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Triggering on high pt muons at the projected high luminosity LHC (HL-LHC) with an expected
instantaneous luminosity of 1035/(cm2 · s) will be one major challenge for the CMS experiment
from 2022 on. With the Muon Track fast Tag (MTT) a new detector subsystem is proposed that
can help to keep the Level-1 trigger rate low enough without increasing the pt thresholds for
single muons. The trigger concept must be extended by combining the information of the inner
tracking system with a fast muon tag which is also able to reduce the problem with ambiguities
of simultaneously traversing muons leading to so-called ghost hits.
Tiles of fast plastic scintillator material read out by silicon photomultipliers (SiPMs) are under
investigation to provide the additional detector layer in the very limited space available between
the CMS solenoid and the first muon stations.
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1. Motivation for a Muon Track fast Tag (MTT) at CMS

From the year 2022 the CMS experiment at the LHC is expected to operate at the high lumi-
nosity LHC (HL-LHC). Up to 1000 fb−1 of data will be collected per year with an instantaneous
luminosity that will be increased by a factor of ten compared to the running LHC with a design
luminosity of 1034/(cm2 · s). New physics scenarios and extended limits which are expected and
hoped for in the coming years are displayed in Figure 1 where the integrated luminosity is shown
versus time. Various scenarios are under discussion to increase the amount of data to search for
events with extremely small cross sections, e.g. increasing beam energy, higher bunch crossing
frequency and higher number of protons per bunch.

To trigger on high pt muons at 1035/(cm2 · s) while keeping the Level-1 trigger rate low the
trigger concept needs to be extended. With the MTT (see Figure 1, right), a fast 2D trigger system
located between the CMS solenoid and the inner muon stations is proposed in [2] to cope with
high muon rates without increasing the pt thresholds. Just increasing the threshold would be an
inefficient way as shown in Figure 2, mainly due to poorly reconstructed muon pt on Level-1.

By combining the information from various subsystems the muon momentum resolution can
be improved in the Level-1 trigger system. The inner silicon based tracking system provides an
excellent pt measurement and with the MTT it is possible to define regions of interest for the
tracker in case of high pt muons. In addition the MTT can resolve possible muon ambiguities at
very high luminosities (ghost rejection).
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Second proposal (October 18, 2011): 

1. The DT and RPC electronics will have to be replaced because of aging and limited radiation tolerance.

2. The much larger hit rate at SLHC will be unsustainable in the forward RPC. Even in the barrel region, the
current RPC trigger logic will suffer a high noise hit rate.

The aim is to study an upgrade that while fixing these two points, also allows to improve the L1 trigger. The
upgrade should minimize the changes of the present system that will be well understood after the LHC phase.
Besides, it should be backward compatible, allowing a gradual replacement.

2 Tagging partial regions of interest in the Tracker
The basic scheme for extracting partial Tracker information to be used by the Muon systems consists in providing
a Muon Track fast Tag (MTT), just beyond the Calorimeters and Solenoid. As depicted in Fig. 3 for the barrel
region, the Muon Tag defines a restricted region where to search for associated hits in Tracker Layers (TkL). A few
hits in the Tracker, that benefit from high resolution and reduced multiple scattering, can improve the transverse
momentum measurement.
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Figure 3: Muon Track fast Tag and region of interest in Tracker Layer

The main advantages of this approach are:

• The rate of data transfer from Tracker is reduced by tagging candidate muons filtered by calorimeters.

• Only the data contained in the Tracker region of interest are used for global muon L1 reconstruction by the
DT, CSC, and RPC trigger track finders.

The detector to be used as MTT has to be defined. A possible choice could be upgraded RPCs in the first muon
station of both barrel and endcaps. The TkLs (at least two) should be located preferably in the outer part of Tracker
allowing a better lever arm for momentum measurement when combined with the primary vertex constraint. In
a general approach including also the forward region, the architecture of the muon trigger system is depicted in
Fig. 4.

In the barrel region, the system is able to provide four muons matched with Tracker. When the matching is
not found, muons are reconstructed using only information from Muon detectors. The same happens also in the
forward regions.

3 Resolution required for Muon Track Tag
In first approximation, the lower limit for an effective spatial resolution of the Muon Track Tag is determined by the
size of multiple scattering, after a muon has passed through the calorimeters and the solenoid. The size (in mrad)

3

Figure 1: Left: The integrated luminosity versus time for the periods before, between and after the three
long shutdowns to come [1]. Right: The Muon Track fast Tag concept [2].

2. Constraints and consequences for detector modules

Several constraints need to be respected before the technology choice can be made and proto-
type detector modules can be qualified to the specifications necessary for the operation at HL-LHC
conditions. The very limited space in the region between the CMS solenoid and the inner muon
stations requires thin detector modules. To provide a fast trigger the detector signals must be fast
to allow for a reliable bunch crossing identification. The additional detector layer must be oper-
ated in a high magnetic field. As a consequence of these constraints first prototype modules were
built based on fast plastic scintillator tiles read out by silicon photomultipliers (SiPMs), arrays of
avalanche photo diodes operated in Geiger mode.
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7.3. Muon Trigger 175
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Figure 7.8: The HLT single-muon trigger rates as a function of the pT threshold for a lumi-
nosity of 1034cm�2s�1. The rates are shown separately for Level-1, Level-2, and Level-3, with
and without isolation applied at Levels 2 and 3. The rate generated in the simulation is also
shown[21].

by rank (based on pT and number of hits) by dedicated cards and the highest four are sent to
the Global Muon Trigger. The track finding principle relies on extrapolation from a source track
segment in one muon station to a possible target segment in another station according to a pre-
calculated trajectory originating at the vertex. Target segments compatible with the expected
extrapolation position and bending are linked to the source segment. Compatible segments
form a track, to which a transverse momentum is assigned.

Figure 7.9: DTTF extrapolation scheme

The extrapolation principle is shown in Figure 7.9. The DTTF operates in the r � j-projection.
A coarse assignment of h is nevertheless possible by determining which chambers were crossed
by the track. The DTTF works on sectors and wedges. The DT system is divided into twelve
30� wedges in j. Each wedge is divided into six sectors in z. The central wheel is split into
2⇥12 half-width sectors, while the four outer wheels are each subdivided into 12 full-width

Figure 2: Rates for different trigger levels as a function of the muon pt threshold [3].

2.1 Prototype modules

First prototypes (see Figure 3) are based on diamond tool finished BC-404 (Saint Gobain,
[4]) scintillator tiles. Wave length shifting fibres (BCF-72, [4]) on both sides of the scintillator
tile with 1 mm in diameter are used to guide the scintillation light to two SiPMs (100 pixels on
1× 1 mm2) [5]. A characteristic pulse height spectrum read out by SiPMs is shown in Figure 3
(right).

6 PERFORMANCE OF THE COOLING CHAMBER MEASUREMENTS 43
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Figure 31: The QDC spectrum of a 90Sr source and the pedestal is depicted. It shows the
analogue sum of both SiPMs of module 2 calibrated in p.e.. It is the calibrated spectrum
of Fig. 29).

Figure 32: (Left) The counting rate as a function of the applied discriminator thresholds
of module 3 is depicted. The resulting graph of SiPM A, B and their Sum can be seen.
The measurement is recorded at 4.2 �C. (Right) The counting rate as a function of the
discriminator threshold of SiPM A at two di↵erent temperatures is shown. The first step
represents the 1 p.e. peak, because the discriminator threshold starts at 15 mV and the
o↵set of the baseline is at �10 mV.

Figure 3: Left: Photo of a prototype module. Right: Characteristic pulse height spectrum recorded with a
charge-to-digital converter (QDC) and electrons emitted on the detector module by a 90Sr source. Individual
peaks belong to the corresponding number of pixels fired and are called photon equivalent peaks (p.e.).

Figure 4 shows the amplifier and controller [6] developed at the 3. Physikalisches Institut
B, RWTH Aachen university, that controls and amplifies the signals of the two SiPMs on the
front end board. The signal purity as a function of the signal discriminator threshold is shown in
Figure 5. The detection efficiency for cosmic muons and this particular module was determined
to be 95.9+0.2

−0.3%. Alternative prototypes with large SiPMs (900 pixels on 3×3 mm2) and without
wavelength shifting fibres have shown efficiencies above 98% for cosmic muons [7].

Silicon photomultipliers suffer from large temperature dependencies (dark counting rate, leak-
age current, etc.). Active temperature compensation is provided by a microcontroller on the front

3
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Figure 4: Left: Photo of the SiPM Duo Controller / Amplifier. Right: Block schematics of the SiPM Duo
Controller / Amplifier [6].
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Figure 5: Various counting rates are displayed and used to determine the signal purity vs. the signal thresh-
old. Requiring a signal height corresponding to 5 p.e. a signal purity of >99% is achieved (right scale).

end and the effect is shown in Figure 6. With the temperature correction coefficient of 57 mV/K
characteristic peaks in the SiPM spectra stay in position. No temperature dependency of the peak
positions is visible anymore.

2.2 Alternative gain stabilization

Instead of adjusting the bias voltage according to the measured ambient temperature the char-
acteristic SiPM spectrum itself can be used to stabilize the gain of the device. With a PID algorithm
acting on data taken by a multilevel discriminator it is possible to stabilize the position of the 1 p.e.
peak independent of the externally measured temperature. Figure 7 shows the bias voltage and the
ambient temperature. The bias voltage was determined by the PID algorithm and applied to the
SiPMs.
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5.1. Rauschmessungen

line“) zustande kommt, der erste durch das Durchbrechen eines einzelnen
Pixels der zweite durch zwei Pixel etc. In einer ersten Messung soll unter-
sucht werden, ob die von Hamamatsu vorgegebene Temperaturkompensa-
tion der Verarmungsspannungen der SiPM tatsächlich zu gleichbleibenden
Pulshöhen bei wechselnder Temperatur führt. Dazu wurde eine Kennlinie
von 10 ◦C bis 21 ◦C in Schritten von 1 ◦C durchfahren und auf jeder Po-
sition für eine Minute gemessen. Verwendet wurde die Platine 03 mit ei-
nem 3 mm starken Szintillator, der jedoch noch nicht umwickelt war. Diese
Messung wurde sowohl mit einem Korrekturkoeffizienten von 57mV/K als
auch ohne Korrektur durchgeführt. Ermittelt man jeweils den Mittelwert

C°T / 
10 12 14 16 18 20 22

Pe
ak

la
ge

 C
h

80

100

120

140

160

180

200

220

240

260

Pedestal
1 p.e.
2 p.e.

Peaklage vs. Temperatur

C°T / 
10 12 14 16 18 20 22

Pe
ak

la
ge

 C
h

100

150

200

250

300

Pedestal
1 p.e.
2 p.e.

Peaklage vs. Temperatur

Abbildung 5.3.: Lage der Peaks von Kanal A mit (l.) und ohne (r.)
Temperaturkompensation
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Abbildung 5.4.: Lage der Peaks von Kanal B mit (l.) und ohne (r.)
Temperaturkompensation

der Peaks per Anpassung einer Gaußkurve, so ergeben sich die Graphen
5.3, 5.4 und 5.5. Die Tabellen A.1 und A.2 zeigen die Ergebnisse linearer
Regressionen über die hier gezeigten Graphen. Tabelle A.3 zeigt die am
Oszilloskop ermittelten Höhen der mit bloßem Auge trennbaren Pulse des

33

Figure 6: Characteristic SiPM peak positions (and pedestal) versus ambient temperature with temperature
compensation switched on (left) and temperature compensation switched off (right) [8].

Figure 7: The plot shows the applied bias voltage needed to keep the 1 p.e. peak in stable position (right
scale). The second curve shows the ambient temperature (left scale) as control variable [9].

3. Outlook

A virtual MTT detector layer is now being integrated in the CMS software framework to
study the optimal detector granularity for HL-LHC luminosities and ghost rejection capabilities. In
addition it is essential to understand the slow heavy ionizing particles before finalizing the design.
Other prototypes without wave length shifting fibres and the behavior of alternative fibre routing are
studied to find the optimal single module design before taking the step towards a detector system.
To step up from prototype modules to larger substructures, system aspects need to be studied,
e.g. power consumption, cooling, read out and triggering. In parallel, SiPM characteristics must
be understood in greater detail. Photon detection efficiencies, cross talk between neighbouring
SiPM cells and afterpulsing in single cells must be studied in dependence of Ubias and are under
investigation at the 3. Physikalisches Institut A, RWTH Aachen university. Finally, SiPMs with
realistic response characteristics need to be implemented in GEANT 4 to study the MTT system
in greater detail. For the coming years all simulations must be complemented with test setups and
finally beam tests.
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