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Abstract: A new CMS tracker detector will be installed for operation at the High Luminosity LHC
(HL-LHC). This detector comprises modules with two closely spaced parallel sensor plates and
front-end ASICs capable of transmitting tracking information to the CMS Level-1 (L1) trigger at the
40MHz beam crossing rate. The inclusion of tracking information in the L1 trigger decision will
be essential for selecting events of interest e�ciently at the HL-LHC. The CMS Binary Chip (CBC)
has been designed to read out and correlate hits from pairs of tracker sensors, forming so-called
track stubs. For the �rst time, a prototype irradiated module and a full-sized module, both equipped
with the version 2 of the CBC, have been operated in test beam facilities. The e�ciency of the stub
�nding logic of the modules for various angles of incidence has been studied. The ability of the
modules to reject tracks with transverse momentum less than 2 GeV has been demonstrated. For
modules built with irradiated sensors, no signi�cant drop in the stub �nding performance has been
observed. Results from the beam tests are described in this paper.
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1 Introduction

The Large Hadron Collider (LHC) at CERN will undergo major upgrades by 2025 to be able to
deliver peak instantaneous luminosities of 5�7:5�1034cm�2s�1. This High Luminosity upgrade of
the LHC (HL-LHC) will allow the CMS (Compact Muon Solenoid) [1] experiment to collect data
corresponding to integrated luminosities of the order of 300 fb�1 per year. Eventually, a total of
3000 fb�1 will be collected during ten years of operation. At the nominal instantaneous luminosity
of the HL-LHC, a single bunch crossing will produce 140-200 proton-proton collisions. The vast
majority of these collisions are �pileup� interactions with low momentum transfer that are of little
physics interest.

In order to fully exploit the increased luminosity and to cope with the very high pileup
environment, the detector and the trigger system of the CMS experiment need to be upgraded

� 1 �
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signi�cantly [2]. The present CMS tracker was designed to operate up to an integrated luminosity
of 500 fb�1 [2, 3], beyond which radiation damage will lead to degradation of its performance. The
CMS experiment will replace the current tracker with a new silicon tracker. The upgraded tracker [3]
will feature increased radiation hardness, higher granularity, compatibility with higher data rates,
and a longer trigger latency. In addition, the tracker will provide tracking information to the Level-1
trigger, allowing trigger rates to be kept at a sustainable levelwithout sacri�cing physics potential [3].

The CMS tracker for the HL-LHC period will consist of modules with two �stacked� silicon
sensors, read out by front-end ASICs with the capability to discriminate tracks based on their
transverse momentum (pT). The concept of pT discrimination by means of very short track
segments called stubs, in so-called pT modules, will be discussed in the following section.

A number of module prototypes described in the following section, each with two stacked strip
sensors, also known as 2Smodules, were subjected to particle beams at CERN, Fermilab, andDESY
beam test facilities to measure the performance of the stub �nding mechanism, the uniformity of
the stub �nding e�ciency in the entire detector, the potential to reject low pT tracks (< 2GeV),
and the ability to work e�ciently up to the expected overall HL-LHC radiation level. In this paper,
results from beam tests carried out at CERN are reported and, where possible, compared to those
obtained at Fermilab and DESY. The results from previous beam test are reported in ref. [4].

2 CMS tracker for HL-LHC

The layout of the new tracker is shown in �gure 1. The new tracker will consist of two parts: an Inner
Tracker (IT) and an Outer Tracker (OT). Both the IT and the OT will have a barrel section, made
out of coaxial cylindrical layers, and two endcaps, one on each side of the barrel, made out of discs.
The IT barrel will feature four layers of pixel detectors, providing three-dimensional hit coordinates,
resulting in excellent vertex resolution. Each IT endcap will consist of 12 pixel discs on each side
of the barrel. The OT barrel will comprise six layers of detector modules each having two silicon
sensors separated by a small distance and read out by the same front-end electronics. The separation
between the sensors of a module, de�ned by the distance between the sensor mid planes, will vary
between 1.6mm and 4mm [3]. Of the six layers of the OT barrel, the three inner layers will be
equipped with modules made of one macro-pixel sensor and one strip sensor (PS pT module). The
three outer layers will be equipped with modules with two strip sensors (2S pT module). The OT
endcaps will feature six discs and will be equipped with PS and 2S modules, as shown in �gure 1.
The main speci�cations of the PS and 2S modules for the OT are listed in table 1.

Table 1. Main parameters of the 2S and PS modules of the proposed CMS Phase-2 tracker [3].

2S module PS module

� 2 � 90 cm2 active area � 2 � 45 cm2 active area

No. of strips/sensor plane Strip length Pitch No. of strips/macro-pixels Strip/macro-pixel length Pitch

2 � 1016 � 5 cm 90 �m 2 � 960/32 � 960 � 2:4 cm/� 1:5 mm 100 �m

� 2 �
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Figure 1. Sketch of one quarter of the tracker layout in r � z view. The radial region below 200mm is
referred to as Inner Tracker and will be instrumented with pixel modules. In the Outer Tracker, the radial
region between 200 and 600 mm is equipped with PS modules (blue lines), while the region beyond 600 mm
will be populated with 2S modules (red lines). The CMS coordinate system is de�ned in ref. [1].

Figure 2. Illustration of the pT module concept [3]. Correlation of signals in closely spaced sensors enables
rejection of low-pT particles. The channels shown in green represent the selection window to de�ne an
accepted stub; a low-pT rejected track is shown in red.

2.1 The concept of pT discrimination

In the presence of the 3.8 T solenoidal magnetic �eld inside the CMS detector, the trajectories of
charged particles produced in a collision will bend in a plane transverse to the direction of the beam.
The radius of the curvature of the trajectory of these particles depends on the particle pT. The
concept of pT discrimination is shown in �gure 2. As a charged particle passes through the module,
it generates signals (hits) in the bottom and top sensors of the module. A hit in the bottom sensor
is then matched to the one in the top sensor and if they are within a prede�ned window, these two
hits are combined to form a short track segment or stub. These stubs will be used in the Level-1
(L1) track trigger.

The readout chips will provide the pT discrimination logic described above. The window for
hit matching can be set within the readout chip according to the pT threshold to be used. For the 2S
module, the readout chip is called the CMS Binary Chip (CBC) [5�9]. Each CBC has 254 readout

� 3 �
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Figure 3. Left: sketch of the full-size 2S module. Right: cross section of the 2S module. The connection
of the front-end chips to strips of both the top and the bottom sensor via routing lines in the �exible hybrid
(�ex kapton circuit), which is bent around a sti�ener/spacer sandwich [3], is visible.

channels with alternate channels connected to the top and bottom sensors in a module, as shown in
�gure 3 (right), so that coincidences between channels of the two sensors can be obtained.

The 2S module, shown in �gure 3, consists of two sensors (n-type strips in p-type silicon
substrate), support structures made from Al-CF (carbon �bre reinforced aluminium), two front-end
hybrids [10], each with eight CBCs and one concentrator integrated circuit (CIC) that aggregates
data from the CBCs, and a service hybrid for powering and output data serialization followed by
opto-electrical conversion.

All prototype modules discussed in this paper use the second prototype of the CMS Binary
Chip, the CBC2 [7�9]. The block diagram of the analogue front-end (FE) of the CBC2 ASIC is
shown in �gure 4. Three I2C registers are used to control the main settings of the analogue FE :
Vplus, which controls the global DC baseline of the post-ampli�er output, Vo�set (labelled �O�set�
in �gure 4) for �ne control of the baseline of the post-ampli�er output for individual channels on
the CBC2, and VCTH, which controls the comparator threshold. The readout for the CBC2 chip is
binary, thus it does not measure the amount of charge induced on each strip. If the charge on a strip
exceeds the comparator threshold, a hit is registered.

�����

Figure 4. Block diagram of the analogue front-end (FE) of the CBC2 ASIC [7�9]. Three registers are used
to control the analogue FE.

2.2 Prototype detectors

Prototypes of the 2S module have been investigated at di�erent test beam facilities (table 2). For
the beam tests described in section 3, two small prototype modules and one full-size module have

� 4 �
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Table 2. Details of modules used in various beam tests.
Module type No. of CBC2s Sensor active thickness Sensor separation Bias voltage Beam Test facility

Non-irradiated mini-module 2 270 �m 2.75mm 250V CERN, DESY, Fermilab

Irradiated mini-module 2 240 �m 3.05mm 600V CERN

Full-size module 16 240 �m 1.80mm 240V CERN, Fermilab

Figure 5. Left: the irradiated 2S mini-module assembled from a small prototype hybrid comprising two
CBC2 readout chips and two silicon sensors with 254 strips of 5 cm length. Right: the full-size 2S module
comprising two hybrids with eight CBC2 readout chips each and two full-size 2S sensors.

been studied. The strip sensors of the modules have 5 cm long n-type strips at 90 �m pitch on about
300 �m thick silicon sensors with p-type bulk. A negative voltage is applied to bias the sensors at
the sensor backplane but in the following the absolute values of the bias voltage applied are quoted.

The small prototype modules, called mini-modules, consist of a version of the front-end hybrid
housing two CBC2s. The hybrid is made of a rigid material with bond-pads on both sides and
the sensors are wire-bonded to the top and bottom sides of it. This contrasts with the �ex-kapton
design used for full-sized modules that folds over the CF spacer to provide bond-pads for the bottom
sensor [3, 11]. The sensors have been glued on a small framemade of aluminium. Onemini-module
was left unirradiated. The sensors of this module have an active thickness of 270 �m and their
separation is 2.75mm. The second mini-module, shown in �gure 5 (left), with an active sensor
thickness of 240 �m and a sensor separation of 3.05mm, was irradiated with 23MeV protons at
Irradiation Center Karlsruhe [12] to a �uence of 6�1014 neq�cm2 with an annealing of approximately
two weeks at room temperature. The maximum expected �uence for the innermost layer of the 2S
modules of the OT is 3 � 1014 neq�cm2 [3]. This value corresponds to 3000 fb�1 of proton-proton
(pp) collisions at

p
s = 14 TeV assuming a total inelastic cross section, �pp, of 80 mb.

The current-voltage characteristic of the sensors before and after irradiation can be seen in
�gure 6. The e�ect of irradiation is re�ected by an increase of the leakage current by three orders
of magnitude.

The full-size module consists of two sensors of about 10 cm � 10 cm, with two columns of
1016 strips each. The active thickness of each sensor is 240 �m and the sensors are separated by
1.8mm. Each of the front-end hybrids on both ends of the module houses eight CBC2s. A �ex
hybrid is used to provide bond-pads for the top and bottom sensors (�gure 3). The module is built
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