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Abstract

In this report, the innovative tracker modules for the CMS Phase II Upgrade are
presented. Their characteristics and their operating principles are studied through
the tuning both of a simulation of the test beam that will be performed at DESY,
Hamburg, and of a reconstruction chain. The main feature of the new sensors –
their ability to reject low transverse momentum tracks in the very early steps of
the data acquisition – is tested and discussed. The alignment of the module in the
test beam facility, the particle tracking and the resolution of the new sensors are
studied and the results are presented.
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1 Introduction

The Large Hadron Collider (LHC) at CERN is going to be upgraded to the HL-LHC (High
Luminosity LHC) in order to achieve an even higher luminosity. This future development
will lead to an increased event rate per bunch crossing and, as a consequence, to the need
for dealing with high pile-up conditions. All the experiments currently working along the
LHC accelerator will need to rethink and redesign their constituent parts, with the goal
of providing sufficient granularity to meet the physics performance and tracking efficiency
requirements. Moreover, a higher collision rate also means an increased exposure to
radiation and, therefore, to risk of damage both for the detectors and for the electronics.
In this report, I will focus on the Compact Muon Solenoid (CMS) experiment. The
benefits of increased luminosity will be fully exploited only if the event selection process
becomes more efficient. An early rejection of low energy events is crucial for reducing
the amount of data stored and processed, in order to deal with the expected event rate.
The entire CMS tracking system will be renewed in the next years. The new detectors will
feature several characteristics, including increased granularity (higher channel density).
The innovative tracker modules for the Phase II Upgrade of the CMS experiment will be
able to add tracking information to the trigger decision process, in order to ensure the
rejection of low transverse momentum tracks in the very first steps of the event selection.
It is crucial to implement this feature directly in the hardware because the selection
algorithms become less efficient at high pile-up. The above discussed task can be carried
out by the Outer Tracker of the experiment, which should be able to provide information
both for the trigger decision and for the track reconstruction.
The upgraded CMS Outer Tracker will be composed of silicon detector modules called
”pT - modules”, since they are capable of rejecting the tracks associated to low energy
particles by exploiting the bending of their trajectories in CMS due to the magnetic field
of 3.8 T. In particular, the transverse momentum threshold which is likely to be chosen is
around 2 GeV/c. A more detailed description of the CMS Phase II Upgrade is given in [1].
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Figure 1: CMS Phase-II Outer Tracker layout design, [3]. 2S modules are shown in red, PS
modules in blue.

4



2 The 2S module

Figure 1 shows the planned layout of the CMS Outer Tracker. PS (Pixel - Strip) modules
are shown in blue, 2S (2 - Strip) modules in red. They will be placed at six different
radii in the barrel region and in the outer radii of each end-cap’s disks.

Figure 2: 2S module layout, [1].The sensor planes (in yellow), the front-end electronics – the
CBC chips, at number 10 – and the support framework are shown.

The official layout of the 2S modules is shown in Figure 2. The two superimposed silicon
sensors (shown in yellow) are both divided into two halves, with each side being read
out by eight CBC (CMS Binary Chip), which constitute the front-end electronics. Each
sensor has 8x127 silicon micro-strips. Two superimposed sensors make up a single 2S
sensor: the micro-strips of each plane are perfectly aligned with those belonging to the
other plane. In Table 1 and in Figure 3, geometrical specifications are given. Sensors
with an inter-planar distance of 4mm (1.8mm) will be referred to as 2S 4mm sensors (2S
1.8mm sensors). The modules under test are digital sensors: any time the collected charge
in a single channel exceeds a certain set threshold, the strip will give a signal of fixed
height, independently of the effective value of the collected charge. If the threshold is
not reached, that signal would not be produced. This behaviour is called binary operation.

Figure 3: Geometrical specifications of that part of the sensor read out by one CBC chip.
Left: section on the xz-plane. Right: section on the yz-plane.
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Table 1: 2S sensor specifications

Strips per plane 8x127
Pitch 90 µm

Total thickness 320 µm
Sensitive thickness 200 µm

Strip length 47.942 mm
Inter-planar distance 4.0 mm or 1.8 mm

At DESY laboratories, a module of a 4 mm sensor has been designed and is currently
being realized. As soon as the test framework will be ready, the sensor will undergo a
test beam at the DESY facility in Hamburg (see Figure 4). To extract the beam from
DESY II synchrotron, a fiber target is inserted in the accelerator ring along the beam line;
the electron beam, hitting the target, generates a photon beam by bremsstrahlung. The
photons end their track on a converter hosting another target and they are converted into
e− and e+. An electron beam is then extracted with a dipole magnet and a collimator
and reaches the Device Under Test (DUT) – the 2S module, in this case. The telescope
shown in Figure 5, which includes six silicon pixel detectors, will be used for the test
beam. The DUT will be placed between the three ”top” and the three ”bottom” telescope
detectors, whose aim is to help tracking the particles of the electron beam used to test the
module. The main goal of the test will be the determination of the sensor’s performance
in rejecting the low transverse momentum (pT ) tracks and, thus, in giving a trigger
decision.

Figure 4: DESY test beam facility, [5]
Figure 5: Telescope at the DESY

test beam facility

3 Simulation

Before starting the test beam and in order to study the behaviour of the 2S module,
it is necessary to develop and to calibrate a simulation of both the telescope and the
DUT. The simulation program Allpix has been used for this purpose. As it was originally
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written to simulate a test beam performed on a single-layer pixel detector, some parts
of the program have been modified in order to tune the simulation according to the
new sensors’ characteristics. In Figure 6, the simulated telescope and DUT are shown,
together with a particle track. Let the telescope axis and the beam line be parallel to the
z-axis of the reference frame used and the strips be along the y-axis (vertical in the above
mentioned figure). Therefore, the y-coordinate is unsensitive, while the x-coordinate is
the sensitive one (see Figure 3). The electrons in the simulated beam have a Gaussian
distributed energy spectrum with a mean value of Emean = 5.0 GeV and a width of
σE = 0.1 GeV, corresponding to actual conditions at DESY Test Beam.

Figure 6: Simulated DUT and telescope

It is interesting to point out how the bending of
the trajectories is simulated. As shown in Fig-
ure 7, the tracks of charged particles in CMS are
bent due to the magnetic field generated by a su-
perconducting solenoid. In the test beam facility,
in order to be able to follow the particles’ trajec-
tories using the pixel detectors in the telescope,
the geometry of the beam and of the telescope
itself is linear. Therefore, instead of bending the
beam, the incidence of bent trajectories on the 2S
module is reproduced by inclining the 2S module
inside the telescope. The two superimposed sen-
sors are rotated around a common axis parallel

to the y-axis and going through the symmetry centre of the 2S module in the xz-plane.
The rotation around this axis, which will be referred to as the y-axis throughout this
report, is expressed by the angle β. A rotation of the two sensors around a common axis
requires to set proper shifts along the x-coordinate and the z-coordinate (see Figure 9) to
maintain the alignment of the corresponding strips belonging to the two superimposed
sensor planes – necessary for the low pT track rejection, as discussed in Section 4.2.

Figure 7: Track bending in CMS, [4] Figure 8: Track bending in the simulation
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Figure 9: Rotation and shifts of the 2S module in the
test beam telescope’s simulations

Figure 10: Strip sensor (DUT)
and telescope pixel
sensor: in yellow, the
effective beam area

4 Reconstruction

Starting from the simulated data or from those collected during a real test beam, the
reconstruction algorithm goes through many steps: in this report we will discuss the
main ones, shown in the flow chart in Figure 11. The generic pixel telescope data analysis
framework called ”EUTelescope” is the original reconstruction program on which all the
necessary changes and extensions have been performed.

Figure 11: Reconstruction flow chart
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4.1 Clustering

When a particle traverses the 2S module, if the deposited energy is enough, a cluster
will be made on each of the sensor planes that were hit. A cluster is the ensemble of the
contiguous channels in which the collected charge reached or exceeded a certain fixed
threshold. As shown in Figure 12, the expected cluster size, given the geometry of the
strips, is of 1 channel (CH) for an incidence angle β = 0◦ and of 2 CH for β ∼ 24.2◦.
The cluster size depends not only on the beam inclination with respect to the sensor
plane, but also on the charge sharing between the contiguous channels. A spherical
propagation of the charge around the impact point, decreasing with the square power
of the distance, seems to be a reasonable approximation. Therefore, the charge sharing
in the simulations has been made quadratically position dependent: the percentage of
charge shared (scp) with a neighbouring strip is equal to zero if the hit point corresponds
to the middle point of the strip itself (along the sensitive coordinate X) and to a certain
maximum amount (scpmax) if the hit is on the border between two sensors. The function
that describes the variation of the shared charge percentage is a quadratic function of
the position: scp = scpmax

(p/2)2
x2, where p is the strip pitch (p = 90µm).

Figure 12: Charge sharing tuning angle
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Figure 13: Cluster size optimisation

In Figure 13, different attempts for obtaining the desired cluster size are shown: scpmax
is set to 0.4, and the different points represent a charge sharing area starting at different
distances from the strip edges. In order to reach the expected cluster size, it appears
to be better to let the charge sharing happen only in the region next to the edges of
each strip. The comparison with measurements taken in the test beam will give more
information about the actual cluster size and will enable the charge sharing to be tuned
more accurately.

4.2 Stub

In this section, one of the main feature of the 2S modules, the rejection of low transverse
momentum tracks, is explained. At this point of the reconstruction flow, information
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about the hit cluster size and position on each strip sensor in channel (CH) coordinates
and in global coordinates are known. We also know where the particles hit the telescope
sensors in each recorded event.
Now follows the stub process, which allows low pT tracks to be rejected. As already
discussed, both in the simulation and in the real test beam the bending of the particle
trajectory is emulated by rotating the 2S sensors (see Figure 9). Since the CMS magnetic
field of B = 3.8 T has a different bending effect on particles with different transverse
momentum, it is possible to define a β ↔ pT conversion at three different modules’ radii
(cf. the red layers in Figure 1). Let R1 (687.000 mm) be the radius of the innermost
position of 2S modules in the outer tracker, R2 (888.792 mm) the radius of the middle
position and R3 (1080.000 mm) the radius of the outermost position. At a fixed radius
R and with a bending magnetic field B, the conversion between the inclination β and
the transverse momentum pT is

pT [GeV/c] = 0.3 ·B[T ] · R [m]

2 sin β

Different pT means different bending: if a particle has a higher transverse momentum,
then the trajectory will be straighter; if the pT is lower, the track will be more bent, and
this will let the read-out electronics reject the track.

Figure 14: Stub process, [1]

The stub process is shown in Figure 14. A track is accepted – a stub is made – if the
following relation is satisfied:

if (|hitTop − hitBottom| < stub window) [in CH coordinates] ⇒ make a stub,

where (see also Figure 15):

• hitTop is the hit position on the top sensor in channel coordinates,

• hitBottom is the hit position on the bottom sensor in channel coordinates,

• stub window is half of the total acceptance window (green in Figure 14); the stub
window size is directly set in the module’s electronics, in integer CH coordinates,

• stub is a ”flag”: if a track is accepted, then a stub is made; if a track is rejected,
the stub is not made.
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The stub process is the main innovative feature of the 2S modules; if a stub is made, then
the 2S module, in the future CMS Outer Tracker, will send a trigger decision, letting
only the events with a sufficient pT be stored for further analysis. Indeed, setting a stub
window will automatically reject the tracks with a pT below a certain threshold, as their
trajectory will be more bent by the magnetic field and the hit on the bottom sensor will
fall out of the acceptance window. In order to make the selection process work properly,
the strips of the two superimposed sensors need to be aligned with a very high precision.
Possible misalignments can be corrected using an offset in order to shift the stub window
on the bottom sensor; this feature has been implemented in the reconstruction code.
Since the β ↔ pT conversion depends on the radius R of the tracker’s layer, a fixed
stub window means a different track inclination acceptance at the different radii and,
therefore, a different pT threshold. Conversely, at a fixed radius, it is possible to vary the
pT threshold by changing the width of the stub window: a larger window will allow also
lower pT tracks to be accepted. A transverse momentum threshold of ∼2GeV/c is likely
to be chosen at CMS after the installation of the HL-LHC.

Figure 15: Stub window

In order to test if and how this track selection works, test beam simulations have been
performed at various DUT inclinations β, corresponding to different pT at the different
radii. Then, the stub counter has been implemented in the reconstruction program; the
number of tracks accepted has been counted for each simulated data set, varying the
stub window width. The values obtained for different β and with different stub windows
are shown in the table in Appendix (section 7); there, the stub window that sets the
threshold at around 2 GeV/c for modules at the innermost radius is highlighted in red.
The same is done for the medium radius (green) and the outermost radius (blue).

The plots in Figures 22(a), 22(b) and 22(c) show the stub efficiency (or track acceptance
efficiency) as a function of the transverse momentum. The efficiency is defined as the
number of stubs counted (or of accepted tracks) divided by the number of stubs made
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at 5◦ – except for the case of stub window sizes equal to 1, 2, 3, 4 CH, for which the
number of tracks accepted at 0◦ was used for the normalization; this is because if these
window sizes are set, the cutoff, at an inclination of 5◦, has already happened. The
plots confirm that the stub process for rejecting low transverse momentum events works:
the track acceptance efficiency rapidly falls to zero at a certain pT value, representing
the threshold. The plots are a clear indication on how changing the stub window, at a
fixed radius, has as a result the shift of the pT cut: the larger the window, the lower the
threshold. It is worth noticing that the shifts in the threshold caused by unitary change of
window width are discrete, because the stub window width is an integer value. Moreover,
the plotted points are not continuous and, if connected, they appear as broken lines;
this is because the simulated data sets that have been used refer to a limited number
of inclinations β. If more of them had been used, with smaller ∆β between each other,
the plots would appear smoother; nevertheless, this is actually not really important, as
the mechanical precision in positioning the 2S module at different inclination in the test
beam telescope will be 0.5◦ at best.
In each of the three plots in Figure 22(d), 22(e) and 22(f), the stub window width is
fixed and the cutoff positions at the different radii are shown. In order to get a cutoff at
pT = 2 GeV/c for a 2S 4mm sensor, the required stub window widths are

• 9 CH at R1 = 687.000 mm,

• 12 CH at R2 = 888.792 mm,

• 14 CH at R3 = 1080.000 mm.

When increasing the radius, moving towards the outer region, the threshold for a certain
fixed window shifts to higher pT .

Normalization and corrections

Since only the particles – the tracks – which hit both the sensor planes undergo the stub
process and can contribute, if accepted, to the next steps of the reconstruction chain,
a geometrical acceptance of the DUT needs to be defined and to be used in order to
normalize the number of stubs made, or of tracks accepted.
When the beam is perpendicular to the DUT planes, all the tracks that hit the top sensor
will go through the bottom sensor too – with some exceptions due to scattering or beam
divergence – and will therefore participate in the stub process. As shown in Figure 16,
when the module’s planes are not orthogonal to the beam, a fraction of the tracks will
intersect only one of the two DUT planes; the corresponding hits won’t contribute to
the stub process and to the following steps of the reconstruction flow. This reflects in a
decrease of the number of tracks accepted, which becomes smaller as the inclination β
increases, even if the transverse momentum is higher than the pT threshold. In order to
eliminate this effect, a geometrical acceptance has been defined as η = L⊥

L
, where

• L⊥ is the length along the x-direction of the 2S module’s transverse section shared
by both of the two superimposed sensors (see Figure 16);
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• L is the total length of each sensor along the sensitive coordinate in the configuration
where β = 0◦, or the transverse section shared by the two sensors at β = 0◦.

The number of accepted tracks normalized by geometrical acceptance is equal to the
non-normalized number of stubs (shown in the table in Appendix, section 7) divided by
the acceptance η at the respective inclination β.

Figure 16: Geometrical acceptance

By looking at the data shown in the above mentioned table in the regions far from the
cutoffs, it is possible to notice that there is an increase in the number of tracks accepted
of circa 4 (on average) per each channel the stub window is made larger (if the stub
window is increased by 1 CH, then the total track acceptance window is enlarged by 2
CH, one per each side with respect to the hit position). This effect is most likely caused
by the beam divergence and by the scattering of the beam particles that can occur in in
the telescope or in the sensors themselves. This number of additional accepted tracks
can be subtracted from the total number of tracks shown in the table in Appendix.

The six plots shown in Figure 23 in the Appendix (section 7) are the same plots presented
in Figure 22 and described above, but with both the geometrical acceptance normalization
and the beam divergence and scattering correction applied. Thanks to these corrections,
the stub efficiency becomes higher and constant (at the value of ∼ 1) in the regions above
the pT thresholds, since the geometrical effect reducing the efficiency of the sensor has
been compensated for. The plots in Figure 23(d), 23(e) and 23(f) allow an important
observation: a fixed window size will set different thresholds at different radii. Nonetheless,
a constant threshold throughout the detector is desired. Therefore, we have to set the
stub window for each single module according to its position in the CMS Outer Tracker
in order to tune the pT cutoff; we can obtain, thus, a pT threshold as homogeneous as
possible throughout the whole tracker.
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4.3 Alignment, tracking, resolution

The last steps performed in the reconstruction chain are the alignment of the module
under test and the tracking of the particles going through the telescope. The track
reconstruction is conducted using the information about the recorded hits on the telescope
pixel sensors. This process is exemplified in Figure 17 and is explained here.

1. Let us focus on one of the two telescope triplets: a track is extrapolated from the
hits on the first and the third telescope sensors belonging to that triplet.

2. If the intersection between the extrapolated track and the second telescope plane is
close enough to the actual recorded hit on this plane (within a certain acceptance
window, shown in pink in Figure 17), then this ”triplet track” is accepted.

3. The same procedure explained at the points 1. and 2. is repeated for the other
telescope triplet.

4. An attempt to match the two tracks in a certain region between the two triplets is
carried out; if this happens, within a certain acceptance window (green in Figure 17),

then the matched track is accepted, if it fulfills a certain χ2

NDF
criteria.

If a matched track is accepted, the alignment step will be performed. A simplified
alignment procedure has been adopted (see Figure 18).

1. Instead of aligning the two DUT sensors separately, and since the position of the
two sensors with respect to each other is known very well by construction (the
mechanical precision of their positioning should allow making this assumption), a
virtual sensor plane is generated exactly in the middle of the two real sensors, at a
distance of 2 mm from each one of them.

2. Starting from the clusters and the corresponding hits on the two real sensors (that
we already know at this point of the reconstruction chain), a virtual cluster and
hit (pink in Figure 18) are created on the virtual plane.

3. The virtual plane is aligned using the reconstructed track and the virtual hit as
a reference; shifts in the x-coordinate and y-coordinate and rotations around the
z-axis are allowed.

4. After the alignment is completed, the intersection between the reconstructed track
and the virtual sensor is calculated and called virtual track hit.

5. As the position of the real planes with respect to the aligned virtual sensor is
well-known, the track hits’ positions on the real planes are calculated back from
the virtual track hit’s position.

Let the residual in x be the distance along the x-coordinate between the virtual hit
and the virtual track hit. If the residual in x is computed for a certain amount of
events at a fixed inclination, its distribution will be like the one shown in Figure 19,
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Figure 17: Track reconstruction

Figure 18: Alignment and residual

where β = 20◦. The histogram is fitted with a Gaussian function. The sigma σ of the
distribution represents the resolution of the 2S module’s sensors; its trend at different
incidence angles β is shown in Figure 20. At β = 0◦, the resolution is σ = 29.0µm; at
β = 20◦, the resolution is σ = 16.8µm.
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Figure 20: Residual in x vs inclination β
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5 Efficiency

The last part of this report concerns the definition of the 2S module’s tracking efficiency,
the first studies on it and the outlook for further future developments of its analysis. Let
a valid track hit be the intersection between an accepted reconstructed track in the test
beam telescope (see Section 4.3). and the virtual sensor; this definition excludes all those
tracks that, although accepted, do not intersect the DUT. Let also a matched DUT
hit be a virtual hit (defined in Section 4.3) that has been matched, within a certain
matching acceptance window, to a valid track hit – notice that a virtual hit is created
only if two hits on the real sensors were recorded and were accepted during the stub
process. Each virtual hit can be matched with only one valid track hit – and vice versa –,
in particular the closest one. The matching acceptance window is the combination of
two one-dimensional acceptance windows: the maxDistY and the maxDistX. They are,
respectively, the maximum distances along the y-coordinate and along the x-coordinate
between a valid track hit and a virtual hit that allow a virtual hit to be accepted as a
matched DUT hit. The maxDistY extends along the unsensitive coordinate, so it has
been fixed at the reasonably large value of 10 mm – large with respect to the 90µm pitch
of the strips. The tracking efficiency ε of the 2S module is defined as

ε =
# matched DUT hits

# valid track hits

The plot in Figure 21 shows the dependence of the tracking efficiency on the maxDistX.
The orange points have been obtained using a simulation with β = 5◦ in which only
one particle per each event traverses the telescope. The green points refer to a simu-
lation, again at β = 5◦, in which the number of particles per event follows a Gaussian
distribution with the mean value equal to 3 and the width equal to 1. The efficiency is
almost constant if the maxDistX is about as large as the pitch or greater. In order to
avoid wrong matching, the maxDistX should be set at the minimum value that allows
the efficiency be equal to the constant maximum value.
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Figure 21: 2S sensor tracking efficiency

One more observation can be made. The resolution of our sensors at a certain inclination
β is equal to the width σ of the distribution of the residual in x, as discussed in Section 4.3.
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At β = 5◦, the resolution is approximately 25.4µm (see Figure 20). The maxDistX
window works on the same quantity that has been defined as residual in x. Therefore,
setting a maxDistX equal to 1σ, will let only ∼ 68.3 % of the DUT hits be matched
with the respective valid track hits. Following this reasoning, a maxDistX of 2σ (circa
50.8µm at β = 5◦) or of 3σ (approximately 76.2µm at the same inclination) corresponds
respectively to ∼ 95.5 % and to ∼ 99.7 % of accepted matched hits. This percentages,
which are properties of the normal distribution ([6]), are obtained as efficiencies if the
maximum value of efficiency reached is redefined as 100 %. It is possible to conclude
that, reducing the maxDistX beyond three times the resolution introduces a resolution
effect that causes the fall in the tracking efficiency.

The two sets of points do not reach the same maximum efficiency. This is due to the
fact that when the number of beam particles per event is greater than one, more than
one hit per event is recorded on each telescope sensor. Therefore, the number of possible
combination of the hits on the telescope sensors that can be used to reconstruct the
tracks rapidly increases, together with the risk of accepting wrong tracks. In order to
increase the efficiency, in particular when the multiplicity is greater than one, additional
constraints on the track reconstruction process can be studied and implemented. By
doing so, it might be possible to avoid using wrongly reconstructed tracks and to reduce
the uncertainties.
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6 Conclusions and outlook

In order to reproduce the characteristics of the innovative CMS 2S tracker modules
and to test their features, the existing implementations of a simulation program for the
reproduction of a test beam at the DESY facility and the reconstruction chain have been
modified in various parts and properly tuned. As discussed in this report, the 2S module
has a good potential for rejecting tracks below a certain transverse momentum threshold
and, therefore, for sending a clear trigger information. This will let the event selection
be more efficient at CMS when the LHC will be upgraded to the High Luminosity LHC.

By tuning the track acceptance window – the stub window – for each module according to
its position in the CMS Outer Tracker, it will be possible to set a homogeneous threshold
at pT ∼ 2GeV/c throughout the CMS Outer Tracker.

Further studies on the 2S module’s efficiency can be conducted and more precise accep-
tance constraints on the track reconstruction process can be set consequently. This will
avoid using wrong tracks in the alignment process and will possibly let the resolution
and the efficiency improve.

Information about the telescope and the sensors’ noise from previous test beam campaigns
ought to be taken into account, in order to make the simulation more accurate and
realistic and to fine-tune accordingly the constraints employed in the reconstruction chain.

As soon as the test beam will be performed at the DESY facility in Hamburg, all the
results obtained analysing the simulated data will be compared with those coming from
actual measurements. This will allow the simulation program and the reconstruction
algorithm to be tuned more accurately and will help in the interpretation and analysis of
measurement results.
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7 Appendix

Stub counts table

In this table, the number of stubs made using simulated data is recorded. The simulations have been

performed at different incidence angles β of the beam on the sensors’ planes. The stub process has been

conducted setting the stub window to different values (in channel units).
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Plots without corrections

The following plots show the dependence of the stub efficiency on the pT of the tracks in the 2S modules

without using a normalisation or other corrections.
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Figure 22
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Plots with corrections

The following plots show the dependence of the stub efficiency on the pT of the tracks in the 2S modules;

the geometrical acceptance normalisation and the beam divergence and scattering correction have been

applied.
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Figure 23
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