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Abstract

Results of the January 2020 2xSSA Module test beam, at Fermilab, are presented.
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1 Introduction1

The High Luminosity (HL) LHC will operate at an instantaneous luminosity of up to 7.5 ×2

1034cm−2s−1, or about 200 proton-proton interactions per bunch crossing. The CMS detector3

[1] is planned to be upgraded [2] to handle this increased radiation and occupancy. The new4

Outer Tracker is designed to provide hit information to the first level trigger (L1), so that it can5

be used [3] to reduce the event rate to target of 750 kHz.6

The new tracker will use modules with two closely spaced silicon sensors. The modules closer7

to the beam consist of macro-pixel (100 × 1460 µm) and short strip (100µm × 25 mm) sensors.8

The Short Strip ASIC (SSA) chip [4] discriminates the strip signals and provides two kinds9

of data. Every LHC clock cycle the SSA clusters the strips and passes the centroid position10

of the first eight clusters to the MPA chip [5] to form coincidences with pixel hits and pass11

on the hit pairs to the L1 trigger. On a L1 Trigger accept signal, the SSA transmits the strip12

signals to the MPA to be combined with the pixel data and passed to the data acquisition. The13

second discriminant circuit for each strip is used to detect highly ionizing particles (HIP). The14

information from the second discriminant is only present in the L1 accept readout.15

This paper describes the prototype module and the results of its first beam test in January 202016

at the Fermilab Test Beam Facility.17

2 Experimental setup18

Initial testing of the individual ASICs is being performed on prototype modules. In the case of19

the SSA, the detector under test (DUT) at this test beam was the 2xSSA module which connects20

a sensor to two SSA chips.21

2.1 SSA Chip22

The SSA Chip is described in detail in Ref [4]. Each chip can read out 120 sensor outputs23

through the analog front-end circuitry and, after amplification and signal shaping, discrimi-24

nate them with a double threshold binary system. These thresholds can be set, with the lower25

threshold being able to detect hits with energies as low as 1/4 of the minimum ionizing particle26

energy (MIP). Discriminator pulses are digitalized with an edge sensitive circuit sampled at the27

40 MHz bunch crossing rate of the particle collisions at the LHC. The digitalized hits are trans-28

mitted on two data paths: the stub data path consisting of up to eight clusters of hits which are29

passed to the second chip in the PS-module for momentum discrimination, and the L1-trigger30

path, which stores the entire sensor image.31

2.2 2xSSA Module32

The DUT consists of a single, 240 channel FZ silicon sensor [2] with each channel wire bonded33

to one of two sapphire interposers which were in turn each bump bonded to an SSA chip. Each34

sensor strip has a pitch of 100µm and length of 23 mm, while the sensor thickness is 240µm.35

The center of the sensor corresponds to the boundary between the channels connected to each36

chip. The outputs lines of the SSAs which are intended to communicate their stubs to MPAs as37

part of the PS-module were instead connected to each other.38

A picture of the DUT is shown in Fig. 1.39
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Figure 1: A close up picture of the DUT. From Right to Left: The silicon sensor (large gray
square), wire bonds connecting it to the interposers, the SSA chips (two small dark rectangles),
wire bonds connecting the interposer to the rest of the experimental setup. The interposers are
located beneath each SSA, and are not visible in this image.

2.3 Test Beam Parameters40

The Fermilab Test Beam Facility at the Fermi National Accelerator Laboratory receives a beam41

of protons from the Fermilab Main Injector. These protons are delivered in a long spill of 4.242

seconds, once per minute. The DUT received beams of 120 GeV protons with between 10043

and 200 thousand particles per spill. The test beam facility is equipped with a strip and pixel44

telescope to precisely measure the path of incoming particles, with a resolution of less than 845

µm: well below the size of the strips on the DUT sensor. The telescope is composed of seven46

silicon strip planes with pitches of 60 µm, and four silicon pixel planes composed of 100 × 15047

µm pixels. The DUT was placed down-beam of the first four strip sensors, followed by the48

remaining strips places and finally the pixel planes (a picture of the experimental geometry is49

shown in Fig. 2). The DUT was triggered by and shared a clock with the telescope.

Figure 2: Experimental setup at the test beam. The DUT is in the center of a pixel and strip
telescope which is used to measure the tracks of incoming particles with high precision.

50

3 Simulations51

The data is compared to a simple model of the sensor whose parameters are fitted to the data to52

improve the quantitative understanding of the observations. The model assumes an effective53

depleted region of deff = min(d0, d0
√

U/Ud), with a sensor thickness d0 = 240 µm and a de-54

pletion voltage Ud = 250 V. The number of electron-hole pairs produced by a proton is Landau55

distributed and randomly generated for each simulated proton. The location and width param-56
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eters of the Landau are considered as free parameters of the model. The horizontal position of57

the particles are tracked while they traverse the sensor. In an area close to the edges between58

two strips a diffusion effect is simulated. The fraction of the charge ∆Q that is lost along a path59

element ∆s and observed in the adjacent strip increases as the position approaches the edge.60

This fraction is described by the integral function of a Gaussian centered at the edge. Its width61

σdiff describes the size of the diffusion region. The effect of induced signals in strips adjacent to62

the actual traversed strip (cross-talk) is simulated by sharing a certain fraction of the simulated63

charge with the adjacent strips. This fraction fx is another parameter of the model. Finally, after64

the charges are calculated in all strips they are smeared with a Gaussian to simulate the noise.65

The noise of the sensor is determined to be about 930 electrons. The parameters of the model66

are fitted to the measurements of the efficiency and cluster sizes for different horizontal angles67

shown in Fig. 6. The extracted parameters are: location and width of Landau 21 000 and 2 00068

electrons per d0, respectively, σdiff = 2.8 µm, and fx = 9%.69

4 Analysis70

4.1 Data preparation71

Many of the analyses use clusters, which are formed by hits in adjacent strips. The position of a72

cluster is calculated as the average position of the constituent hits. With this definition, cluster73

positions can be in the middle of two strips. Using a default setting, i.e., a threshold of 1 fC,74

Uh = 350 V, and all rotational angles at zero, 91% of the clusters consist of a single hit and 7%75

of two hits.76

4.2 Alignment77

A first step of the analysis is the calibration of the position and orientation of the DUT with78

respect to the track trajectories provided by the beam telescope. The goal of this alignment is the79

calculation of the track positions on the surface of the DUT and, consequently, the identification80

of tracks that do not hit the DUT, or which passed through the DUT without registering a hit.81

This information is essential for efficiency calculations.82

Six parameters are considered in the alignment: the transverse horizontal x and vertical y po-83

sitions of the origin of the DUT reference frame at the lower left corner of the sensor surface,84

and its z position parallel to the beam. In addition, there are three rotation axes of the DUT85

reference frame: first a rotation angle γ around the axis in z direction, second the horizontal ro-86

tation angle α around the newly rotated y axis, and finally the vertical rotation angle β around87

the rotated x axis. These parameters are initialized with reasonable values obtained from the88

experimental settings and then optimized using the tracks from the beam telescope. We cal-89

culate the minimal distance between a track and the closet strip, where both are modeled as90

straight lines. The strips are defined by the pitch and their length by the dimensions of the91

sensor. The sum of these distances squared is minimized. It is obvious that the information of92

the strips is not sufficient to constrain all parameters. The vertical rotation cannot be obtained93

from the information of the strips. The y position (in the DUT reference frame) can only be94

constrained if the beam partially crosses the upper or lower edge of the DUT surface. Since the95

tracks are almost parallel to the beam, the z position becomes arbitrary.96

In Fig. 3 the differences between the track positions and the closest cluster are shown as func-97

tion of the y-position measured with the telescope. The means of the distances are flat at zero –98

this confirms a successful alignment of the rotation around z.99
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Figure 3: The differences between the track positions and the closest cluster for each strip. The
means (red) of the distances are flat at zero, confirming a successful alignment.
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4.3 Optimization of the trigger delay100

The DUT stores the information for each time window of 25 ns in an internal buffer for up to101

12.8µs. Within this period a trigger decision has to be made to readout and finally store the102

information of a certain time window. This trigger signal is provided by the beam telescope,103

which uses the same clock as the DUT. The processing and distribution of the trigger signal104

from the telescope to the DUT takes some time and the correct corresponding entry from the105

DUT’s internal buffer must be selected. This can be optimized by varying the offset between106

the trigger arrival and the time of the buffered information. In Fig. 4 the efficiency of observing107

a telescope track with the DUT is shown as function of the timing offset. For the calculation of108

the efficiencies, here and elsewhere in this paper, only tracks that point towards the detector109

surface according to the alignment, are considered. The scan is performed for a threshold of110

4800 e−, which is assumed to be a reasonable operating point in terms of signal efficiency and111

noise suppression.The efficiency has a wide plateau and reaches almost 100%.112

The exact shape of the timing scan is more complex, starting from the raw distribution of time113

periods between a particle incident and the time when the required signal strength is reached.114

We shift the 25 ns time window of the detector over this raw distribution and count the events.115

Therefore, the observed shape is the convolution of the raw timing distribution with a uniform116

distribution of 25 ns length.117

In Fig. 5 the ratio of clusters with two or more hits with respect to all clusters is shown. This118

demonstrates that for the optimum timing the fraction of clusters with more than one hit119

reaches a maximum. For the all studies in this paper the timing was fixed at the indicated120

working point.121
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Figure 4: Efficiency as function of the delay of the trigger for a threshold of 4800 e−.
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Figure 5: Fraction of clusters of more than one strip as function of the delay of the trigger.
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4.4 Efficiency and cluster size122

The efficiencies and the cluster sizes are determined as functions of the threshold and horizon-123

tal rotation angle α. The alignment calibration is repeated to obtain the correct number of tele-124

scope tracks pointing towards the rotated sensor. The results are shown in Fig 6. The S-curves125

show a plateau at almost 100% efficiency for thresholds up to 8000 e−. For higher thresholds126

the efficiency decreases first for higher angles and then for the low angles. Such a behavior is127

expected since for higher angles the signals are distributed among several strips, such that the128

signals per strip are reduced and do not reach the threshold. The increased fraction of two hit129

clusters at higher angles is confirmed by cluster sizes as functions of the threshold. The fraction130

of clusters with two and more hits is always reduced for an increased threshold.131

The simple model is fitted to the efficiencies and the cluster sizes as functions of the threshold132

and α in data. The parameters can be found in Section 3. A decent qualitative description can133

be reached based just on this simplified model.134
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Figure 6: Left: Efficiencies as functions of the threshold charge for various horizontal angles.
Right: Fraction of clusters of more than one strip as functions of threshold charge for various
horizontal angles. The measurements are compared to the simulation (solid lines).

For each cluster the SSA provides the additional information of whether the signal of at least135

one constituent hit exceeds a second higher threshold. This information combined for multiple136

clusters of a track can be used to estimate the energy loss dE/dx of a particle. The selection137

performance of this second threshold and a comparison to the default threshold is shown in138

Fig 7. Overall, the second threshold behaves similarly to the main discriminator, though we139

observe a slightly lower efficiency.140
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Figure 7: Comparison of the efficiencies as functions of the normal selection threshold and the
HIP threshold.
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4.5 Resolution141

The resolution of the sensor is determined for various values of the angle α. In Fig. 8 the dis-142

tances between the cluster position and the corresponding telescope track position are shown143

separately for one and two hit clusters. The resolutions predicted by the simple model are fitted144

to the data points, where the telescope resolution is modeled by a Gaussian with a fitted width145

of 14.7/ cos(α) µm. All parameters of the simple model are fixed at their values determined in146

Section 4.4. The obtained predictions provide a good description of the data. In addition to this147

folded prediction, the unfolded simulations are also shown. These correspond to the corrected148

resolutions of the sensor. In Fig. 9 instead of the resolutions the reconstruction efficiency as149

function of the particle positions within the strip is shown. This can be determined since the150

telescope track resolution is significantly better than the strips width. Again, we show the con-151

volved model compared to the data and the unfolded distributions. The combined efficiency152

of all clusters is flat within the strip and reaches almost 100%.153

At zero degrees the two hit clusters are concentrated in a narrow region at the edge between154

two strips that is determined by diffusion effects. With an increasing angle the chance of155

traversing two strips becomes geometrically enhanced. Therefore, the fraction of two hit clus-156

ters increases, but they are no longer restricted to the edge. This effect reduces their resolution.157

However, at the same time one hit clusters become more restricted to the center of the strips158

and their resolution is improved.159
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Figure 8: Differences between the telescope track and cluster positions for different horizontal
angles. The data is fitted with the model prediction (dashed lines) convolved with the telescope
resolution (solid lines).
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Figure 9: Distribution of the positions of the telescope tracks within strips. The data is fitted
with the model prediction (dashed lines) convolved with the telescope resolution (solid lines).
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5 Conclusions160

The SSA is one of the four front-end chips designed for the High Luminosity Upgrade of the161

CMS Outer Tracker. The performance of a prototype module consisting of two SSA chips con-162

nected to a sensor was tested at the Fermilab Test Beam Facility. The obtained performance is163

consistent with specifications and validate the ASIC design.164
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