
Contents lists available at ScienceDirect

Nuclear Inst. andMethods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

Full Length Article

Performance of the prototype Silicon Tracking System of the CBM
experiment tested with heavy-ion beams at SIS18
A. Agarwal 1, K. Agarwal 2, Z. Ahammed 1, N. Ahmad 3, L.J. Ahrens 4, M. Al-Turany 5, N. Alam 3,
J. Andary 6, A. Andronic 7, H. Appelshäuser 6, B. Arnoldi-Meadows 6, B. Artur 6, M.D. Azmi 3,
M. Bajdel 5, M. Balzer 8, A. Bandyopadhyay 1, V.A. Bâsceanu 9, J. Becker 8, M. Becker 4,
A. Belousov 10, A. Bercuci 11, R. Berendes 7, D. Bertini 5, O. Bertini 5, M. Beyer 4, O. Bezshyyko 12,
P.P. Bhaduri 1, A. Bhasin 13, S.A. Bhat 14, T.A. Bhat 14, W.A. Bhat 14, B. Bhattacharjee 15,
A. Bhattacharyya 16, N.K. Bhowmik 1, S. Biswas 17, T. Blank 8, N. Bluhme 10, C. Blume 6,
G. Boccarella 18, D. Bonaventura 7, J. Brzychczyk 19, M. Cãlin 9, M. Caselle 8, A. Chakrabarti 16,
P. Chaloupka 20, S. Chattopadhyay 1, S. Chattopadhyay 5, H. Cherif 6, S. Chernyshenko 21,
E. Clerkin 22, L.M. Collazo Sánchez 5, M. Csanád 23, P. Dahm 5, A. Daribayeva 10, H. Darwish 6,
R. Das 17, S. Das 17, J. de Cuveland 10, D.-A. Deară 9, H. Deppe 5, I. Deppner 5, A.A. Deshmukh 18,
M. Deveaux 5, J. Diehl 4, V. Dobishuk 21, A.K. Dubey 1, A. Dubla 5, M. Dürr 4, R. Dvořák 20,
I. Elizarov 5, D. Emschermann 5, J. Eschke 22, L.J. Faber 7, C. Feier-Riesen 4, S. Feng 24,
F. Fidorra 7, P. Fischer 25, H. Flemming 5, J. Förtsch 18, P. Foka 5, U. Frankenfeld 5, V. Friese 5,
I. Fröhlich 6, J. Frühauf 5, T. Galatyuk 26, G. Gangopadhyay 16, P. Gasik 22, C. Ghosh 1,
S.K. Ghosh 17, D. Gil 19, S. Gläßel 6, F. Goldenbaum 27, L. Golinka-Bezshyyko 12, S. Gope 17,
S. Gorbunov 5, N. Greve 28, D. Grzonka 5, A. Gupta 13, D. Gutiérrez Menéndez 5, B. Gutsche 6,
D. Han 29, J. Han 30, N. Heine 7, N. Herrmann 30, H. Hesounová 20, J.M. Heuser 5, C. Höhne 4,
F. Hoffmann 31, O. Hofman 20, R. Holzmann 5, Y. Huang 32, D. Hutter 10, K. Ismail 5, T. Janson 31,
Y. Jin 30, A. Jipa 9, I. Kadenko 12, P. Kähler 7, K.-H. Kampert 18, R.M. Kapell 5, R. Karabowicz 5,
V.K.S. Kashyap 33, K. Kasiński 34, V. Kedych 26, O. Keller 22, I. Keshelashvili 5, M.M. Khan 3,
S. Kim 18, M. Kiš 5, I. Kisel 10, R. Kłeczek 34, Ch. Klein-Bösing 7, R. Kliemt 27, K. Koch 5, P. Koczoń 5,
M. Kohn 7, J. Kollarczyk 35, O. Kovalchuk 21, M. Koziel 6, G. Kozlov 10, D. Kresan 5, W. Krüger 26,
M. Kruszewski 36, O. Kshyvanskyi 21, B. Kubiak 36, A. Kugler 35, A. Kumar 37, A. Kumar 6,
L. Kumar 38, V. Kyva 21, R. Lakos 10, R. Lalik 19, P. Lasko 19, E. Lavrik 22, I. Lazanu 9, J. Lehnert 5,
Y.H. Leung 30, S. Li 24, W. Li 39, Y. Li 29, V. Lindenstruth 10, F.J. Linz 5, F. Liu 32, S. Löchner 5,
P.-A. Loizeau 5, M. Lorenz 6, O. Lubynets 5, X. Luo 32, A. Lymanets 5, S. Mahajan 13, Z. Majka 19,
B. Mallick 40, S. Mandal 17, Y. Mao 32, O. Maragoto Rodríguez 5, A.M. Marin Garcia 5, J. Markert 5,
F.A. Matejcek 6, T. Matulewicz 41, J. Messchendorp 5, S. Mehta 2, A. Meyer-Ahrens 7, J. Michel 6,
M.F. Mir 14, D. Miskowiec 5, A. Mithran 10, B. Mohanty 33, I. Momot 21, D. Moreira de Godoy
Willems 7, W.F.J. Müller 5, C. Müntz 6, P. Munkes 7, M. Nabroth 6, E. Nandy 1, S.R. Nayak 37,
F. Nerling 5, S. Neuhaus 18, F. Nickels 5, D. Okropiridze 27, A. Opíchal 35, P. Otfinowski 34, L. Pan 42,
I. Panasenko 2, C. Pauly 18, J. Peña Rodríguez 18, Ö. Penek 5, S. Peter 4, V. Petráček 20, M. Petriş 11,
M. Petrovici 11, D. Pfeifer 18, K. Piasecki 41, J. Pietraszko 5, R. Płaneta 19, V. Plujko 12, J. Pluta 43,
N. Podgornov 27, T. Povar 18, K. Poźniak 36, S.K. Prasad 17, M. Pugach 21, V. Pugatch 21, A. Puntke 7,

∗ Corresponding author.
E-mail address: d.ramirez@gsi.de (D.A. Ramírez Zaldivar).

https://doi.org/10.1016/j.nima.2025.171059
Received 11 June 2025; Received in revised form 1 October 2025; Accepted 3 October 2025



A. Agarwal et al.

L. Radulescu 11, S. Raha 17, D.A. Ramírez Zaldivar 5 ,∗, R. Ray 17, A. Redelbach 10, A. Reinefeld 28,
S.P. Reiter 4, O. Ristea 9, J. Ritman 27, D. Rodríguez Garces 5, A. Rodríguez Rodríguez 5,
F. Roether 6, R. Romaniuk 36, A. Rost 26, A. Roy 44, S. Roy 5, E. Rubio 30, A. Rustamov 5,
R. Sahoo 44, P.K. Sahu 40, S.K. Sahu 40, J. Saini 1, P. Salabura 19, S. Samal 44, S.S. Sambyal 13,
K. Santos Marrero 5, K. Scharmann 4, C. Schiaua 11, F. Schintke 28, D. Schledt 6, C.J. Schmidt 5,
H.R. Schmidt 2, K. Schünemann 22, F.-J. Seck 26, T. Sefzick 27, I. Selyuzhenkov 5, P. Semeniuk 34,
A. Sen 17, A. Senger 22, P. Senger 22, A.K. Sharma 3, A. Sharma 17, A. Sharma 5, P.K. Sharma 1,
S. Shi 32, M. Shiroya 5, V. Sidorenko 8, F. Simon 8, C. Simons 5, A.K. Singh 45, B.K. Singh 37,
O. Singh 6, R. Singh 33, V. Singhal 1, D. Smith 22, B. Soból 19, Y. Söhngen 30, D. Spicker 6,
P. Staszel 19, T. Stockmanns 27, J. Stroth 6, C. Sturm 5, P. Subramani 18, G.S. Subramanya 2,
O. Suddia 5, K. Sun 29, Y. Sun 39, Z. Sun 39, R. Szczygieł 34, E.D. Taka 6, J. Taylor 5, M. Teklishyn 5,
S.N. Thau 4, J. Thaufelder 5, A. Toia 5, M. Traxler 5, L. Trębacz 19, E. Trifonova 8, A. Twarowska 36,
O. Tyagi 10, F. Uhlig 5, K.L. Unger 8, I. Vassiliev 5, O. Vasylyev 5, R. Visinka 5, E. Volkova 2,
L. Wahmes 7, K. Wang 39, Y. Wang 29, P. Weidenkaff 30, F. Weiglhofer 10, J.P. Wessels 7,
D. Wielanek 43, A. Wieloch 19, A. Wilms 5, P. Wintz 27, M. Wojtkowski 36, Gy. Wolf 46, K. Wu 24,
Q. Wu 42, A. Wyżykowski 36, H. Xu 27, J. Yang 39, R. Yang 18, M. Yao 39, Z. Yin 32, I. Yoo 47,
W. Zabołotny 36, H.P. Zbroszczyk 43, X. Zhang 32, X. Zhang 5, S. Zharko 5, S. Zheng 24, D. Zhou 32,
W. Zhou 42, Y. Zhou 5, X. Zhu 29, G. Zischka 10, W. Zubrzycka 34, P. Zumbruch 5

1 Variable Energy Cyclotron Centre, Kolkata, India
2 Physikalisches Institut, Eberhard Karls Universität Tübingen, Tübingen, Germany
3 Department of Physics, Aligarh Muslim University, Aligarh, India
4 Justus-Liebig-Universität Gießen, Gießen, Germany
5 GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
6 Institut für Kernphysik, Goethe-Universität Frankfurt, Frankfurt, Germany
7 Institut für Kernphysik, Universität Münster, Münster, Germany
8 Karlsruhe Institute of Technology, Karlsruhe, Germany
9 Atomic and Nuclear Physics Department, University of Bucharest, Bucharest, Romania
10 Frankfurt Institute for Advanced Studies, Goethe-Universität Frankfurt, Frankfurt, Germany
11 Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
12 Department of Nuclear Physics, Taras Shevchenko National University of Kyiv, Kyiv, Ukraine
13 Department of Physics, University of Jammu, Jammu, India
14 Department of Physics, University of Kashmir, Srinagar, India
15 Nuclear and Radiation Physics Research Laboratory, Department of Physics, Gauhati University, Guwahati, India
16 Department of Physics and Department of Electronic Science, University of Calcutta, Kolkata, India
17 Department of Physics, Bose Institute, Kolkata, India
18 Fakultät für Mathematik und Naturwissenschaften, Bergische Universität Wuppertal, Wuppertal, Germany
19Marian Smoluchowski Institute of Physics, Jagiellonian University, Kraków, Poland
20 Czech Technical University in Prague, Prague, Czech Republic
21 High Energy Physics Department, Kiev Institute for Nuclear Research, Kyiv, Ukraine
22 Facility for Antiproton and Ion Research in Europe GmbH, Darmstadt, Germany
23 Eötvös Loránd University, Budapest, Hungary
24 College of Science, China Three Gorges University, Yichang, China
25 Institut für Technische Informatik, Universität Heidelberg, Heidelberg, Germany
26 Institut für Kernphysik, Technische Universität Darmstadt, Darmstadt, Germany
27 Institut für Experimentalphysik I, Ruhr-Universität Bochum, Bochum, Germany
28 Zuse Institute Berlin, Berlin, Germany
29 Department of Engineering Physics, Tsinghua University, Beijing, China
30 Physikalisches Institut, Universität Heidelberg, Heidelberg, Germany
31 Institute for Computer Science, Goethe-Universität Frankfurt, Frankfurt, Germany
32 College of Physical Science and Technology, Central China Normal University, Wuhan, China
33 National Institute of Science Education and Research, Bhubaneswar, India
34 AGH University of Kraków, Kraków, Poland
35 Nuclear Physics Institute of the Czech Academy of Sciences, Řež, Czech Republic
36 Institute of Electronic Systems, Warsaw University of Technology, Warsaw, Poland
37 Department of Physics, Banaras Hindu University, Varanasi, India
38 Department of Physics, Panjab University, Chandigarh, India
39 Department of Modern Physics, University of Science & Technology of China, Hefei, China
40 Institute of Physics, Bhubaneswar, India
41 Faculty of Physics, University of Warsaw, Warsaw, Poland
42 Chongqing University, Chongqing, China
43 Faculty of Physics, Warsaw University of Technology, Warsaw, Poland
44 Indian Institute of Technology Indore, Indore, India
45 Indian Institute of Technology Kharagpur, Kharagpur, India
46 Institute for Particle and Nuclear Physics, HUN-REN Wigner RCP, Budapest, Hungary
47 Pusan National University, Pusan, Republic of Korea



A. Agarwal et al.

A R T I C L E I N F O

Keywords:
Silicon
Resolution
Vertex
Reconstruction
Tracking
Efficiency

A B S T R A C T

The Compressed Baryonic Matter (CBM) experiment at the future Facility for Antiproton and Ion Research
(FAIR) is a heavy-ion experiment designed to study nuclear matter at the highest baryonic density. For
high-statistics measurements of rare probes, collision rates of up to 10 MHz are targeted. The experiment,
therefore, requires fast and radiation-hard detectors, self-triggered detector front-ends, free-streaming readout
architecture, and online event reconstruction.

The Silicon Tracking System (STS) is the main tracking detector of CBM, designed to reconstruct the
trajectories of charged particles with efficiency larger than 95%, a relative momentum uncertainty better than
2% for particle momenta larger than 1 GeV/c inside a 1Tm magnetic field, and to identify complex decay
topologies. It comprises 876 double-sided silicon strip modules arranged in 8 tracking stations.

A prototype of this detector, consisting of 12 modules arranged in three tracking stations, is installed
in the mini-CBM demonstrator. This experimental setup is a small-scale precursor to the full CBM detector,
composed of sub-units of all major CBM systems installed on the SIS18 beamline. In various beam campaigns
taken between 2021 and 2024, heavy ion collisions at 1–2AGeV with an average collision rate of 500 kHz have
been recorded.

This allows for the evaluation of the operational performance of the STS detector, including signal-to-noise
ratio, charge distribution, time and position resolution, hit reconstruction efficiency, and its potential for track
and vertex reconstruction.

1. Introduction

1.1. The CBM experiment

The Compressed Baryonic Matter (CBM) is a fixed target heavy-
ion experiment at the Facility for Antiproton and Ion Research (FAIR)
under construction in Darmstadt, Germany. It will investigate the phase
diagram of strongly interacting matter in the region of high net-baryon
densities and moderate temperatures [1]. For high-statistics measure-
ments of rare probes, collision rates of up to 10MHz are targeted.
To meet these demands, the CBM experiment uses fast and radiation-
hard detectors, self-triggered detector front-ends, and a free-streaming
readout architecture.

Together with the Silicon Tracking System (STS) the CBM exper-
iment will count several detection subsystems: the Micro Vertex De-
tector (MVD) [2,3], the Ring Imaging Cherenkov detector (RICH) [4],
the Muon Chambers system (MUCH) [5], the Transition Radiation
Detector (TRD) [6], the Time of Flight detector (TOF) [7] and the
Forward Spectator Detector (FSD) [8].

1.2. The STS detector

The Silicon Tracking System (STS) is the core detector for tracking
and momentum determination. It consists of 876 double-sided silicon
micro-strip detectors arranged in eight tracking stations positioned
between 30 cm and 100 cm downstream of the target inside a 1Tm

magnetic dipole field [9]. The primary purpose of the STS is the
reconstruction of the trajectories of up to ∼103 charged particles per
beam–target collision event. This should be achieved with an efficiency
larger than 95% and relative momentum resolution better than 2% for
primary particles. It also enables the reconstruction of complex event
topologies, such as the weak decays of strange or charmed hadrons
and hypernuclei. To accomplish these goals at the projected interaction
rate, the STS requires a position resolution better than 30 μm in the
bending plane, a good time resolution (< 10 ns), low per-channel dead-
time, a material budget within 0.3%–1.4% X0 per tracking station [9]
and the capability to handle hit rates up to 250 kHit∕s∕channel [10].

1.3. The STS module

The functional building block of the STS is the module [11]. It
comprises a Double-Sided Double-Metal (DSDM) silicon micro-strip
sensor and associated readout electronics. The sensor, produced by
Hamamatsu Photonics, K.K., Japan [12], are 320 μm thick and 62mm

wide and have four different lengths: 22mm, 42mm, 62mm and 124mm.
Each sensor has 1024 strips per side, spaced at 58 μm pitch. The strips
on the p-doped side (p-side) are inclined by 7.5◦ with respect to the n-
side, thus providing 2D tracking information with a single sensor. The
choice in design regarding the stereo-angle is a trade-off between ghost
hit and loss in resolution along y-direction and minimizing the material
budget. Studies in terms of its impact on noise by the increment in
the strip capacitance and the material budget optimization have been
conducted by [13,14]. Each sensor side is read out by a front-end board
(FEB), equipped with a total of eight custom-designed STS/MUCH-
XYTER ASICs (SMX) [10]. Each of these is connected to 128 strips of
the sensor via a pair of custom ultra-lightweight aluminum-polyimide
microcables.

The SMX ASIC utilizes parallel signal processing to generate signals
independently for each channel, featuring a charge-sensitive amplifier
(CSA) that feeds into a dual signal path with two shaper amplifiers: a
fast shaper for timestamp generation and a slow shaper for amplitude
measurement. Each of the 128 analog channels incorporates a 5-bit
continuous flash analog-to-digital converter (ADC) to measure signal
amplitude in a dynamic range of ≤ 15 fC, along with a fast leading-
edge discriminator to determine the signal’s generation time in a 14-bit
timestamp message with a resolution of 3.125 ns. The chip is based on
a streaming data processing architecture that allows operation without
data loss in the digital readout path with an average load of up to
2.8×105 signals per channel per second. The readout can be performed
with up to five synchronous 320Mbps serial data links per ASIC. A
new signal arriving while processing a prior signal is lost, and an
Event-Missed flag is activated [10].

1.4. The mCBM setup

Mini-CBM (mCBM) is a demonstrator test setup consisting of pro-
totype or pre-series components of all major CBM systems installed
at the SIS18 synchrotron of the GSI Helmholtz Center, constructed
to study, commission, and test the complex interplay of the different
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Fig. 1. Schematic view of the mCBM setup in the 2024 beam campaign.

detector systems, the readout electronic chain with free-streaming data
acquisition and fast online event reconstruction and selection [15]. The
experiment has been operational at SIS18 since 2018 and measures
heavy ion collisions at 1–2AGeV. The mSTS setup was active in various
beam test campaigns between 2021 and 2024.

This paper presents a detailed study of the operational performance
of the prototype STS system, as measured in beam experiments using
the mCBM setup. The paper is organized as follow: after the general
introduction provided in Section 1 on the CBM experiment, the STS
detector and its functional component, the prototype mCBM setup,
Section 1 presents the experimental conditions of the beamtime experi-
ments used for the analysis: setup, data sets and reconstruction analysis
methods; the Results presented in Section 3 include data throughput,
signal-to-noise ratio, time resolution, dead-time, spatial resolution, ca-
pabilities of vertex reconstruction and impact parameter determination,
efficiency.

2. Experimental conditions

2.1. Experimental setup

Fig. 1 presents the schematic of the experimental configuration
utilized in this analysis. The primary axis of the mCBM setup (z-axis)
is positioned at an angle of 25◦ relative to the beam axis. With a right-
handed coordinate system, the positive y-axis is oriented upwards, and
the positive x-axis is directed to the left when looking downstream.

It includes the Beam Monitoring detector prototype (BMon), which
serves to measure the start time of the collision. BMon, not shown
in Fig. 1, but detailed in a zoom-in view of the target chamber later
in Fig. 8(a), consists of a 1 × 1 cm2 polycrystalline diamond detector
placed 20 cm upstream of the target, denoted as T0. In 2024, a second
diamond, denoted as B1, was mounted 45 cm upstream of the target.
Three layers of the transition radiation detector (TRD) [6] are mounted
downstream of the STS, followed by up to four layers of Time-of-Flight
(TOF) counters [16]. A Ring-Imaging Cherenkov (RICH) detector is
installed downstream [17].

2.2. The STS system

The STS setup installed at the mCBM experiment is shown in detail
in Fig. 2. It consists of three tracking stations of an active area of

Fig. 2. CAD view of the mSTS setup shifted outside the enclosure for illustra-
tion. The sensors are depicted in blue, surrounded by a red box.

6 × 6 cm2, 12 × 12 cm2, and 18 × 18 cm2, positioned respectively around
16 cm, 33 cm, 47 cm from the target. The stations are constructed from
12 detector modules of two different sensor sizes, 62 × 62mm2 and
62×124mm2. Modules were integrated into the setup in multiple stages.
All modules employ series sensors and microcables, along with close-to-
final or series-production SMX ASICs. The earliest modules still rely on
prototype FEBs, powering, and bias voltage filtering. The ASICs in the
two downstream stations use only 1 uplink, while the ASICs in the first
upstream station use all 5 available uplinks. Seven Common Read-Out
Boards (C-ROB) are used for the readout, and five Power Boards (POB)
provide the supply voltages for the FEBs. The modules are mounted on
carbon-fiber ladders, which are affixed to aluminum support structures
(C-frames) where the front-end electronic boards are placed.

2.3. Commissioning and operation

Before installation in the mCBM cave, an energy calibration was
carried out to adjust the dynamic range of the per-channel ADCs. This
was done using a calibrated internal pulse generator with gradually



A. Agarwal et al.

increasing amplitudes in the readout chip to record the response of
each discriminator. This provides the effective threshold and gain for
each detector channel (see Section 3.2). The derivative of the dis-
criminator response in the S-curve scan provides a way to estimate
the baseline noise level. An Equivalent Noise Charge (ENC) of 1000 e,
below the targeted system noise, was measured [11]. The modules were
operated with relatively low thresholds, around 3–4 � RMS amplitude
of the noise, i.e., 3000–4000 e. The typical dark rate observed was
around 0.5 kHit∕s∕channel and up to 1.4 kHit∕s∕channel in the worst case,
consistent or better than the expectations [9].

2.4. Data sets

Different beam campaigns have been performed with the mCBM
setup since 2021 with heavy-ion collisions in fixed-target configura-
tion, typically using mid-size ion species (O to U) at 1–2AGeV and
a moderate beam intensity of about 500 kHz. Additionally, tests with
larger colliding systems (Au+Au, U+Au) at higher interaction rates
were conducted.

Most of the data presented here were collected in 2024 in Ni+Ni
collisions with a beam kinetic energy of 1.93AGeV. The beam intensity
was about 4×107 ions per spill, and a spill length of about 8 s, followed
by a spill-break of about 2.5 s. The beam profile had a width of 1.5mm.
The Ni-target employed in the experiment measures 15mm × 35mm.
It is mounted in a thin Al frame with a cutout of 31mm in diameter.
The target thickness of 4mm results in a 10% interaction probability,
corresponding to a collision rate of about 500 kHz.

2.5. Data analysis

In line with the free-streaming readout architecture, the data is
collected and recorded in Time Slice Archive (TSA) files. A time slice
contains the full data recorded by the DAQ [18] in a defined time
frame from every detector. In the offline analysis, the TSA files are first
decoded into strip-raw signals for the STS, which contain the module
and channel information of the activated strip, as well as the signal’s
time and amplitude. Clusters are reconstructed by correlating signals
from neighboring activated strips [19], within a short time window of
±25 ns. The size of the window is set to four times the expected time
resolution by default: 20 ns. The amplitudes of signals from individual
strips of a cluster are summed up. Time information is the average
of the individual signal’s time. The center of gravity of a cluster is
taken as an estimate for the crossing point of a particle in the sensitive
volume of the detector [20]. Hits, i.e., space points, are finally derived
by correlating sensor p- and n-side clusters. Events are defined using
the signal from a seed detector (BMon in this case) as a time reference
and including all signals from the other detectors within a time window
that depends on the detector’s time resolution. In this prototype beam
campaign, a conservative window of ±60 ns was used for the STS. Only
a single BMon hit is required to prevent event pile-up. A minimum
of eight TOF signals is required to remove empty events triggered by
sporadic noise counts and enhance the sample that contains at least one
track. Events with more than 100 STS signals are removed to suppress
events caused by massive pickup noise. Those had a frequency of less
than 10 per-mill effect in the 2022 data.

3. Results

3.1. Throughput of the readout electronics

The throughput of the readout electronics was studied in beam
intensity scans with U+Au collisions. In these beam campaigns, only
the modules built with one data uplink per ASIC were installed. The
maximum data rate reached in measurement was 56 kHit∕s∕channel.
This is consistent with the expected bandwidth saturation limit of
9.41MHit∕s∕link (corresponding to 73 kHit∕s∕channel), measured in the

laboratory [10], but limited in beamtime by the micro-spill structures
of the beam. The throughput of the module readout electronics can be
increased by a factor of five by using 5 links per ASIC, thereby reach-
ing a bandwidth of 370 kHit∕s∕channel to cope with the high-intensity
heavy-ion beams expected at CBM.

While reaching the maximum throughput, a further increase of
beam intensity leads to an observed increase of the Event-Missed flag.
Typical values of the data loss rate for the beam intensity used in the
performance studies with Ni+Ni data at 500 kHz are well below 1%.

3.2. Amplitude measurement and signal-to-noise ratio

The measured signal amplitude is compared to the noise mea-
surements determined beforehand in the module characterization to
evaluate the signal-to-noise ratio. The noise (N) is quantified as the
average equivalent noise charge of the modules from the smearing
of the discriminator response to a given pulse value. It amounts to
around 1000 e ENC, in agreement with the estimation based on the total
detector capacitance [11]. The signal (S) is determined by the most
probable charge amplitude produced by minimum ionizing particles
produced in the collision.

Fig. 4 shows the signal amplitude distribution for p- and n-side.
The left panel shows the correlation between the signal amplitude on
both sides of the sensor. The readout ASICs of the STS modules were
calibrated in a charge range of approximately 10 fC (65 ke), with ADC
gain of 0.335±0.003 fC∕LSB (about 2000 e∕LSB) both for n- and p-
side. The modules were operated at rather low thresholds (down to
3 �, i.e., approximately 3000 e). The signal amplitude is shown for all
reconstructed hits and, in order to minimize noise and background,
only for those hits that were further correlated by tracking to outer
detectors. This signal corresponds to the typical admixture produced
in heavy-ion collisions of pions, protons, and kaons. The remaining
contribution from noise is visible in the lower part of the distribution,
i.e., below 10 ke, largely suppressed when requiring that the hits belong
to fully reconstructed tracks. The average signal (S) is extracted by
fitting the distributions with a Landau function, resulting in a most
probable value of 22.7±1.4 ke. For the estimation of the errors, the
ADC gain, threshold spread, and the systematic error of the fitting were
taken into account. The statistical error of the fitting was considered
negligible with respect to the systematic error. Using the corresponding
noise measurements of about 1000 e ENC, a signal-to-noise ratio S/N
around 23 is determined.

3.3. Time resolution

The detector raw signals are synchronized to ensure proper func-
tionality in a free-streaming operation. Individual subsystem time-offset
corrections calculated from a common reference are applied. The T0
detector, part of the BMon system, is used as a reference. The STS time
calibration accounts for the time offset and the timing’s dependence
on the signal amplitude (time walk). It is performed for every ASIC
and discriminator. The calibration algorithm utilizes the time difference
between STS signals and an arbitrary detector signal (T0 detector)
to determine an amplitude-dependent time offset. This procedure is
completely data-driven and ensures the appropriate performance of
subsequent steps on the reconstruction chain.

Fig. 3, left part, shows the average time difference between STS and
T0 signals as a function of the STS signal amplitude before and after
calibration. The points indicate the mean value of the time difference,
while the bar stands for the width of the distribution obtained via a
Gaussian fit. After the calibration is applied, the signal is correctly syn-
chronized with the T0 detector. The distribution width is influenced by
three main components: the STS time resolution, the T0 time resolution,
and the spread in time-of-flight of particles from the event vertex to the
STS sensors. Additionally, such a distribution contains a combinatorial
background of STS and T0 signals that might not correspond to the
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Fig. 3. Left: Time difference of raw strip signals of the STS and signal from T0 detector, before (blue) and after (red) time calibration. The points indicate
the mean value of the time difference, while the bar stands for the width (�) of the distribution. Right: Time resolution of the STS as a function of the signal
amplitude. The error bars reflect the fit uncertainty. The inset shows the time difference between STS and T0 signals for large STS signal amplitude, > 25 ADC.

Fig. 4. Left: Normalized signal amplitude distributions for n- and p-side. The overflow bin is filled at the upper end of the charge digitization range. Right:
correlation between the signal amplitude on both sides of a module. Clusters that include one or more signals in the overflow bin result in vertical and horizontal
lines at multiples of the digitization range.

same event. The T0 has negligible resolution (∼50 ps) compared to the
STS. The contribution from the time-of-flight, given by the difference
between the fastest and slowest particles in the event, was estimated
with simulations and can reach up to 2 ns. Therefore, the distribution
width, represented by the error bar in the figure, indicates an upper
limit of the STS time resolution.

Fig. 3, right part, shows the dependence of the distribution width
on the signal amplitude. The distribution is wider for low-amplitude
signals due to the walking effect and the lower signal-to-noise ratio.
In contrast, once accounting for the time of flight, cleaner samples
with larger signal amplitudes (≥ 20 ke) allow the extraction of a time
resolution of around or better than 5 ns. This value is calculated by
subtracting the average time of flight estimated from MC simulations
from the sigma time correlation peak fit.

3.4. Dead time

Different effects can be observed when two signals arrive close
in time, depending on the time difference between them and the

amplitude of the first signal. A pile-up in the first signal might occur
for very close signals: the second signal is merged into the first, and its
amplitude adds to the first signal. If the second signal arrives during
dead time, it is lost. If the second signal arrives when the baseline is
not restored, a new signal is created but with reduced amplitude.

Fig. 5 shows the time difference between two consecutive signals
in the same channel versus the amplitude of the first signal. Operating
the detector with the shortest shaping time of 90 ns [10], a dead time
between 200 ns for low signal amplitude and 350 ns is measured, where
300 ns is reached for signal amplitude of ∼ 25 ke.

3.5. STS alignment

Data-driven, software-based alignment of individual STS compo-
nents provides sufficient precision to determine tracks and vertices,
using only STS hits. This alignment is achieved through beam spot re-
construction as the figure of merit. As the mCBM setup does not include
a magnetic field, any particle traverses the detector along a straight
line. Every pair of hits in different stations forms a segment (tracklet)
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Fig. 5. The amplitude of the first signal vs the time difference between
consecutive signals in the same channel. The empty region corresponds to the
detector dead time, which ranges from 200 ns to 350 ns for low to high charge
values. Note that the numbering scheme of the STS XYTER discriminators
(ADC) on the y-axis starts from 1.

that can be extrapolated and projected to the target plane. The dis-
tribution of all tracklets extrapolations allows to reconstruct the beam
spot. The vertex spread is defined as the RMS of the centers of such
a distribution, found by each sensor pair. In the alignment procedure,
independent sensor translations are applied through a gradient descent
minimization, where the vertex spread is recalculated iteratively. Rota-
tions were not considered in this exercise. A more complex alignment
approach which includes rotations, is under development [21].

The final translations, obtained at convergence after eight iterations,
are consistent with the assembly precision of ∼100 μm and with the con-
straints from the mechanical units. After the alignment of all individual
sensors, the overall primary vertex (PV) position, reconstructed via the
beam spot method, is reported in Table 2.

3.6. Spatial resolution

The evaluation of the single-hit spatial resolution in a sensor re-
quires measuring the differences between the reconstructed impact
point by the device under test (DUT) and the predicted points obtained
from track interpolation. To evaluate spatial resolution, we exploit the
spatial correlations between STS hits and utilize the outer detector
systems (TRD and TOF) via a custom-modified 4D CA-tracking [22]
to reduce the number of false hit combinations. STS hits in the first
and the last stations are used as reference. The station in the middle is
used as the DUT. Using STS hits identified to belong to the same track
allows for preserving the fake suppression that the tracking algorithm
offers. Therefore, the track position at the DUT is obtained from the
intersection of the resulting straight line with the DUT plane, as given
by Eq. (1).

xDUT = xi + Tx(zDUT − zi)

yDUT = yi + Ty(zDUT − zi) (1)

where Tx, Ty are the components of the track directional vector T⃗ .

T⃗ = (Tx, Ty, 1) = (
xi − xj

zi − zj
,
yi − yj

zi − zj
, 1) (2)

and (xi, yi, zi), (xj , yj , zj ) are the space points given by the STS hits in
the first and last station, respectively.

The unbiased hit-track residual is the distance between the mea-
sured space point position on the DUT and the point obtained by
extrapolating the track at the sensor plane. Fig. 6 shows the unbiased

Table 1
Spatial resolution of the STS �STS in X and Y for different detectors of Station
1. Here, ‘‘L’’ refers to the ladder, and ‘‘M’’ to the module. The values are
extracted from the width of the unbiased residuals, �UR using Eq. (3) as: �
from residual fit, FWHM/2.35, and average RMS. Reported values units are
micrometers (μm).

sensor �
fit
x �FWHM

x
�<RMS>
x

�
fit
y �FWHM

y
�<RMS>
y

L0M0 29 25 23 103 101 72
L0M1 28 27 26 102 105 69
L1M0 29 25 24 103 85 75
L1M1 28 29 27 102 110 72

hit-track residual distribution along the X (left) and Y (right) directions
for a selected sensor.

In a system with ideal geometric alignment, the distribution spread
�UR is influenced by the resolution of the detector being tested �STS,
the precision of track extrapolation �track, and the track deviation due
to multiple Coulomb scattering �MS.

�2UR = �2STS + �2track + �2MS (3)

The track extrapolation is done using only the first and last STS
stations. Therefore, besides the location of the extrapolation plane, the
accuracy �track is influenced only by the spatial resolution of the STS
modules (�STS) used to determine the track line.

The effects of multiple Coulomb scattering on track residuals can be
calculated using the Highland-Lynch-Dahl formula. This formula helps
determine the sigma �0 of the distribution caused by this effect as
x �0∕

√
3 were x is the layer thickness and �0 is given by

�0 =
13MeV

� c p
|z|

√
x

X0

[
1 + 0.038 ln

(
x z2

X0 �
2

)]
, (4)

where p, �c, and z are the momentum, velocity, and charge number of
the incident particle [23]. The thickness of each module is such that
X∕X0 = 0.38 ± 0.01%. Approximate values of �MS extracted from
the above expression are 3.5 μm for 100MeV protons, and < 1 μm for
700MeV pions. For higher momentum the impact decreases.

The STS spatial resolution �STS can then be extracted from the
width of the residual distribution �UR shown in Fig. 6. The term
corresponding to the track uncertainty, that naturally depends on the
position resolution, is obtained analytically from error propagation.

A Gaussian fit added to a quadratic polynomial to describe the
background provides a reasonably good characterization of the width of
the central peak for both x and y distributions. The resolution obtained
from the fit is given in Table 1. However, the residual distribution
deviates slightly from a Gaussian shape, even after accounting for a
quadratic background. This deviation is mainly due to sensor mis-
alignment and ghost hits. Two approaches have been implemented to
address local dependencies and non-Gaussian effects. The first assumes
that the true Gaussian distribution of the track-hit residuals dominates
the peak, allowing extraction of �UR from the FWHM relationship. The
second approach calculates the average RMS of the residuals along the
x and y coordinates of the sensor after subtracting the flat background.
This method aims to prevent the broadening of the estimated �UR by
avoiding the superposition of multiple Gaussian peaks with different
mean values, which results from residual misalignment. The resolution
obtained with these other approaches, also given in Table 1, is smaller
and closer to the theoretical expectations of 58 μm∕

√
12 = 17 μm.

3.7. Vertex reconstruction

In contrast to the beam spot, which is determined as an average
over many events, the event-by-event primary vertex provides a precise
estimate of the primary interaction point of a single collision. The
three-dimensional primary vertex is reconstructed with the Point of
Closest Approach (PCA) method, i.e., averaging the position of all valid
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Fig. 6. Unbiased hit-track residual distribution for a selected sensor module in X (left) and Y (right), respectively. The distribution is fitted by a Gaussian plus a
second-order polynomial.

Fig. 7. XY projection of the event primary vertex, together with one-
dimensional distributions in X and Y, respectively. The mean and the widths of
the distributions, obtained from a Gaussian fit, are displayed in the top right
panel.

PCAs of any track pairs in the event. A PCA is considered valid if
the distance between the point and tracks is not much larger than the
vertex resolution (∼ 100 − 500 μm).

Fig. 7 shows the XY projection of the average position of PCA,
together with the one-dimensional distributions in X and Y. The width
of the primary vertex distribution, about 1.5mm, is dominated by the
beam size.

The primary vertex resolution is usually estimated by comparing
the vertices reconstructed from a track sample that has been randomly
split into two parts. Given the very low track multiplicity in the mCBM
acceptance, we instead compare the vertex reconstructed using the PCA
method to the mean of the beam spot reconstruction. As shown in Table
2, the results of vertex reconstruction using both methods differ only
by 50 μm in x and 400 μm in y.

Taking advantage of the tracking algorithm to remove the combina-
torial and using tracks with two STS hits, the vertex distribution reveals

Table 2
Results of the vertex reconstruction with the Point-of-Closest-
Approach (PCA) and the beam spot (BS) method. Reported values
units are millimeters (mm).

method �x �y �x �y

PCA 0.070 −0.013 1.6 1.9
BS 0.021 0.42 1.6 1.7

structures originating from different points of primary interaction,
corresponding to different interaction points within the target chamber,
highlighted in Fig. 8(a).

The different structures can be focused on by adjusting the z-
position of the projection planes, depending on where the tracks origi-
nated. This can be done for the different planes of primary interaction
(e.g., z = −20 cm for the T0 detector). The projection along the x-
axis of the vertex reconstruction for each plane is shown with different
colors in Fig. 8(b). A dashed line represents the expected position of
such peaks, while the shaded box stems from the uncertainty in the
projection of the beam spot to different z-planes, which increases with
increasing distance in z.

Besides minor deviations due to the detector’s non-perfect align-
ment, the agreement between the measured vertices and the expected
position is remarkably good.

3.8. Impact parameter

Track measurements with a precision of a few μm near the interac-
tion point allow the determination of decay vertices, which is crucial
for reconstructing complex decay topologies. The impact parameter (IP)
of a track is defined as the transverse distance of closest approach
(DCA) of a particle trajectory to the primary vertex. Tracks from weak
decays typically have larger IPs than those from the PV. Since there
is no magnetic field in the mCBM setup, tracks are extrapolated to
the primary vertex with a linear extrapolation. The IP resolution is
governed by three main factors: multiple scattering of particles in
detector material, the single hit resolution, and the distance between
the PV and the closest measurement in the detector. The IP resolution
can be determined by examining the widths of the distributions of the
1-D projections of the IP in x and y, shown in Fig. 9. The FWHM, pro-
portional to uncertainty in the hit measurement, is about ∼ 50(60) μm in
X (Y), respectively. However, the resulting IP depends in a non-trivial
way of the track parameters uncertainties, and hence the dependence
on the position resolution is far more complex.
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Fig. 8. (a) Zoom-in view of the target chamber region, highlighting the primary interaction points of interest for vertex reconstruction: (K1) window of the beam
diagnostic chamber, (B1) Bmon prototype for 2024, (K0) upstream window of the target chamber, (T0) Bmon detector, (Ni) nickel target. Distance uncertainties
reflect the systematic error of measurements. (b) Projection of the reconstructed beam spot along the x-axis for different z-planes. The dashed lines indicate the
expected position of the vertex, together with the expected width, marked by the corresponding bands for the different points of primary interaction.

Fig. 9. Track impact parameter distribution, in X (left) and Y (right), for real (red) and simulated (blue) data.

The analysis is reproduced with Monte Carlo simulations, in which
Ni+Ni collision events were generated using UrQMD [24–26] and trans-
ported using the GEANT toolkit [27]. The primary vertex is smeared
according to the distribution obtained from real data. The data were
further digitized and processed with the same reconstruction chain as
real data, Fig. 7. The IP distributions, shown in Fig. 9 for real data, are
in excellent agreement with those extracted from MC simulations.

3.9. Hit reconstruction efficiency

The hit reconstruction efficiency corresponds to the probability of
detecting a particle passing through the sensor and properly recon-
structing the interaction point. It can be determined as the measured
fraction of hits on a track per possible hits along the track trajectory.
In order to avoid bias from particles that decay (and therefore may
have no signal in the first STS station) or are absorbed (and have
no signal in the last STS station), this study refers to the middle STS
station. Tracks used as references are those reconstructed with hits in

all other detector layers, i.e., the first and last STS stations, and at least

one hit in a TRD station and one in a TOF station to suppress fake

combinations. Furthermore, tracks were requested to originate from the

primary vertex, i.e., a cut of 1.5mm for the DCA of the track to the

vertex and 2.5mm in the z direction. The efficiency is measured as a

ratio of the number of tracks where all stations detected a hit over the

number of tracks where at least the reference modules detected a hit.

The tracks found using only the reference stations were interpolated

to the test module. Only tracks with the projected impact point within

the test sensor’s sensitive area are used. The region around the pro-

jected impact point was searched for hits using the fit results of the

hit-track residual distribution. A hit is considered to belong to a track

if its position is within 3 � from the extrapolated impact point, as from

Fig. 6.

The efficiency was found to be very uniform across the sensor active

area, while the missing hits are concentrated along noisy or dead strips

of the module. The particle loss is thus a direct consequence of the
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Fig. 10. Hit reconstruction efficiency as a function of the threshold for
different detectors of Station 1. Here, ‘‘U1’’ refers to the Station, ‘‘L’’ refers
to the ladder, and ‘‘M’’ refers to the module. The solid line represents the
averaged efficiency for a well-selected active area within the sensor. The error
band represents both statistical and systematic uncertainties.

module production defects. The efficiency of the module areas with
nominal strip noise and absence of bonding defects is about 98%.

Furthermore, the threshold dependence of the hit reconstruction
efficiency was studied. If the signal amplitude deposited in a given strip
is below the digitization threshold, the signal in that channel is not
recorded, resulting in a loss of information. If a major part of the energy
deposited by the particle’s passage through the detector is recorded by
neighboring strips, only the spatial resolution is worsened; however,
increasingly high thresholds will result in a reduction of hit detection
efficiency. For these studies, the entire data analysis was performed for
discrete increments of the digitization thresholds of raw strip signals.
Fig. 10 shows the hit reconstruction efficiency for the modules in the
middle station as a function of the digitization threshold. The result
display might be modified by two important differences from the final
STS detector. First, the curved trajectories of particles within the mag-
netic field will produce hits whose charge spreads across multiple strips,
increasing the possibility of signals falling below the threshold and not
being digitized, harming the reconstruction efficiency [28]. Secondly,
the occupancy STS will sustain high interaction rates, imposing even
stricter performance constraints on the tracking algorithm to properly
find the tracks [29].

4. Summary

The operational performance of the prototype STS system for the
CBM experiment was studied in a heavy-ion collision experiment with
a beam energy of around 1–2AGeV at the mCBM setup at SIS18. A
signal-to-noise ratio above 20 was measured. Precision track and vertex
reconstruction has been demonstrated in the hit-track residual distri-
bution, vertex position, and transverse impact parameter resolutions.
Given some residual misalignment in these prototype experiments,
a spatial resolution around 25 μm is consistent with the theoretical
estimate of the coordinate resolution of the sensor with 58 μm strip
pitch. A hit timing resolution around or better than 5 ns has been
demonstrated. The deadtime was estimated to range from 200 ns and

350 ns, increasing with signal amplitude. The readout electronics of the
modules demonstrated stable operation under conditions of a detector
load of 56MHit∕s∕channel. Operating the detector with low thresholds,
around 3–4 � RMS amplitude of the noise, the typical dark rate ob-
served was around 0.5 kHit∕s∕channel, which is less than 1% of the
maximum measured or the expected bandwidth saturation limit. In
these conditions, the efficiency of hit reconstruction is found to be 98%
for the areas where all channels were operational.

In conclusion, the operational performance of the Silicon Tracking
System detector, as evaluated through prototype experiments, aligns
with the requirements set for the upcoming CBM experiment. The
detector meets the demanding standards for precise tracking, vertex de-
termination, momentum reconstruction, and data throughput, ensuring
its readiness to support the CBM experiment’s experimental needs.
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