on-chip CDS, column level discriminators 

and zero suppression 
 2 LVDS data outputs @ 160 MHz 
 Run length encoding on rows with up to 

9 hits/row. 
 Ping-pong memory for frame readout 

(~1000 hits deep) 
 High Res Si option – significantly 

increases S/N and radiation tolerance. Developed by IPHC, Strasbourg France 
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Summary

• The fact that silicon systems have either been low-mass (e.g. B-factory vertex 
detectors) or large (hadron colliders) does not mean that large-scale, low-mass 
silicon tracking detectors cannot be built

• The experimental environment at energy frontier e+e- colliders lends itself 
particularly well to low-mass silicon tracking.

• The outer silicon tracker of the SiD detector concept embodies a set of solutions for 
which most of the technical challenges have already been overcome

• We hope to have the problem of needing to complete remaining R&D on an 
aggressive timescale.

• While the baseline uses “mature” silicon technologies, commercial process 
development fuels rapid changes that will open up additional options in the future.
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