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1 INTRODUCTION

1 Introduction

The EIC is a new experimental facility recently approved to be built at the Brookhaven National
Laboratory. The facility will enable collisions of polarised beams of electrons and ions, with a
centre-of-mass energy range of 20 to 140 GeV. Reserach and development towards an EIC detector
has been ongoing for the past ten years, with different detector concepts being investigated.
Currently there are four different suggested designs for a detector; the BeAST (Brookhaven eA
Solenoidal Tracker) [1], the JLEIC [2], ePHENIX [3], and TOPSiDE (Time-of-flight Optimized
PID Silicon Detector for the EIC) [4]. The different concepts are shown schematically in Figure 1.

(a) BeAST. (b) ePHENIX.

(c) JLEIC. (d) TOPSiDE.

Figure 1: The four current detector concepts developed for the EIC [1].

Broadly, the detector concepts are similar. BeAST and ePHENIX are developed at BNL, while
JLEIC is developed at JLAB. TOPSiDE is an all-silicon detector concept, developed at the
Argonne National Laboratory. All four detector concepts have a silicon vertex tracker closest
to the interaction point. This is the focus of the project presented here, making it largely
independent of the concept finally selected.

To examine the effects of the layout of a full silicon vertex tracker, with some given constraints on
material thickness, simulations are made. In the work carried out in this project, a combination
of the ALICE Inner Tracker upgrade [5] and the inner tracker of the BeAST detector is used as
a baseline. At the silicon vertex tracker level however, all the detector concepts are similar. The
simulations described in this section will thus be valid for any of the concepts. Small adjustments
will have to be made depending on the details of the detector and the beampipe, but the results
of the simulations will be largely applicable to any of the concepts.

The purpose of the simulations is to determine the most efficient silicon vertex tracker layout,
with respect to resolution of momentum and point of origin (vertex position) of the tracked
particles. In the EIC, the vertex position is of interest, as heavy flavour particles will be created
in the collision and decay within a short distance (∼100 µm) from the collision vertex. It is thus
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1 INTRODUCTION

important to be able to reconstruct the point of origin for the tracked particles, and be able
to separate the primary collision vertex from the secondary decay vertex to accurately describe
the physics of the collision. The momentum resolution is used for particle identification and
separation, and is thus an important tool for event reconstruction. The figures of merit observed
in the presented simulations are the relative momentum resolution and the pointing resolution,
which is a measurement of how well the particle creation vertex can be found. The theory behind
those figures of merit can be found in Sections A.2.2 and A.2.3.

In the simulations, a time-stamping layer is also added, to investigate the effects it would have
on the resolutions. Such a layer would have the possibility of time-stamping bunch crossings,
and thus help keep track of the beam polarisations in the detected interactions. The simu-
lations study whether adding such a layer would be detrimental to the detector performance,
without considering the possible benefits the time-stamping would bring to event separation and
reconstruction.
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2 EXPERIMENTAL SETUP

2 Experimental setup

Simulations are made using EICROOT, which is a Monte Carlo framework for detector simulation
specifically developed for the EIC collaboration [6]. At the time the simulations were started,
this was the framework most readily available at the University of Birmingham. EICROOT is
based on the PandaRoot framework, which in turn is based on the FairRoot framework [7]. The
ROOT version used in the simulations is ROOT 5.34/36, and GEANT3 is used for the Monte
Carlo part of the simulations.

At the start of the simulation, the detector geometry to be investigated is defined; the vertex
tracker pixel size, the thickness of the detector layers, and the detector layout are selected.
The parameter space for the Monte Carlo simulation is then defined; the particle type, the
pseudorapidities in which the particles are generated, their generated momentum (or transverse
momentum) range, and the number of events to be generated. The pseudorapidity η is defined
as η = − ln (tan(θ/2)), where θ is the angle of the particle relative to the beam axis. Each
event consists of one particle, created at the centre of the defined geometry, with momentum
that places it within the defined parameter space. The particles are created using a version of
the EicBoxGenerator, modified to create a uniform distribution in transverse momentum pT or
momentum p. A magnetic field is also defined to be uniformly 1.5 T or 3 T along the beam
direction in the detector. The 1.5 T field is the same as the field in the existing BaBar solenoid,
and the suggested solenoid for the ePHENIX concept [3]. A solenoid with a field of 3 T is
discussed in the EIC White Paper [8], and in the JLEIC concept [9].

The Monte Carlo simulation is performed for the geometry and parameters given, creating and
propagating particles through the detector. The information about the propagation of the par-
ticle is saved, and makes up a “true track” that the particle has taken. Details of the interaction
of the particle with the geometry is also saved, and where it hit the sensitive areas of the detec-
tor.

The detector hits are then digitised, with a smearing around the hit position determined by a
selected pixel size. The pixels in the vertex tracker are defined to be square, and the smear-
ing is Gaussian with a standard deviation given by the pixel side length divided by

√
12 (see

Section A.2.1). The smeared hit positions are stored.

A reconstruction is then made, using the digitised hits on the active detector area. A Kalman
filter is used as part of an ideal tracker using the digitised detector hits [10]. This forms a
reconstructed track.

Finally, analysis code is executed to compare the simulated “true track” to the reconstructed
track. This makes it possible to compare parameters of the tracks, and thus see how good the
defined detector is at reconstructing the truth. In particular, the relative momentum resolution
and the pointing resolution are studied in the transverse plane. This plane is perpendicular to
the magnetic field, so it is the plane in which the tracked particles curve, making it relevant for
momentum measurements. The relative momentum resolution is found by comparing generated
and reconstructed transverse momenta, and extracting the resolution at different momentum
values by fitting a Gaussian to the distributions at those values. For the transverse pointing
resolution, the reconstructed vertex position in the transverse plane (x and y, given that z is the
beam direction) is treated in the same way for different values of the momentum. The same is
also done for the longitudinal pointing resolution (in the z direction).

The interval used for the Gaussian fit is set to 1.5 standard deviations around the peak centre
position. This range was deemed to be the best way of extracting data reliably from the central
peak, avoiding the tails of the distributions. More information concerning this can be found in
Appendix B.

The particles used in the simulations presented here are positive pions, π+, in the barrel region.
Pions are used because they have hadronic interactions, and are a decay product of the D0

which is an interesting charmed meson in this context. At higher pseudorapidities (more forward
regions), electrons are used instead of pions as the scattered electron is the main particle of
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investigation in those regions. The pseudorapidity range investigated is −0.5 ≤ η ≤ 0.5 for the
central barrel studies (using pions), η = 3 for the silicon disk studies, and 0 ≤ η ≤ 2.5 for the
simulations using both barrel and disks.

Where not otherwise stated, all simulations contain the same beampipe configuration in the
centre, made up of beryllium, with a radius of 18 mm and a thickness of 0.8 mm. Outside the
varied silicon vertex tracker is a time projection chamber (TPC). This starts at a radial distance
of 225 mm from the centre, and ends at a radial distance of 775 mm. The TPC has a length of
1960 mm along the beam axis, and is centred around the “interaction point” where the simulated
particles are created.

Between the beampipe and the TPC the silicon vertex tracker is situated. This is the main
detector part under investigation. The structure of layers in the tracker is based on the ALICE
Inner Tracker upgrade design [5]. The innermost layers thus have a thickness of (in radiation
lengths, see Section A.1.1) 0.3 % X0, and the outer layers 0.8 % X0.

The starting point for the inner tracker geometry is the BeAST vertex tracker. This tracker
consists of four layers; two of the inner layer types for the ALICE upgrade, and two of the outer
layer types. The positioning of these layers is modified from the standard BeAST layout to match
the spacing of the upgraded ALICE inner tracking system [5]. This ensures that the layout is
physically viable when support structures and services are included in the construction. The
inner layers have a length in the beam direction of 270 mm, and the outer layers have a length
of 840 mm. The innermost layer is placed at a radius of 23.4 mm (i.e. 23.4 mm from the centre
of the beampipe, where the particles are created in the simulations), and consists of 12 staves
of chips, tilted by 12 degrees to have an overlap to cover the full area. The second layer is at a
radius of 46.8 mm, and consists of 24 staves. The third layer is of the ALICE outer cell type,
with a thickness of 0.8 % X0. It is located at a radius of 87.6 mm, and consists of 10 staves.
The outer cell staves are wider than the inner ones, and hence fewer staves are needed to cover
the full area. The fourth and outermost layer consists of 16 staves, and resides at a radius of
133.8 mm. This leaves space for a time-stamping layer, located at a radius of 180.0 mm.

Where not otherwise stated, the time-stamping layer has a thickness twice that of an outer barrel
layer, i.e. 1.6 % X0, and a pixel size matching the rest of the barrel. The increased thickness
stems from that a higher time resolution will require a higher power to the chips in the layer. This
means that more cooling is needed to keep the layer operational, and the material thickness will
thus increase. Larger pixels might also be needed to accommodate the circuitry needed for the
time-stamping, and to keep power density low. Results of investigations of different thicknesses
and pixel sizes for the time-stamping layer are presented in Section 3.5.

In the forward and backward regions of the detector, silicon disks are placed. This is discussed
in more detail in Sections 3.6 through 3.9.

Figure 2 shows a sketch of the simulated detector, with the different silicon vertex tracker barrel
layer distances marked. A time-stamping layer is also present, as the outermost line in the barrel
part of the sketch. A basic disk layout consisting of 7 disks in the forward region and 7 disks
in the backward region is also shown in the sketch. In Section 3.4 the radiation lengths of the
different detector parts are shown as a function of pseudorapidity.

For the variations in silicon vertex tracker barrel layout, the innermost and outermost layers are
kept the same, while the middle two layers are varied.

Simulations were first performed focusing on the silicon vertex tracker barrel. The region in
the interface between the barrel and the silicon disks was later studied as well, and finally the
possibility of an all-silicon tracker replacing the gas TPC was investigated. The results are
presented below in that order.
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Figure 2: Sketch of the simulated silicon vertex tracker barrel, with surrounding TPC and
silicon disks. A beampipe runs through the centre of the detector, but is left out of the figure.

3 Results

The resolutions shown are the relative momentum resolution and the transverse pointing resolu-
tion for the discussed detector variations. The longitudinal (beam direction) pointing resolution
is also investigated, but its results often mimic those of the transverse pointing resolution, and
the longitudinal pointing resolution plots are in those cases not presented.

3.1 Comparison no SVT/SVT+TPC

First of all, a study of the impact of having a silicon vertex tracker is investigated. The parameters
for the simulations are shown below.

• Particle: π+

• Transverse momentum range: 0 to 50 GeV/c

• Pseudorapidity range: −0.5 ≤ η ≤ 0.5

• Number of events: 100 000

• 5 layer barrel (two inner, two outer, one time-stamping layer)

• Magnetic field: 1.5 T

For the run with no silicon vertex tracker, the TPC inner radius is extended to cover the otherwise
empty volume. The TPC in this case thus has an inner radius of 23.4 mm and an outer radius of
775.0 mm. Figure 3 shows the resulting resolutions. It is clear from both the relative momentum
resolution and the transverse pointing resolution that adding a silicon vertex tracker barrel has
great benefits. Having only the TPC is better for the relative momentum resolution only at very
low transverse momenta, due to multiple scattering being dominant there (and thus less material
gives a better resolution). For the pointing resolution, not having a finely segmented innermost
layer is clearly detrimental at all momenta.
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(a) Relative momentum resolution. (b) Transverse pointing resolution.

Figure 3: Relative momentum resolution and transverse pointing resolution, comparing having
a standard barrel with a 20×20 µm2 pixel size with a TPC outside, and just having a TPC
extending all the way to the same innermost radius as the barrel.

3.2 Barrel pixel size

For investigating the effect of pixel size in the barrel region on the resolutions, the parameters
below are used.

• Particle: π+

• Transverse momentum range: 0 to 5 GeV/c

• Pseudorapidity range: −0.5 ≤ η ≤ 0.5

• Number of events: 100 000

• 5 layer barrel (two inner, two outer, one time-stamping layer)

• Magnetic field: 1.5 T

Results of varying the pixel size are shown in Figure 4.

(a) Relative momentum resolution. (b) Transverse pointing resolution.

Figure 4: Relative momentum resolution and transverse pointing resolution for different pixel
sizes in the silicon vertex tracker barrel.

The results for the pointing resolutions are in agreement with theory (see Equation A.18); smaller
pixel size improves the resolution. Equation A.20 indicates a linear dependence on pixel size for
the relative momentum resolution. The equation is however derived for a detector layout with all
layers having the same pixel size, whereas the simulated case has different resolution in the silicon
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layers and the TPC. The behaviour of the relative momentum resolution might thus not match
the approximate theory, as the “pixel size” is not altered in the whole detector. The discrepancy
with theory might also be due to the multiple scattering part of the relative momentum resolution
dominating at the relatively low momenta used in this simulation, rather than the geometric part.
Studies at higher momenta indicate that the expected pixel size dependence appears there.

3.3 Barrel layout studies

Figure 5 shows the relative momentum resolution and the transverse pointing resolution for
different barrel layer layouts, in a transverse momentum range of 0 to 50 GeV/c. The pixel size
for all layers is kept at 20×20 µm2, and the innermost and outermost barrel layers are always
present and unchanged. The parameters used in the simulations are:

• Particle: π+

• Transverse momentum range: 0 to 5 GeV/c, and 0 to 50 GeV/c

• Pseudorapidity range: −0.5 ≤ η ≤ 0.5

• Number of events: 100 000

• Pixel size: 20×20 µm2

• Magnetic field: 1.5 T

When present, the thickness of the time-stamping layer is 1.6 % X0, and its pixel size is
20×20 µm2. A study of varying the thickness and pixel size of the time-stamping layer is
presented in Section 3.5.
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(a) Relative momentum resolution.
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(b) Transverse pointing resolution.

Figure 5: Relative momentum resolution and transverse pointing resolution for different silicon
vertex tracker barrel layouts. The number of layers is varied, with the innermost and outermost
layers always the same and present. Transverse momenta between 0 and 50 GeV/c.

Figure 6 is the same simulation carried out at transverse momenta between 0 and 5 GeV/c (i.e.
a low transverse momentum region).

For the relative momentum resolution, there is no significant difference for the different layouts
at most momenta, apart from when a time-stamping layer is present. The relative momentum
resolution depends heavily on the lever arm of the detector, and since the outer and inner layers of
the detector do not change, it is expected that the resolution will not change much. The standard
TPC is also always present, keeping the maximum lever arm at a constant length. In Figure 6,
it can be seen that after reaching a minimum the relative momentum resolution grows worse
with increasing transverse momentum, which also corresponds to theory. At very low momenta,
having two inner layers and only one outer layer seems to be the best (this is not seen in Figure 5,
since the binning there is not as fine in the low momentum region). Multiple scattering dominates
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(a) Relative momentum resolution.

0 1 2 3 4 5
 Momentum [GeV/c]

0

20

40

60

80

100

m
]

µ
 T

ra
ns

ve
rs

e 
po

in
tin

g 
re

so
lu

tio
n 

[

1 inner, 1 outer

2 inner, 1 outer

1 inner, 2 outer

2 inner, 2 outer

2 inner, 2 outer, 1 time-stamping

(b) Transverse pointing resolution.

Figure 6: Relative momentum resolution and transverse pointing resolution for different silicon
vertex tracker barrel layouts. Transverse momenta between 0 and 5 GeV/c.

the resolution at low momenta, so removing material without changing the lever arm is expected
to improve the resolution. The outer layers have a thickness of 0.8 % X0 while the inner layers
have a thickness of 0.3 % X0, so removing an outer layer removes a relatively large amount of
material. The measurements in this very low momentum region are of poor quality however,
as particles with very low transverse momentum (below approximately 0.4 GeV/c) spiral in the
magnetic field within the detector. The errors are large within this region, and the difference
between several of the layouts are within errors. No strong conclusion about the optimal layout
can thus be drawn from these simulations at the lowest presented momentum point.

When the time-stamping layer is present, there is a deterioration of relative momentum resolution
at low momenta. This likely stems from the added material of the layer. It is equivalent to the
material two outer layers would add. At higher momenta, the addition of a time-stamping
layer appears to slightly improve momentum resolution. This comes from the number of layers
increasing (see Equation A.20), an effect which becomes more important at higher momenta. It
is however important to note that the difference in relative momentum resolution between all
the tested layouts is small.

At low momenta (i.e. pT less than 10 GeV/c), the transverse pointing resolution does not
change significantly between the different geometries. This is in agreement with theory (see
Equation A.18), since the total lever arm does not change, nor the distance from the beampipe to
the innermost layer. At low momenta, the layouts with the lowest material close to the beampipe
(i.e. just one inner layer) have marginally the best pointing resolution. At higher momenta there
is a separation between the layouts, with the one containing a time-stamping layer giving the
best resolution. The reason for this separation is not obvious in the parametrisation presented
in Section A.2.2. The results in Figure 5 show that having two inner layers seem to be better
than having one, regardless of whether there are one or two outer layers. There is possibly a
dependence on the number of layers that does not show up in the theory derived from a two-layer
case. There is also clearly in the equations a dependence on the lever arm for a two-layer case,
with a longer arm giving better resolution. This may explain why the layout containing the
time-stamping layer has the best pointing resolution at high momenta. The gas TPC is always
present, keeping the maximum lever arm constant. However, the TPC has a different resolution
than the silicon layers, and the silicon lever arm may have an effect separate from the lever arm
given by the gas TPC.

Studies are also made looking at having the innermost layer inactive. This would be representa-
tive of a worst case scenario during operation. The results of the investigation show that there
is little impact on relative momentum resolution apart from at very low momenta, but big losses
in pointing resolution. An inactive innermost layer would be worse than not having the inner-
most layer at all, which is in agreement with theory as an inactive layer will increase multiple
scattering without providing any information.
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3.4 Radiation length scan

Scans are performed to determine the radiation length of the different parts of the detector used
in the simulations. The standard 4-layer barrel layout is used. The plots show the radiation
length plotted versus the pseudorapidity η. The resulting plots for the standard barrel with
beampipe and TPC, and the same with an added time-stamping layer 1.6 % X0 thick are shown
in Figure 7. The contribuion from the TPC is split into two parts; the TPC gas (labelled
“TPC TpcGas”), and the TPC inner field cage (labelled “TPC TpcIfc”).

The different detector layers are clearly visible here, and the pseudorapidities at which they are
no longer hit by a particle. There are some small irregularities present that likely stem from the
tilt of the individual staves, and their overlap.
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Figure 7: Radiation length scans for detector setups. The standard beampipe and TPC are in
place in both scans.

3.5 Time-stamping layer thickness and pixel size

Investigations are made concerning how adding a separate time-stamping layer would affect the
detector performance. The standard 4-layer barrel is used, and the time-stamping layer is placed
outside of it. The parameters below are used for the simulations.

• Particle: π+

• Transverse momentum range: 0 to 5 GeV/c

• Pseudorapidity range: −0.5 ≤ η ≤ 0.5

• Number of events: 100 000

• Barrel pixel size: 20×20 µm2

• Magnetic field: 1.5 T

Results for altering the time-stamping layer thickness (in terms of radiation length) are shown
in Figure 8. For these studies, the time-stamping layer pixel size is kept at 20×20 µm2.

For the time-stamping layer pixel size investigations, the thickness of the time-stamping layer is
kept at 1.6 % X0. The resulting resolutions from this investigation are shown in Figure 9.

In all the plots, the black line stems from simulations done without a time-stamping layer, and
just the standard barrel with a 20×20 µm2 pixel size. It can be seen that time-stamping layer
pixel size has little to no significant impact on either of the resolutions. Adding a time-stamping
layer makes both the relative momentum resolution and the transverse pointing resolution worse
at very low momenta (pT ≤ 0.4 GeV/c). This is due to it adding a significant amount of material,
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Figure 8: Relative momentum resolution and transverse pointing resolution for different time-
stamping layer thicknesses.
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Figure 9: Relative momentum resolution and transverse pointing resolution for different time-
stamping layer pixel sizes.

at a thickness of 1.6 % X0. At high momenta, the relative momentum resolution is worse when
a time-stamping layer is present. This likely stems from the increase in material, which is also
indicated in the time-stamping layer thickness results; it is possible to see that a thinner time-
stamping layer is better for the relative momentum resolution. There is however no significant
difference between having a layer that is 0.8 % X0 thick and one that is 1.6 % X0 thick. For the
transverse pointing resolution, the time-stamping layer thickness has no significant effect above
very low momenta.

3.6 Disks, varying pixel sizes

The EIC R&D group eRD16 focus mainly on the forward region of the inner tracking detector.
In a collaboration with this group, silicon disks are included in the forward region of the detector
in the simulations.

First of all, the resolutions are investigated in the forward region for different pixel sizes in the
disks. The disks are made up of the same material as the inner barrel layers, with a thickness of
0.3 % X0. They are placed equidistantly between 250 mm (in the beam direction) and 1210 mm
from the interaction point. These distances are based on the results of a preliminary study
carried out by eRD16, showing that this is a reasonable geometry for matching the silicon vertex
tracker requirements.

The innermost disk is shrunk to have an outer radius of 82.6 mm, so that it fits within the outer
barrel layers (with a 5 mm margin). The opening in the disk centred around the beampipe is
square, with a side of 36 mm for the innermost disk, and 40 mm for the other disks.
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In the forward region, the main purpose for a deep inelastic scattering experiment is to detect
the scattered electron. Hence electrons are used for the studies involving disks, rather than the
pions used previously. It is also preferable to reconstruct the total momentum rather than the
transverse momentum of the electron, and hence the total momentum resolution is used in these
studies. A uniform momentum distribution is also generated, rather than a uniform transverse
momentum distribution.

For the studies of different pixel sizes in the forward region, the following parameters are
used:

• Particle: e−

• Momentum range: 0 to 50 GeV/c (uniform in p)

• Pseudorapidity: η = 3

• No barrel and no TPC present

• Number of events: 500 000

• Magnetic field: 1.5 T and 3 T

Since the pseudorapidity used is so high, there is no reason to have a silicon barrel or a TPC
present in the simulations, as they will never be hit. This also means that the simulations are
more light-weight, meaning a higher number of events can be simulated easily.

Simulations are done for magnetic fields of 1.5 T and 3 T. Figure 10 show the results for a field
of 1.5 T, and Figure 11 show the results for a field of 3 T.

(a) Relative momentum resolution. (b) Transverse pointing resolution.

(c) Longitudinal pointing resolution.

Figure 10: Relative momentum resolution and transverse pointing resolution for disk inves-
tigations. The results are from the standard 7 disk setup, at η = 3, in a magnetic field of
1.5 T.
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(a) Relative momentum resolution. (b) Transverse pointing resolution.

(c) Longitudinal pointing resolution.

Figure 11: Relative momentum resolution and transverse pointing resolution for disk inves-
tigations. The results are from the standard 7 disk setup, at η = 3, in a magnetic field of
3 T.

The results once again show that a smaller pixel size improves all the resolutions, which is
expected from theory. Since the momentum range is higher, there is more of a spread in the
relative momentum resolution, as the geometric part of the theory dominates at higher momenta
(see Equation A.20).

Comparing the results for the different magnetic field strengths, there is once again a close
match with theory. The relative momentum resolution is inversely proportional to the magnetic
field strength, and a factor of 2 difference can be seen in relative momentum resolution for the
simulations. The pointing resolutions are largely unaffected by changing the magnetic field, again
in agreement with theory.

The same simulation is also done for a setup with five disks, instead of seven. These simulations
use the same parameters as before, but are only run for a magnetic field of 3 T. The five disks are
placed equidistantly with the first one 250 mm from the centre point and the last one 1210 mm
form the centre point. The results are shown in Figure 12.

These results are best compared to Figure 11, which is the 7 disk layout with a 3 T magnetic
field. There is very little difference between a 7 disk layout and a 5 disk layout in this case.
The relative momentum resolution for the 5 disk layout is slightly better, due to the decrease
in material. The pointing resolutions show little to no change. This agrees with theory, where
the innermost layer is most important for pointing resolution, and the length of the lever arm
is the most important for momentum resolution. Neither of those two main parameters change
between having 5 or 7 disks.

Comparing results to simulations performed by eRD16 [11], some discrepancies were found. After
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(a) Relative momentum resolution. (b) Transverse pointing resolution.

(c) Longitudinal pointing resolution.

Figure 12: Relative momentum resolution and transverse pointing resolution 3 T, 5 disks
equally spaced between 250.0 mm and 1210.0 mm from centre point.

discussions, it was found that there were a few differences having the compound effect of making
the results slightly different. One such difference was the magnetic field map used. There were
also slight differences in analysis method. Details can be found in Appendix B. However, despite
the minor discrepancies, the trends seen in the results are the same, indicating that the relative
comparisons between different simulated layouts and pixel sizes are in agreement.
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3.7 Innermost disk position

Using seven disks, simulations are made testing the effect of changing the innermost disk position.
The innermost disk is placed at different distances from the centre point, whereas the outer 6
disks are kept in the same positions they are in in the previously described pixel size studies; i.e.
equally spaced between 410 mm and 1210 mm from the centre point. Simulations are run for
innermost disk distances from the centre point of 140 mm (5 mm from the inner barrel layers),
195 mm, 225 mm, 240 mm, 250 mm (which is the standard position, used in the pixel size
studies), 275 mm, and 305 mm. The simulation parameters used are shown below.

• Particle: e−

• Momentum range: 0 to 50 GeV/c (uniform in p)

• Pseudorapidity: η = 3

• No barrel and no TPC present

• Number of events: 500 000

• Pixel size: 20×20 µm2

• Magnetic field: 3 T

The results of the simulations are shown in Figure 13.

(a) Relative momentum resolution. (b) Transverse pointing resolution.

(c) Longitudinal pointing resolution.

Figure 13: Relative momentum resolution and pointing resolutions for a 7 disk layout, with
varying innermost disk positions.

At first glance, the results seem to indicate a discrepancy with theory. The shortest distance
(140 mm) appears to be the worst one, whereas theory suggests that having the innermost layer
closer to the interaction point ought to make it better. However, looking at how the disks are
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produced in simulations in conjunction with the disk positioning, this appears to be an effect of
the disk inner radius. Table 1 shows the pseudorapidity for the inner radius edge for a selection of
disk positions. From this table, it can be seen that for a disk position of 140 mm, a particle with

Disk position η of inner radius
140 mm 2.75
195 mm 3.01
250 mm 3.33
305 mm 3.52

Table 1: Pseudorapidity location of the innermost disk inner radius, for different disk positions.

pseudorapidity 3 will completely pass through the hole in the centre of the disk. This explains
why a disk position of 140 mm gives the worst pointing resolution in this instance; it completely
removes the innermost disk as an active detector part for the simulated particles.

For a disk position of 195 mm the particles should always just hit the disk. Disks will however be
built up of staggered rectangular staves of silicon, so the inner holes will thus not be completely
circular, and the simulations reflect this. This means that the particles with pseudorapidity 3
will hit the innermost disk when they emerge with certain azimuthal angles, and not with others.
As the full results of the simulations make up an average of all simulated events, this shows up
as a worse average resolution than what would be expected if the innermost disk were always
hit.

When the disk is hit, there are also some trends that can be observed. As the disk moves further
away from the centre point the lever arm decreases, which deteriorates the relative momentum
resolution. The first detector hit is also further away from the interaction point, deteriorating
the spatial resolutions.

In conclusion, an innermost disk position of 250 mm from the centre is best for momentum
resolution at higher momenta. The difference is however small between the positions where the
disk is fully hit and close to the centre. As the disk moves further out, a deterioration can be seen.
It is however worth reiterating that this is for the special case of η = 3. If the innermost disk is
hit, theory indicates that having it closer to the centre would improve the resolutions.

3.8 Different inner barrel length, with disks

To study the impact of changing the interface region between barrel and disks, simulations are
run in a range of pseudorapidities encompassing both. For these simulations the baseline used
is the standard barrel with 7 disks and no time-stamping layer. The innermost disk is always
placed 5 mm from the inner barrel edge, and the next disk is placed 5 mm outside the outer
barrel edge. The remaining disks are placed equidistantly up to a distance of 1210 mm from the
centre point. All simulation runs have the same beampipe and TPC. The parameters used in
the simulations are shown below.

• Particle: e−

• Momentum range: 0 to 50 GeV/c (uniform in p)

• Pseudorapidity range: 0 ≤ η ≤ 2.5

• Number of events: 100 000

• Pixel size: 20×20 µm2

• Magnetic field: 1.5 T

The length of the inner barrel is adjusted, moving the inner disk accordingly. Figure 14 shows a
sketch of the situation where the inner barrel is 270 mm long. The results of this investigation,
with resolutions plotted versus the momentum, are shown in Figure 15. In Figure 16, the
resolutions plotted versus the pseudorapidity are shown.
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Figure 14: The layout of the detector, including disks. The inner barrel length is adjusted, and
the innermost disk moves accordingly. The green dot indicates the centre point.
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(b) Transverse pointing resolution.
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(c) Longitudinal pointing resolution.

Figure 15: Relative momentum resolution and pointing resolutions versus momentum for dif-
ferent lengths of the inner barrel layers.

From Figure 15 it can be seen that in this situation, both the relative momentum resolution
and the pointing resolutions are largely unaffected by the length of the inner barrel layers, for
different values of the momentum p.

The insensitivity to the changes likely stems from the averaging over the investigated pseudo-
rapidity range. For a given momentum, different events will have hit different regions of the
detector. Some will thus be strongly affected by the placement of the disks and extent of the
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(b) Transverse pointing resolution.
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Figure 16: Relative momentum resolution and pointing resolutions versus pseudorapidity for
different lengths of the inner barrel layers.

layers, whereas some will only be sensitive to the radii the barrel layers are placed at. In plots
versus momentum, this will not show up explicitly other than as a small change of the full average
resolution.

Figure 16 shows the same simulation results, plotted versus the pseudorapidity. Figure 17 shows
a sketch of the detector with an inner barrel length of 270 mm, with pseudorapidities marked.
The pseudorapidity coverage for the inner barrel layers and the first disk will change for shorter
or longer inner barrels.

η=2.45

η=1.78

η=1.86

η=2.27

η=1.30

η=2.75 η=3.86

η=1.54 η=2.06 η=2.41 η=2.55η=1.83 η=2.25

Figure 17: Detector sketch with pseudorapidities for different parts marked. The sketch is for
an inner barrel length of 270 mm.
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In the plots of resolutions versus pseudorapidity the effect of changing the layer length is clear.
Looking first at the relative momentum resolution, it can be seen that it begins to deteriorate
as the track length in the TPC gets shorter. The outer radius of the TPC is missed at η ≥
1.06, which is where the curves start to turn upwards. At large pseudorapidities (η ≥ 2.1)
the resolution improves however, as the lever arm increases when more disks are hit. In the
simulation containing no disks no parts of the detector are hit after a point, cutting the graph
off.

In the pointing resolutions, there is a very clear deterioration as layers are missed. The big jump
happens when the innermost layer is no longer hit, which makes sense as the innermost layer
position is the main variable affecting the pointing resolution. For the 90 mm long inner layer
particles also travel through the inner hole of the innermost disk at pseudorapidities larger than
1.65, and for the 150 mm long this happens at pseudorapidities larger than 2.13, thus missing
the first disk as well as the innermost layer. When the disks are not present and the TPC is no
longer hit, there are no more data points when the innermost layer is the only one hit as that is
not enough for reconstruction.

3.9 Replacing gas TPC with silicon layers and disks

3.9.1 Different silicon layouts

In order to investigate the possibilities and potential benefits of an all-silicon tracker, simulations
are made where the gas TPC is replaced with layers of silicon. Different layouts of this silicon
replacement are tested, and results from the best basic layouts are combined into a final feasible
design. In the simulations, the silicon vertex tracker barrel remains the same; the standard 4-
layer barrel, with an added time-stamping layer. Seven disks are present in the forward region,
at positions in z (along the beam axis) of 140.0 mm, 425.0 mm, 582.0 mm, 739.0 mm, 896.0 mm,
1053.0 mm, and 1210.0 mm. The radii of the disks are varied in the different layouts. The
simulation parameters used are shown below. In the text that follows, the different layout names
as presented in the resolution plots will be written in italics in parentheses.

• Particle: e−

• Momentum range: 0 to 50 GeV/c (uniform in p)

• 0 ≤ η ≤ 2.5

• Number of events: 100 000

• Pixel size: 20×20 µm2

• Magnetic field: 1.5 T

First of all a reference run is made using the standard TPC (With gas TPC ) with the regular basic
disks. This is the layout shown in Figure 2. The first gas TPC replacement layout investigated
keeps the standard disks, and replaces the gas TPC with four silicon layers (2+2 layers, long)
with a thickness of 0.8 % X0 each and a length of 1960 mm, which is the same length as the gas
TPC. The first silicon layer is placed at a radius of 225.0 mm, which is the same as the innermost
TPC radius. The second layer is placed as closely as possible to this, 46.2 mm further out (i.e.
at a radius of 271.2 mm). Having two layers close together will help in finding the direction a
particle travels, if it hits both layers. The final two layers in this layout are placed at radii of
728.8 mm and 775.0 mm, which is the gas TPC outer radius. A sketch of the layout can be seen
in Figure 18. Detector staves this long may in reality require a slightly higher material thickness,
but 0.8 % X0 is used as an approximation in the simulations.

Tests are also done with a smaller radius replacement (2 layers, long, small radius), where the
gas TPC is replaced by two silicon layers, at radii of 383.8 mm and 430.0 mm, and lengths of
1960 mm. This layout keeps the standard disks with their normal radii. A layout with shorter
layers (840.0 mm long) is also tested at this radius (2 layers, short, small radius; large disks).
This layout has enlarged disks, with a radius of 430.0 mm. The innermost disk radius is always
kept the same, in order to fit inside the outer barrel layers.
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Figure 18: Sketch of the simulated layout with standard disks, where the gas TPC is replaced
by two inner and two outer silicon layers.

The studies of the layouts with a smaller radius shows that larger disks improve momentum
resolution in the investigated parameter space. More studies are therefore made with shorter
layers (840.0 mm, the same length as the barrel outer layers) and larger disks. The full radius of
775.0 mm is used, and five silicon layers are used to replace the gas TPC. The layers are placed
equidistantly between 225.0 mm and 775.0 mm. Five layers are used as a balance of tracking
capability (which increases with number of detector hits) and material thickness. Tests are made
with enlarged disks, with a radius of 420.0 mm (5 layers, short; large disks), and an optimised
disk layout. The radius of 420.0 mm is used as that will give a maximum length across the disk of
840.0 mm; the same length as an outer barrel layer. The optimised disk layout is a combination of
smaller disks and larger rings, combining the best-performing elements while keeping a realistic
configuration (5 layers, short; optimised disks). The sizes of the disks and rings can be trimmed
to give close to full silicon detector coverage in central to forward pseudorapidities. The optimised
disks offer many possibilities of fine-tuning coverage in certain pseudorapidity regions. A sketch
of this layout can be seen in Figure 19.

The layouts presented here are the key results from the investigation. Some of the other studied
layouts, and the reasons they are not part of the main results, can be found in Appendix C.

Resolutions from the simulations are shown in Figure 20 versus momentum, and in Figure 21
versus pseudorapidity. From the plots, it can first of all be seen that the longitudinal pointing
resolution is not significantly altered by changes in the TPC region. With disks of the same
thickness, position, and pixel size in place, there is never much difference.

Looking at the relative momentum resolution versus momentum, it is first noteworthy that above
momenta of around 5 GeV/c, some of the silicon configurations outperform the gas TPC. This
is likely to a large extent due to the much smaller pixel size of the silicon layers, giving a better
intrinsic resolution compared to the TPC. Only the long small radius layout with standard disks
(2 layers, long, small radius) does not outperform the gas TPC at any point. This is due to the
decrease in lever arm length, which strongly affects the relative momentum resolution. Decreasing
the length and making room for a larger disk size improves the momentum resolution, as seen
by comparing the two different small radius layout results (i.e. the curves labelled 2 layers, long,
small radius and 2 layers; short, small radius; large disks).

In the plot of transverse pointing resolution versus momentum, there is no significant difference
between any of the layouts. This is expected, since the innermost layers of the detector do not
change.
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Figure 19: Sketch of the simulated layout with optimised disks, where the gas TPC is replaced
by five equidistant silicon layers, as well as disks and rings to give pseudorapidity coverage in
the forward and backward regions.
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(b) Transverse pointing resolution.
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Figure 20: Relative momentum resolution and pointing resolutions versus momentum for dif-
ferent gas TPC replacement configurations.
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Figure 21: Relative momentum resolution and pointing resolutions versus pseudorapidity for
different gas TPC replacement configurations.

Looking at the plot of relative momentum resolution versus pseudorapidity, more details of where
the momentum resolution losses come from for the different layouts can be seen. The resolution
of the gas TPC layout starts to deteriorate as the path length through the gas decreases. It then
improves again once more disks are hit, at pseudorapidities η ≥ 2.1. The layout with two inner
and two outer silicon layers (2+2 layers, long) immediately loses momentum resolution when
the outer two layers are no longer hit, at η ≥ 1.1. Like the gas TPC layout, resolution is then
improved again once disks are hit and the lever arm increases. In a pseudorapidity interval of
1.1 ≤ η ≤ 2.3 however, the relative momentum resolution for this layout is much worse than it
is at central pseudorapidities.

The momentum resolutions of the small radius layouts follow each other well at η ≤ 1.5. After this
however, it becomes apparent that having shorter layers and larger disks improves momentum
resolution.

Comparing the five layer layouts, their momentum resolutions are the same at η ≤ 0.5. After
that however, they diverge in the interval 0.5 < η ≤ 1.9, with the optimised disk layout having
better resolution consistently. This is due to the detector gaps in pseudorapidity present in the
420 mm (large) disk layout, where layers are missed. These gaps are closed by disks and rings
in the optimised disk layout.

Looking at the transverse pointing resolution versus pseudorapidity, most layouts have no signif-
icant difference. Only the long small radius layout with standard disks and the gas TPC layout
are worse than the others, at η ≥ 1.6.

In conclusion, the layout with disks and rings, that combines the best parts of the other tested
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layouts into a physically viable construction, outperforms the gas TPC in all the studied param-
eter space, apart from at momenta below 4 GeV/c.

The ridges seen in the plots versus pseudorapidity have a direct correspondence to gaps in the
detector coverage. Fine-tuning the layout can minimise the gaps and improve the resolutions.
This can be done effectively for any of the proposed detector concepts for the EIC.

Important to note in this study is that a gas TPC gives many points through which a track can
easily be extrapolated, whereas a few silicon layers can make unambiguous reconstruction more
difficult in a more realistic test (e.g. full event reconstruction, rather than single particle). One
solution would be to increase the number of silicon layers, while keeping in mind that an increased
material thickness deteriorates resolution. The smaller pixel size possible with the silicon is also
beneficial for the reconstruction however, so a balance can likely be reached between performance
and material thickness. The five layer layout is an attempt at reaching this balance. In a study
made comparing two silicon layers to five, it is found that having five silicon layers instead of
two is not severely detrimental to any of the resolutions in this parameter space. Details of this
study can be found in Appendix C. A gas TPC can also help with particle identification. This
would need to be handled by other detectors, if an all-silicon tracker layout is used.

Comparing the two different five layer layouts, it can clearly be seen that the optimised disk
layout has better relative momentum resolution than the 420 mm disk layout. In the plot
versus momentum, there is always a difference of approximately 0.5 % between them, with the
optimised disk layout being lower. In the plot versus pseudorapidity, the relative momentum
resolution of the 420 mm disk layout is up to 2 % higher than the optimised disk layout at
certain pseudorapidities, and never lower. In the following studies, only the optimised disk
layout will thus be considered.

3.9.2 Different silicon replacement outer radius

Using silicon layers instead of a gas TPC can potentially make it possible to reduce the overall
tracker radius without severe loss of performance. Dedicated studies are therefore made for
different outer radii of the detector, utilising the results from Section 3.9.1. The best-performing
silicon configuration, shown in Figure 19, is simulated for different outer radii, keeping the five
silicon layers equidistantly spaced between a radius of 225.0 mm and the currently investigated
maximum outer radius. The minimum distance between layers is 46.2 mm, resulting in a smallest
possible outer radius of 409.8 mm. Outer radii of 500.0 mm, 600.0 mm, and 775.0 mm (which is
the standard radius as presented in Figure 19) are also tested. The radius of the rings is changed
to match the currently investigated outer radius, in order to keep the full tracker radius at the
investigated level. The 420 mm radius disk layout described in Section 3.9.1 is also investigated
in this way, and results from this can be found in Appendix C.

Studies are made both in the central region and in the forward region, with slightly different
parameters. For the central regions, the following parameters are used:

• Particle: e−

• Momentum ranges: 0 to 5 GeV/c and 0 to 30 GeV/c

• Pseudorapidity ranges: −1 ≤ η ≤ 1 and 0 ≤ η ≤ 1

• Number of events: 100 000

• 5 layer barrel (two inner, two outer, one time-stamping layer)

• Pixel size: 20×20 µm2

• Magnetic field: 1.5 T

There is no significant difference in any of the pointing resolutions in this study, so only the
relative momentum resolution results are shown. The gas TPC layout used is the standard one,
with an outer radius of 775.0 mm, as shown in Figure 2. Figure 22 shows the relative momentum
resolution versus momentum and pseudorapidity in the momentum interval 0 to 5 GeV/c and
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pseudorapidity interval −1 ≤ η ≤ 1. In Figure 23, the same can be seen for the study performed
in the momentum interval 0 to 30 GeV/c and pseudorapidity interval 0 ≤ η ≤ 1.

The study of momenta between 0 and 5 GeV/c is made in order to observe the differences for very
low momenta, whereas the 0 to 30 GeV/c study is made to investigate the detector performance
at the most probable electron momenta in the central region [8].
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Figure 22: Relative momentum resolution versus momentum and pseudorapidity for different
silicon TPC replacement outer radii, in the momentum range 0 to 5 GeV/c and pseudorapidity
range −1 ≤ η ≤ 1.
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Figure 23: Relative momentum resolution versus momentum and pseudorapidity for different
silicon TPC replacement outer radii, in the momentum range 0 to 30 GeV/c and pseudorapidity
range 0 ≤ η ≤ 1.

At all momenta below 5 GeV/c, the gas TPC outperforms the silicon replacement in relative
momentum resolution at all pseudorapidities between -1 and 1. The largest difference when
comparing to the smallest silicon replacement (with an outer radius of 409.8 mm) to the 775.0 mm
gas TPC is 2 %. At momenta approaching 5 GeV/c, the difference between the gas TPC and
the silicon replacements decreases.

Looking at the higher momentum interval (0 to 30 GeV/c), it can be seen that the gas TPC loses
performance faster with increasing momentum than the silicon layouts do. The points where the
different silicon layouts start having better relative momentum resolutions than the gas TPC can
be seen. The 775.0 mm outer radius silicon layout is better at momenta above 6 GeV/c. The
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600.0 mm silicon layout is equally good or better at momenta above approximately 11 GeV/c.
The 500.0 mm is equally good at 30 GeV/c. For the 409.8 mm radius silicon layout, the difference
to the gas TPC decreases from 2 % at low momenta to approximately 0.5 % at 30 GeV/c, but
it never outperforms the 775.0 mm radius gas TPC.

Looking at the pseudorapidities, the 775.0 mm silicon layout is equal to or outperforms the gas
TPC at η ≤ 0.9. The 600.0 mm silicon layout matches the performance of the gas TPC at
η ≤ 0.5. The smaller radius layouts are always 0.5 % to 1.5 % worse in relative momentum
resolution than the gas TPC in this parameter space.

Note again that for momenta below 5 GeV/c, the gas TPC has better relative momentum
resolution than any of the investigated silicon layouts.

The same study is performed in the forward region, using the following parameters;

• Particle: e−

• Momentum range: 0 to 50 GeV/c

• Pseudorapidity range: 1.0 ≤ η ≤ 2.5

• Number of events: 100 000

• 5 layer barrel (two inner, two outer, one time-stamping layer)

• Pixel size: 20×20 µm2

• Magnetic field: 1.5 T

In this study the longitudinal pointing resolution never differs significantly and is not shown.
Figures 24 and 25 show the resolutions for different radii of the optimised disk layout versus
momentum and pseudorapidity, respectively.
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Figure 24: Relative momentum resolution and transverse pointing resolution versus momentum
for different silicon TPC replacement outer radii, with optimised disk layout. Forward regions
(1 ≤ η ≤ 2.5).

Looking at Figure 24, it can be seen that the optimised disk layout has better relative momentum
resolution than the gas TPC at all momenta when the radius is 500.0 mm or larger. The layout
with an outer radius of 409.8 mm only outperforms the gas TPC at momenta exceeding 5 GeV/c.
The 775.0 mm outer radius is the best layout tested, but the difference in relative momentum
resolution to the 500.0 mm layout is at most slightly less than 1 %. The difference in transverse
pointing resolution is small for all tested layouts.

In Figure 25, it can first of all be seen that for transverse pointing resolution, the gas TPC is
worse than any radius of silicon for pseudorapidities between approximately 1.5 and 2.3. For the
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Figure 25: Relative momentum resolution and transverse pointing resolution versus pseudo-
rapidity for different silicon TPC replacement outer radii, with optimised disk layout. Forward
regions (1 ≤ η ≤ 2.5).

relative momentum resolution, the silicon layouts are different up until a pseudorapidity of 1.9,
whereafter they are the same (as is expected, since the layouts are identical in this region of the
disks). The 775.0 mm outer radius layout always has better relative momentum resolution than
the gas TPC in the investigated parameter space. The 600.0 mm layout has better momentum
resolution than the gas TPC at η ≥ 1.2, and the 500.0 mm layout has better resolution at η ≥ 1.4.
The 409.8 mm silicon layout outperforms the gas TPC at pseudorapidities larger than 1.55. The
gas TPC relative momentum resolution is at most 2.5 % lower than the 409.8 mm silicon layout
relative momentum resolution.

To investigate at what radius silicon outperforms a gas TPC, different outer radii of the gas TPC
are studied in the central region, and compared to the previously discussed all-silicon simulations
with five silicon layers replacing the gas TPC. The parameters used are listed below.

• Particle: e−

• Momentum range: 0 to 30 GeV/c

• Pseudorapidity range: 0 ≤ η ≤ 1

• Number of events: 100 000

• 5 layer barrel (two inner, two outer, one time-stamping layer)

• Pixel size: 20×20 µm2

• Magnetic field: 1.5 T

The radii tested mimic those of the silicon replacement layouts; 409.8 mm, 500.0 mm, 600.0 mm,
and (the standard gas TPC outer radius) 775.0 mm. The results are compared to the simulations
performed with the optimised disks layout.

Figure 26 shows the gas TPC (blue) superimposed on the 775.0 mm radius silicon replacement
layout (green). The range of pseudorapidities between -1 and 1 are marked by purple dashed
lines.

The resolutions resulting from these simulations can be seen in Figure 27 versus momentum,
and in Figure 28 versus pseudorapidity. The longitudinal pointing resolution does not change
significantly between the different layouts, and is thus not shown. In the figures, the colours
match radii. A solid line with circular markers indicates that the data correspond to a silicon
layout, and a dashed line with square markers indicates a gas TPC of the same radius.
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Figure 26: Sketch of the gas TPC (blue) superimposed on the 775.0 mm radius silicon replace-
ment layout (green). The dashed lines indicate |η| = 1.
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Figure 27: Relative momentum resolution and transverse pointing resolution versus momentum,
comparing 5 layer silicon replacement with gas TPC for different maximum outer radii.

From the plot of transverse pointing resolution versus momentum, it can be noted that the
transverse pointing resolution for a small-radius gas TPC is worse than the other tested layouts
at most momenta. This is likely due to the decrease in lever arm, in combination with the
relatively poor spatial resolution of the gas TPC (compared to silicon).

Looking at the relative momentum resolution versus momentum plot, it can be seen that silicon
is always equal to or better than a gas TPC if they both have a maximum radius of 409.8 mm.
In all cases, the relative momentum resolution for the silicon layout deteriorates slower with
increasing momentum than it does for the gas TPC. The silicon layouts are thus always better
than the gas TPC at high momenta. The location of the crossover point where silicon becomes
better than gas depends on the radius. For the 500.0 mm radius, the gas TPC is better at
momenta below 3 GeV/c. For the 600.0 mm radius, the gas TPC is better at momenta below
approximately 4 GeV/c. At a radius of 775.0 mm, the gas TPC has a better relative momentum
resolution at momenta below 6 GeV/c.

The transverse pointing resolution versus pseudorapidity plot in Figure 28 shows that the gas
TPC at 409.8 mm radius has the worst pointing resolution in the whole investigated pseudora-
pidity range (0 ≤ η ≤ 1). In general the silicon layouts are shown to have the best transverse
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Figure 28: Relative momentum resolution and transverse pointing resolution versus pseudora-
pidity, comparing 5 layer silicon replacement with gas TPC for different maximum outer radii.

pointing resolution here, but the difference between silicon and gas for each radius is below
1 µm.

Looking at the relative momentum resolution versus pseudorapidity, it can immediately be seen
that the silicon layouts at 409.8 mm radius and 500.0 mm radius are better than their gas
TPC counterparts across the full range investigated. The 500.0 mm radius silicon layout also
outperforms or matches the 600.0 mm radius gas TPC at pseudorapidities smaller than 0.8.
The silicon layout with radius 600.0 mm always outperforms or matches the 600.0 mm radius
gas TPC. Finally, the 775.0 mm radius silicon layout has better or equal relative momentum
resolution than the standard gas TPC at pseudorapidities below 0.85. In general, the difference
between silicon layouts and gas TPC increases as the radius decreases, in favour of the silicon
layout. In the investigated parameter space, an all-silicon layout has better performance than
a gas TPC as soon as the radius is decreased from the baseline of 775.0 mm. In other words,
if it is decided that the tracker radius is to be decreased from 775.0 mm, an all-silicon layout is
preferable to a gas TPC.
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4 Conclusions and outlook

In conclusion, the best silicon vertex tracker layout indicated by the performed simulations is one
with two inner layers (two are needed to keep redundancy, and improves pointing resolution at
higher momenta), two outer layers, and disks in the forward and backward regions. Having two
outer layers instead of just one makes little difference, but an extra layer may help in getting an
accurate particle track for vertex reconstruction. A time-stamping layer does not have a severe
negative impact on any of the resolutions, but can aid the detection in other ways. The detector
benefits from keeping the pixel size in all layers as small as possible, and the optimal pixel size
is currently considered to be 20×20 µm2.

The simulations indicate that for particles with momenta above around 5 GeV/c, the resolutions
can benefit from replacing the gas TPC with silicon layers. The best silicon vertex tracker, as
shown by the simulations, will thus be something similar to the sketch shown in Figure 19. This
is a baseline layout that can be adapted to any of the suggested detector concepts with small
alterations to accommodate different beampipes and fit in with other detector parts. If the
detector is to be more compact than the baseline radius of 775.0 mm, the simulations indicate
that it is beneficial to replace the gas TPC with layers of silicon and larger disks and rings.

In EICROOT, there are limited things that can still be done. Currently different simulation
frameworks are investigated, with the goal of inputting Pythia events and doing reconstruction
of physics observables. This would make it possible to investigate detector characteristics under
conditions more similar to the real experiment. The focus will be on reconstructing charmed
mesons, such as the D∗+ and D0. First of all however, the simulation frameworks will be
benchmarked with similar simulations as the ones described in this document and compared to
the EICROOT results.
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A Theoretical background

A.1 Particle interactions

A.1.1 Radiation length

Radiation length is a quantity used to describe how far radiation penetrates through a material.
It is defined by the energy lost due to bremsstrahlung of an electron (or positron) travelling
through the material.

Bremsstrahlung occurs when the incoming charged particle interacts with the electric fields of
the atomic nuclei in the traversed material. For relativistic electrons, the energy loss per length
is given by [12]

dE

dx
= −E(x)

X0
, (A.1)

where X0 is the radiation length. Integrating this, the energy as a function of distance travelled
by the electron is given by

E(x) = E0 · e−x/X0 . (A.2)

E0 is the initial total energy of the electron. The radiation length X0 is thus defined as the dis-
tance over which the energy of an electron is reduced by a factor of 1/e due to bremsstrahlung.

Radiation length is a material property, and can be calculated from material constants. An
approximation is given by [13]

X0 =
1

ρ

716.4 g/cm
2 ·A

Z(Z + 1) · ln
(

287/
√
Z
) , (A.3)

where ρ is the material density (in g/cm3), A is the mass number of the material, and Z its
atomic number. With these units, Equation A.3 gives the radiation length in centimetres.

The radiation length thus depends on both Z and Z2. The Z2 dependence comes from elastic
scattering between the electron and the nucleus, and the Z dependence comes from elastic
scattering between the incoming electron and the atomic electrons [13].

Radiation length is a useful tool for characterising the thickness of a detector, and detector
material thickness is commonly expressed in percentages of radiation length.

A.1.2 Multiple scattering

Charged particles traversing media scatter multiple times due mainly to interactions with the
Coulomb fields of atomic nuclei in the media. This is known as multiple scattering, or multiple
Coulomb scattering. The full distribution of scattering angles is well described by Molière’s
theory of multiple scattering [14]; for small angles of deflection the distribution is approximately
Gaussian, but for larger angles it more resembles Rutherford scattering, with larger tails than a
Gaussian distribution. Most of the deflections caused by the scattering result in small angular
deflections of the incident particle, and thus the Gaussian distribution approximation can be
used in most cases. With this approximation, the distribution of the total scattering angle θ
relative to the incidence direction is given by [13]

f(θ) =
1√

2π · σθ
· e−θ

2/2σθ . (A.4)

It is thus a Gaussian distribution centred around 0◦, with standard deviation σθ. The standard
deviation of the Gaussian distribution for multiple scattering is given by the “Highland formula”
as [15,16]

σθ =
13.6 MeV/c

p · β

√
x

X0

(
1 + 0.038 · ln

(
x

X0

))
. (A.5)
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Here p is the momentum of the incident particle, β = v/c its velocity (expressed as a fraction
of the speed of light), x is the length of scattering material traversed by the particle, and X0

is the radiation length of the material. For small values of x/X0, which is the case in tracking
detectors, Equation A.5 can be approximated as

σθ '
13.6 MeV/c

p · β

√
x

X0
. (A.6)

From this it can be seen that the distribution of angles gets wider for lower particle momenta
and velocities. Hence the particle trajectory is more likely to be more deflected for lower energy
particles traversing a detector, reducing the possible accuracy of position measurements. This
also shows the importance of keeping the material budget of detectors low, as a thicker detector
or a lower radiation length in it will increase x/X0, increasing the probability for a larger multiple
scattering angle and thus the uncertainty in measuring track position.

A.2 Detector properties

A.2.1 Spatial resolution of segmented detector

The spatial resolution in one direction of a detector segment is mainly determined by the size
of the segment, and the charge sharing between segments. Making the approximations that
charge sharing is not present, that the readout is binary (i.e. that a particle is either detected
or not; there is no signal amplitude information), and that the detector is uniform and fully
efficient across the entire segments, the spatial resolution as a function of segment size can be
determined.

Assuming that the segment reaches between points a and b, an incoming particle will be detected
with uniform probability if it hits between the two points, and not at all otherwise. The proba-
bility of a detected hit at position x is thus described by a uniform probability function f(x) on
the form

f(x) =


1

b− a
for a ≤ x ≤ b

0 otherwise.
(A.7)

The standard deviation of this will be equal to the error in position of a particle hit in the
detector segment. The standard deviation is given by

σ =
√
E(X2)− µ2, (A.8)

where E(X) is the expectation value of the stochastic variable X for the probability function,
and µ the mean value of the distribution. E(X) is given by

E(X) =

ˆ
xf(x)dx =

ˆ b

a

x

b− a
dx =

a+ b

2
. (A.9)

This is also equal to the mean value µ. For E(X2) this becomes

E(X2) =

ˆ b

a

x2

b− a
dx =

a2 + ab+ b2

3
. (A.10)

The standard deviation is thus in total

σ =

√
a2 + ab+ b2

3
−
(
a+ b

2

)2

=

√
(b− a)2

12
. (A.11)

The distance between a and b is the segment length. Calling the segment length d, the segment
spatial resolution thus becomes

σseg =
d√
12
. (A.12)

Thus, as an estimation, a detector with a segmentation length d will have a spatial resolution of
d/
√

12 in that direction.
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A.2.2 Pointing resolution

The pointing resolution is the accuracy with which the origin vertex position of a particle can
be determined by the registered hits in the detector.

To study the pointing resolution, a good approximation of how different parameters affect it can
be gathered from studying a two-layer detector. The layers are finely segmented, with errors
in spatial measurements of σ1 and σ2. The two layers are located at radii r1 and r2 from the
point of origin of the particle, where r2 > r1. A beampipe is considered to be located at a radius
r0.

Assuming first that the position of the track on the second layer is fixed (so that σ2 = 0 and
σ1 6= 0), the position resolution of the reconstructed vertex is given by [17]

σvtx,1
σ1

=
r2

r2 − r1
=⇒ σvtx,1 =

r2
r2 − r1

σ1

by the law of similar triangles. In the same way, assuming the position on the first layer is fixed,
the position resolution of the reconstructed vertex is

σvtx,2 =
r1

r2 − r1
σ2.

The resolutions of the first two layers are a combination of the segmented detector spatial res-
olution defined in Section A.2.1, and the uncertainty introduced by multiple scattering, defined
in Section A.1.2. For the first layer, the only multiple scattering term comes from the multiple
scattering in the beampipe, at radius r0. Assuming both layers have the same segmentation,
giving rise to an error of σ, and adding the errors in quadrature, the first layer resolution thus
becomes

σ1 =
√
σ2 + (r1 − r0)2 · σ2

θ,0. (A.13)

The 0 in σθ,0 here indicates that the multiple scattering comes from the beampipe. For the
second layer, two multiple scattering terms are present; one from the beampipe, and one from
the first layer. The resolution thus becomes

σ2 =
√
σ2 + (r2 − r1)2 · σ2

θ,1 + (r2 − r0)2 · σ2
θ,0. (A.14)

The multiple scattering from the first layer can be assumed to be small compared to the multiple
scattering from the beampipe however, leading to the approximation

σ2 '
√
σ2 + (r2 − r0)2 · σ2

θ,0. (A.15)

The total pointing resolution for the vertex position, σvtx, is given by the combination of σvtx,1
and σvtx,2. The multiple scattering terms are correlated however, giving rise to a third term
in the expression. With the sum in quadrature, including the correlation term, the pointing
resolution is given by

σvtx =
√
σ2
vtx,1 + σ2

vtx,2 + σcorrelation

=

√(
r2

r2 − r1
σ1

)2

+

(
r1

r2 − r1
σ2

)2

+
2r1r2

(r2 − r1)2
(r2 − r0)σθ(r1 − r0)σθ

=

√
r22 + r21

(r2 − r1)2
σ2 +

r22(r1 − r0)2 + r21(r2 − r0)2 + 2r1r2(r2 − r0)(r1 − r0)

(r2 − r1)2
σ2
θ

=

√
r22 + r21

(r2 − r1)2
σ2 +

(2r1r2 − (r1 + r2)r0)2

(r2 − r1)2
σ2
θ .

(A.16)
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With the assumption r2 � r1, this can be written

σvtx '

√(
r21

(r2 − r1)2
+ 1

)
σ2 + (2r1 − r0)2 · σ2

θ . (A.17)

With σ = d/
√

12 where d is the segmentation size of the detector, and the multiple scattering
term as σθ ' (13.6 MeV/c ·

√
x/X0)/(p · β) from Section A.1.2, the pointing resolution can be

written

σvtx '

√(
r21

(r2 − r1)2
+ 1

)
· d

2

12
+ (2r1 − r0)2 · (13.6 MeV/c)2

p2 · β2

x

X0
. (A.18)

The last term describes the contribution from multiple scattering, and at low momenta and
velocities (small p and β), this is dominant. This term also dominates at high detector thickness,
as can be seen by the proportionality to x/X0. The term also includes a part relating to the
tracker barrel layout; to minimise the pointing resolution, the innermost layer should be kept as
close as possible to the beampipe, to minimise (2r1 − r0)2.

The first term dominates at higher momenta, and shows the dependence on the segmentation
size d. A smaller segmentation size thus improves pointing resolution, as it reduces σvtx. The
term also shows the importance of keeping r1 small, i.e. having the innermost layer close to the
vertex. There is also an inverse proportionality to the difference between r2 and r1, indicating
that a long lever arm is desired, with the outermost layer far away from the innermost one.

This derivation is made for a two-layer detector, but the principles hold true for more layers as
well. Thin detector layers with small segmentation are desired, and an innermost layer close to
the beampipe with an outermost layer far away to give a long lever arm.

A.2.3 Relative momentum resolution

In order to study the relative momentum resolution of a detector, a study of N + 1 equally
spaced detector layers gives a good indication of the behaviour [18]. The layers are placed at radii
r0, r1, . . . , rN from the interaction point, and will correspond toN+1 equally spaced measurement
points of the track. The length (lever arm) of the detector is thus given by L = rN − r0, and the
resolution of a detector layer is σ (given by Section A.2.1 for a segmented detector). The detector
is assumed to be in a magnetic field B, directed along the beam direction of the accelerator.

The total relative momentum resolution consists of two parts, summed in quadrature; one stem-
ming from the detector layout, and one from multiple scattering within the detector. In this
study, the transverse momentum pT is considered, which is also the interesting momentum in
the work carried out here, as it is orthogonal to the magnetic field. Calling the parts “geom”
and “MS” respectively, the relative momentum resolution can be written

σpT
pT

=

√(
σpT
pT

)2

geom

+

(
σpT
pT

)2

MS

. (A.19)

The multiple scattering part dominates at low momenta, while the first part dominates at higher
momenta.

The first part, coming from the detector geometry, is given by [19](
σpT
pT

)
geom

= pT ·
σ

|q| ·B · L2
·

√
720N3

(N − 1)(N + 1)(N + 2)(N + 3)
. (A.20)

The charge of the tracked particle is denoted q, and no assumption is made concerning the units
of the different parameters.

The second part gives a contribution from multiple scattering as [19](
σpT
pT

)
MS

=
1

|q|B
13.6 MeV/c

β

√
CN
X0L

, (A.21)
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where β = v/c is the velocity of the tracked particle, q its charge, and CN a dimensionless
coefficient dependent on the number of layers in the detector. The coefficient CN is equal to
1.3 within 10 % accuracy. This part of the relative momentum resolution dominates at low
momenta.

From the part stemming from the detector layout, Equation A.20, it is clear that a large lever
arm L is very important for achieving good resolution. A high magnetic field also improves the
resolution, as does a fine segmentation (decreasing σ). This part is also directly proportional
to pT, indicating that the resolution deteriorates at higher momenta. There is also a weak
dependence on the number of detector layers (∝ 1/

√
N). More registered hits are important for

the pattern recognition used in track reconstruction, however, so more layers are useful despite
the weak dependence.

For the multiple scattering part presented in Equation A.21, there is no momentum dependence.
This part dominates at low momenta. Again, stronger magnetic field gives a better resolu-
tion. There is also a weak dependence on the detector size, with the inverse proportionality to√
L.

In total, relative momentum resolution improves with stronger magnetic fields and larger detec-
tors. The formulae presented here are valid for equal spacing between detector planes, but they
give a clear indication for the behaviour of a layered detector in the general case.
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B Fit interval trimming and comparison with eRD16

Comparing results of relative momentum resolution results for different pixel sizes with results of
the same from eRD16, some discrepancies are found. Those are illustrated in Figure 29.

(a) University of Birmingham result. (b) eRD16 result.

Figure 29: What at the time was thought to be the same simulation, carried out at different
institutes with different analysis methods.

It can be seen that the eRD16 results show a better resolution at lower momenta. The trends
are however the same.

The discrepancies were first thought to come from the difference in fit interval used. In eRD16,
an interval of 1-3 standard deviations around the centre of the Gaussian fit is used. In the
simulations done at he University of Birmingham at this time, an interval defined by a minimum
value was used, resulting in a much larger fit range. Figure 30 shows a comparison to using a
narrower fit interval (of 1.5 standard deviations) and the one used before.

Figure 30: Comparison of fit intervals used in the data analysis. “Narrower” indicates a fit
interval of 1.5 standard deviations around the peak is used.

It is quite clear that the narrower fit interval lowers the resolution. The narrower interval also
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provides a more accurate fit in many cases, so it is used throughout this report.

Since this study, it has also come to light that eRD16 used a different magnetic field map in
the simulations carried out. This field map was not uniform, which again introduces discrep-
ancies compared to the simulations in uniform magnetic field maps done at the University of
Birmingham.
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C Further gas TPC replacement studies

C.1 Different silicon layouts

In addition to the studies presented in Section 3.9, a few further layouts are investigated. The
simulation parameters used are shown below.

• Particle: e−

• Momentum range: 0 to 50 GeV/c (uniform in p)

• 0 ≤ η ≤ 2.5

• Number of events: 100 000

• Pixel size: 20×20 µm2

• Magnetic field: 1.5 T

First of all reference runs are shown, using no TPC (No TPC; standard disks), and the standard
TPC (With gas TPC ) with the regular basic disks. The first gas TPC replacement layout tested
here is having two silicon layers (2 layers, long) with a thickness of 0.8 % X0 and a length of
1960 mm, the first one at the innermost TPC radius (225.0 mm) and the second at the outermost
TPC radius (775.0 mm). This layout is not part of the main results, as having only two layers
will make associating hits to tracks difficult due to the large empty volume between them. A
simulation is also done for a 12 layer layout, filling the space the gas TPC occupies with 12
silicon layers, placed 46.2 mm apart (12 layers, long). This layout is not part of the main results
due to the large material thickness 12 layers give.

Layouts with shorter (840 mm) layer length and enlarged disk radii are also tested. A result is
shown for no TPC with disks of radius 420.0 mm (No TPC; large disks), for a two-layer layout
with the same disks (2 layers, short; large disks), and also for a two-layer layout with disks
extending all the way out to a radius of 775.0 mm (2 layers, short; very large disks). Disks this
big are likely not physically viable, which is why this is not part of the main results.

Resolutions from the simulations are shown in Figure 31 versus momentum, and in Figure 32
versus pseudorapidity. The longitudinal pointing resolutions do not change significantly between
the layouts, and are thus not shown.
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(b) Transverse pointing resolution.

Figure 31: Relative momentum resolution and transverse pointing resolution versus momentum
for different gas TPC replacement configurations.

Looking at the relative momentum resolution versus momentum, it can first of all be seen that
the disk size has a large effect. Comparing the no TPC runs, having 420.0 mm large disks
radically improves the resolution. It can also be seen that the 12 layer layout does not have
better momentum resolution than the gas TPC at momenta below 38 GeV/c, due to the large

38



C FURTHER GAS TPC REPLACEMENT STUDIES

0 0.5 1 1.5 2 2.5
 Pseudorapidity

0

2

4

6

8

10

12

 R
el

at
iv

e 
m

om
en

tu
m

 r
es

ol
ut

io
n 

[%
]

With gas TPC
2 layers, long
12 layers, long
No TPC; standard disks
No TPC; large disks
2 layers, short; large disks
2 layers, short; very large disks

(a) Relative momentum resolution.

0 0.5 1 1.5 2 2.5
 Pseudorapidity

0

2

4

6

8

10

12

14

16

m
]

µ
 T

ra
ns

ve
rs

e 
po

in
tin

g 
re

so
lu

tio
n 

[

With gas TPC
2 layers, long
12 layers, long
No TPC; standard disks
No TPC; large disks
2 layers, short; large disks
2 layers, short; very large disks

(b) Transverse pointing resolution.

Figure 32: Relative momentum resolution and transverse pointing resolution versus pseudora-
pidity for different gas TPC replacement configurations.

amount of material. The layout with two layers and disks of radius 775.0 mm has the best
momentum resolution everywhere. This is due to the full coverage in all of the investigated
pseudorapidity range. The optimised disk layout described in Section 3.9 attempts to recreate
this in a feasible way.

The transverse pointing resolution is not significantly different for the layouts where there is
silicon replacing the gas TPC, apart from for the 12 layer layout, which is worse than the others
up to momenta of 28 GeV/c. This is again due to the large amount of material giving rise
to multiple scattering. The runs without gas TPC or silicon replacement have slightly worse
pointing resolution than the others, likely due to the significant decrease in lever arm length at
central pseudorapidities.

Looking at the plots versus pseudorapidity, there are clear ridges where the disks come into play.
In the relative momentum resolution plot, comparing the no TPC runs, it can be seen that the
standard disks do not improve the resolution until η ≥ 1.7. For the 420.0 mm radius disks, this
happens already at η ≥ 0.9. It can again be seen that the disk size has a large effect. The
layout with no TPC and 420.0 mm disks outperform the gas TPC layout (with standard disks)
at η ≥ 1.3. The disks with a radius of 775.0 mm keep the momentum resolution low throughout
the investigated pseudorapidity range.

The effect of the disk radius can also be seen in the same way in the plot of transverse pointing
resolution versus pseudorapidity. It can also be seen that having full detector coverage (as is the
case with the 775.0 mm disks) is beneficial. This is the conclusion leading to the optimised disk
layout.

C.1.1 Comparison of two silicon layers and five silicon layers

A study is also made comparing two-layer layouts with five-layer layouts, to see whether five layers
deteriorates the resolutions. Both 420 mm disks and the optimised disk layout are tested. Results
of this study are shown in Figure 33 versus momentum, and in Figure 34 versus pseudorapidity.
There is no significant difference in the longitudinal pointing resolution, and those plots are thus
not shown.

From this, it can be seen that having five silicon layers instead of two is not severely detrimental
to any of the resolutions in this parameter space. Five layers will however help with track
reconstruction, and this layout is thus more beneficial than the two layer layout. This is therefore
the layout presented as part of the main results in Section 3.9.
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Figure 33: Relative momentum resolution and transverse pointing resolution versus momentum
for 2 and 5 layers in the TPC replacement silicon barrel.
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Figure 34: Relative momentum resolution and transverse pointing resolution versus pseudora-
pidity for 2 and 5 layers in the TPC replacement silicon barrel.

C.2 Different silicon replacement outer radius

For the study of different silicon layout radii, the results from using disks with a radius of
420.0 mm (instead of the optimised disk layout) are presented here. The sudy is made in a
pseudorapidity interval of 1 ≤ η ≤ 2.5. Figures 35 and 36 show the resolutions versus momentum
and pseudorapidity respectively.

From Figure 35, it can be seen that in this forward region, the five layer layout with 420 mm
radius disks outperforms the gas TPC at momenta above approximately 5 GeV/c, for all the
tested radii. The pointing resolutions show no significant difference at any momentum.

In Figure 36, it can be seen that the silicon layouts all are very similar (since the disks dom-
inate in the largest part of this region), and have better relative momentum resolution than
the gas TPC at pseudorapidities exceeding 1.35, regardless of the outer radius. The transverse
pointing resolution for the gas TPC is worse than the silicon layouts at pseudorapidities between
1.5 and 2.3.
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Figure 35: Relative momentum resolution and transverse pointing resolution versus momentum
for different silicon TPC replacement outer radii, with 420 mm radius disks. Forward regions
(1 ≤ η ≤ 2.5).
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Figure 36: Relative momentum resolution and transverse pointing resolution versus pseudo-
rapidity for different silicon TPC replacement outer radii, with 420 mm radius disks. Forward
regions (1 ≤ η ≤ 2.5).
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D Area comparison to the ALICE ITS Upgrade

In order to get an approximation of the cost of the silicon vertex tracker, a silicon area comparison
is made with the ALICE ITS Upgrade [5]. The area of the seven silicon barrel layers in the
ALICE ITS Upgrade is approximately 9.3 m2 [5]. The five barrel layers in the design presented
in this report (two inner layers, two outer layers, one time-stamping layer) have a total area of
approximately 2.5 m2. Hence, the silicon barrel presented here has an area 27 % that of the
ALICE ITS Upgrade barrel.

If the gas TPC is replaced with 5 silicon layers, the total silicon area will depend on the radii
the layers are located at. Table 2 gives a summary for the radii discussed in Section 3.9, with
layers being 840 mm long. If they are instead 1960 mm long, the areas will increase by a factor
of 1960/840 ≈ 2.33.

Outer radius Area of Si TPC repl. + barrel % of ALICE ITS
Barrel only 2.51 m2 26.7 %
409.8 mm 10.9 m2 117 %
500.0 mm 12.1 m2 130 %
600.0 mm 13.4 m2 144 %
775.0 mm 15.7 m2 169 %

Table 2: Five layer silicon TPC replacement areas, compared to the ALICE ITS Upgrade. Disks
are not included.

The standard disks used (7 forward, 7 backward) have a total area of approximately 1.4 m2.
The baseline layout, as shown in Figure 2, thus has an area approximately 42 % that of the ITS
Upgrade barrel.

If the disks have a radius of 420 mm, the total silicon area from the disks becomes approximately
6.7 m2, which is approximately 72 % of the area of the ALICE ITS Upgrade barrel.

In the optimised disk layout, the total disk area will again depend on the outer radius of the
tracker. Table 3 summarises the disk area for different outer radii, and its comparison with the
ALICE ITS Upgrade barrel.

Outer radius Area of silicon disks % of ALICE ITS
409.8 mm 3.71 m2 39.9 %
500.0 mm 5.77 m2 62.0 %
600.0 mm 8.53 m2 91.8 %
775.0 mm 14.6 m2 157 %

Table 3: Optimised disk area for different outer radii, compared to the ALICE ITS Upgrade
barrel.
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