6.	Trigger


Triggering is one of the basic tasks of the CMS Muon System. Therefore, for the completeness of the TDR we present in this chapter a brief description of the algorithms and their hardware implementation together with some simulation results. A detailed description of the Muon Trigger System will be presented in the “Trigger and Data Acquisition TDR”.


Chapters 3, 4 and 5 were devoted to muon detectors: Drift Tubes (DT), Cathode Strip Chambers (CSC) and Resistive Plate Chambers (RPC). In CMS all of them are used for triggering. The idea of using both precise muon chambers and dedicated trigger detectors for the first level trigger emerges from the experience of  previous experiments running in hadronic beams. At SPPS, UA1 was equipped with drift tubes and scintillation counters, but the number of detector layers and their granularity was not enough to suppress the background in the forward region. ZEUS at HERA, in addition to drift tubes, uses two systems of dedicated detectors. One is a Time Of Flight (TOF) plane of scintillators attached to the forward drift chambers. Another one is a Veto Wall consisting of 3 scintillator planes designed to reject beam halo background. H1, like ZEUS apart from drift tubes, uses TOF and Veto scintillator systems. Tevatron CDF also uses a combination of scintillation counters and drift tubes in the forward region. Scintillators tag the crossing and drift tubes provide the pT cut.  The D0 trigger was at the beginning based only on drift tubes. However it turned out to be necessary to upgrade the detector with scintillators for bunch crossing recognition and background rejection. In the case of CMS, high granularity of trigger detectors is required. This excludes scintillation counters and therefore Resistive Plate Chambers were proposed.


The trigger electronics which processes detector signals from Drift Tubes, Cathode Strip Chambers,  and Resistive Plate Chambers was already described in Sections 3.4, 4.4 and 5.10 respectively. In this chapter we are going to describe how this information is combined in order to produce an efficient and robust trigger. Trigger requirements are derived from physics motivations in Section 6.1. Algorithms proposed to satisfy these requirements are presented in Section 6.2, together with their implementation. Expected “technical” performance is discussed in Section 6.3. The “physics” performance of the trigger was already presented in Section 2.4.


6.1	Requirements


6.1.1	General requirements for trigger and DAQ


Particles to be studied at LHC can be divided into three classes, as shown in Table 6.1.1. Each class has different requirements for the trigger.





Table 6.1.1


Particles to be studied at LHC.


�
Light�
Medium�
Heavy�
�
mass�
<< 100 GeV�
~ 100 GeV�
>> 100 GeV�
�
particle�
b-quark�
t, W, Z, light higgs�
heavy higgs, Z', W', SUSY particles�
�
luminosity�
1033cm(2s(1�
1033cm(2s(1, 1034cm(2s(1�
1034cm(2s(1�
�
These particles can manifest themselves to the First Level Trigger (LV1) through their decay products. LV1 can recognize the following objects: 


-	muon


-	electron/photon — the two are indistinguishable for LV1


-	jet


-	total deposited energy �symbol 83 \f "Symbol" \s 12�S�ET


-	missing transverse energy ETmiss 


Most of the interesting physics processes produce at least two trigger objects [6.1]. Only a very few channels require per se single-object triggers. Those are:


-	h,A,H �symbol 174 \f "Symbol" \s 12�®� �symbol 116 \f "Symbol" \s 12�t��symbol 116 \f "Symbol" \s 12�t� ® l( �symbol 116 \f "Symbol" \s 12�t�-jet X 


-	B0d® �symbol 112 \f "Symbol" \s 12�p�+�symbol 112 \f "Symbol" \s 12�p�(  with  b ® �symbol 109 \f "Symbol" \s 12�m�tag  or  b ® etag


-	B0s/B0s ® D(,    D(s ® �symbol 102 \f "Symbol" \s 12�f� �symbol 112 \f "Symbol" \s 12�p�(,    �symbol 102 \f "Symbol" \s 12�f� ® K+K(,  b ® �symbol 109 \f "Symbol" \s 12�m�tag


-	inclusive W


In the first two channels one can still try to apply multi-object triggers looking at the �symbol 116 \f "Symbol" \s 12�t�-jet or treating the �symbol 112 \f "Symbol" \s 12�p�+�symbol 112 \f "Symbol" \s 12�p�( pair as a kind of “minijet”.


The fact that multi-object triggers are of primary importance at LHC has very substantial implications for the principle of the trigger operation. Different thresholds can be optimal for different combination of objects. Therefore one should not perform any cut on single objects at the level of muon or calorimeter trigger�. These triggers can only recognize objects, estimate their pt or Et and send them to the Global Trigger. The Global Trigger is the only place where the objects are combined and the cuts are applied depending on a given combination.


It has been shown [6.2] that heavy and medium particles (see Table 6.1.1) can be effectively recognized applying a logical OR of the following conditions:


-	single lepton or photon with pt >60 GeV,


-	two leptons or photons with pt >15 GeV,


-	Etmiss >150 GeV.


The rate of processes selected by these criteria is dominated by standard physics background (Table 6.1.2) and it does not exceed 100 Hz. This does not include instrumental background and therefore the First Level Trigger rate can be much higher. However the instrumental background should be eliminated by higher trigger levels, and one can use the rate of 100 Hz to derive a first estimate of the capacity of mass storage devices (e.g. tape drives) that will be needed.





Table 6.1.2


Standard physics background at LHC for L=1034cm(2s(1.


Condition�
Process�
Rate�
�
1�symbol 103 \f "Symbol" \s 12�g� of ET < 60 GeV�
�symbol 112 \f "Symbol" \s 12�p�0 �symbol 174 \f "Symbol" \s 12�®� �symbol 103 \f "Symbol" \s 12�g��symbol 103 \f "Symbol" \s 12�g��
10 Hz�
�
2�symbol 103 \f "Symbol" \s 12�g� of ET < 15 GeV�
�symbol 112 \f "Symbol" \s 12�p�0 �symbol 174 \f "Symbol" \s 12�®� �symbol 103 \f "Symbol" \s 12�g��symbol 103 \f "Symbol" \s 12�g��
10 Hz�
�
1l( of pT < 60 GeV�
W �symbol 174 \f "Symbol" \s 12�®� l,  jet �symbol 174 \f "Symbol" \s 12�®� l�
10 Hz�
�
2l( of pT < 15 GeV�
Z �symbol 174 \f "Symbol" \s 12�®� l+l(�
20 Hz�
�
ETmiss > 150 GeV�
QCD jets�
10 Hz�
�
Single-object triggers are used mainly to complete the efficiency of multi-object triggers.  Therefore the criteria on their thresholds are not very strict. The actual working point should be chosen as a result of the trade off between efficiency and the LV1 rate. A reasonable upper limit is about 100 GeV. Beyond this point efficiency for various heavy objects is significantly degraded. The useful lower limit for �symbol 109 \f "Symbol" \s 12�m�/e/�symbol 103 \f "Symbol" \s 12�g� at L=1034cm(2s(1 is about 20 GeV. Below this value one cannot further improve the efficiency for objects like W, Z or heavier, whereas the rate is dominated by leptons from quark decays (except the top quark). At this point, the rate of every single object is of the order of a kHz (see e.g. Figure 6.1.1). Adding all the channels together and leaving some room for an instrumental background one can expect the total LV1 of the order of 104 Hz. Thus, in order to have some safety margin, the Second Level Trigger (LV2) should be able to receive ~105 Hz of events.


One can conclude this section with the following list of requirements:


-	mass storage should be able to accept 100 Hz of events;


-	input of the LV2 should be able to accept 100 kHz of events;


-	muon and calorimeter LV1 recognize objects and estimate their pT or ET; cuts are applied by the Global LV1;


-	expected thresholds for photons, electrons and muons are as shown in Table 6.1.3.





Table 6.1.3


Expected LV1 thresholds [GeV].


�
e/�symbol 103 \f "Symbol" \s 12�g��
2 e/�symbol 103 \f "Symbol" \s 12�g��
eb�
2 eb�
�symbol 109 \f "Symbol" \s 12�m��
2 �symbol 109 \f "Symbol" \s 12�m��
�
L=1033cm(2s(1�
15-40�
10�
10�
5�
10�
5�
�
L=1034cm(2s(1�
20-100�
15�
—�
—�
20-100�
10�
�



6.1.2	Specific requirements for the First Level Muon Trigger


The basic tasks of the CMS Muon Trigger are:


-	muon identification,


-	transverse momentum measurement,


-	bunch crossing identification.


Genuine muon rates from various sources are given in Figures 6.1.1 and 6.1.2. Notation “2 m from top events” means that at least one muon in each event comes from t or � EMBED Equation.2  ��� decay. The second one can come from another source.


Having this information, the requirements described in the previous chapter can be defined much more precisely for the specific case of the muon trigger. They are listed below together with justifications.





�


Figure 6.1.1. Single muon rates (|�symbol 104 \f "Symbol" \s 12�h�|<2.4) [6.3].


�


Figure 6.1.2. Double muon rates (|�symbol 104 \f "Symbol" \s 12�h�|<2.4) [6.3].





Geometrical coverage: up to |�symbol 104 \f "Symbol" \s 12�h�|=2.4, in order to cover the entire area of the muon system.





Latency: < 3.2 ms.


Total trigger processing, including travel time over the 2�symbol 180 \f "Symbol" \s 12�´�120 m of optical fibers (1.2 ms) to the control room and back, should stay within the length of the tracker pipelines, i.e. 128 bunch crossings (see Sec. 6.2.1). This implies that the trigger algorithms cannot be too complicated.





Trigger dead time: not allowed.


Every bunch crossing has to be processed in order to maintain high efficiency crucial for many physics channels with low cross section. 





Maximal output rate: < 15 kHz for luminosities <1034cm(2s(1. 


Maximal second level input rate is 100 kHz. Uncertainty in estimates of cross sections and luminosity variations during a single run requires a large safety margin. By design, the average first level output rate should not exceed 30 kHz, shared between muon and calorimeter triggers. About 5-10 kHz is assigned for the single muon trigger. This implies a rejection factor of ~10(5 at the highest luminosity.





Low pT reach: should be limited only by muon energy loss in the calorimeters. 


It is equal to about 4 GeV in the barrel and it decreases with |�symbol 104 \f "Symbol" \s 12�h�| down to ~2.5 GeV. This is required mainly for b-quark physics at at L=1033cm(2s(1.





The highest possible pT cut: ~50-100 GeV. 


Expected threshold needed to restrict the single muon trigger rate to 5-10 kHz at L=1034cm(2s(1 is 15-20 GeV. Uncertainty in estimates of cross sections and background levels requires a large safety margin. Increasing the threshold from 15-20 GeV to 50-100 GeV reduces the rate by an order of magnitude.





Background rejection: single muon trigger rate due to background should not exceed the rate of prompt muons from heavy quark decays at the nominal threshold (15-20 GeV).


This is necessary to maintain the rejection factor stated above. The prompt muon rate is irreducible except for channels where the isolation criterion can be applied (see below). 





Isolation: transverse energy ET deposited in each calorimeter region of �symbol 68 \f "Symbol" \s 12�D��symbol 104 \f "Symbol" \s 12�h��symbol 180 \f "Symbol" \s 12�´��symbol 68 \f "Symbol" \s 12�D��symbol 102 \f "Symbol" \s 12�f� = 0.35�symbol 180 \f "Symbol" \s 12�´�0.35 around a muon is compared with a threshold.


This function is needed to suppress the rate of background and prompt muons from heavy quark decays when triggering on muons not accompanied by jets. This is particularly useful in channels like h,A,H�symbol 174 \f "Symbol" \s 12�®��symbol 109 \f "Symbol" \s 12�m��symbol 109 \f "Symbol" \s 12�m�,   h,A,H�symbol 174 \f "Symbol" \s 12�®��symbol 116 \f "Symbol" \s 12�t��symbol 116 \f "Symbol" \s 12�t�,   tt �symbol 174 \f "Symbol" \s 12�®�WW,  and gluino decays.





Output to the Global Trigger: up to 4 highest pT muons in each event.


In principle, only 3 muons are necessary for the Global Trigger to perform single- and multi-object cuts including the three-muon trigger. By delivering 4 muons we reduce the probability that a low pT isolated muon will not be selected because of the presence of higher pt non isolated muons. This way we also reduce the probability of accepting ghosts instead of real muons.


6.2	Technical description


6.2.1	CMS trigger and DAQ


Bunch crossings occur at LHC every 25 ns. The LV1 has to be able to analyze each crossing. The time of 25 ns is certainly not enough to recognize a trigger object and measure its pT or ET Therefore the CMS LV1 trigger utilises pipeline processor technique. Any trigger algorithm is divided in steps. Each step is performed in 25 ns by a trigger processor unit. At the end of the 25 ns period the result is sent to the next processor unit, and the data from the new bunch crossing are taken. This way the trigger decision is delivered at the end of the chain every 25 ns, regardless the length of the chain.


Detector data must wait for the trigger decision in pipeline memories. The data from a given bunch crossing are shifted to the next memory unit every 25 ns. At the end of the pipeline they have to meet the trigger decision and they are either read out or discarded. Thus the length of the readout pipeline must be equal to the total LV1 latency.


Different detectors use either digital or analog pipeline memories. There are technical limitations on the length of analog pipeline memories. At present, memories as long as 120-150 bunch crossings are feasible. This implies that the total LV1 latency should not be longer than 3 ms.


The Second/Third Level Trigger division is flexible (Figure 6.2.1). One can even imagine a higher number of levels, depending on actual needs. This is because all higher level triggering is performed by a powerful farm of commercial processors called the Event Filter Farm.


� 	�


Figure 6.2.1. Trigger and DAQ scheme of CMS.


�
�
Figure 6.2.2. Functional scheme of the Muon Trigger.


�
�
6.2.2	First level muon trigger


The First Level Muon Trigger of CMS uses all three kinds of muon detectors: Drift Tubes (DT), Cathode Strip Chambers (CSC) and Resistive Plate Chambers (RPC). The excellent spatial precision of DT and CSC ensures a sharp momentum threshold. Their multilayer structure provides a possibility of effective background rejection. RPCs are dedicated trigger detectors. Their superior time resolution ensures unambiguous bunch crossing identification. High granularity makes it possible to work in a high rate environment. Time information and both spatial coordinates of a detected particle are carried by the same signal, which eliminates ambiguities typical for wire detectors.


The complementary features of muon chambers (DT/CSC) and dedicated trigger detectors (RPC) allows us to build two trigger subsystems which deliver independent information about detected particles to the Global Muon Trigger. The advantages of having two such subsystems are numerous. The muon chambers and the dedicated trigger detectors deliver different information about particle tracks. They behave differently in difficult cases, and they respond in different ways to various backgrounds. Properly combining the information from both systems results in high efficiency and powerful background rejection. Two extreme cases of such combinations are the logical OR, which is optimized for efficiency, and the logical AND, optimized for background rejection. However, neither of these operations results in full use of the complementary functions of the muon trigger components and aa more sophisticated algorithm should be used. This is possible because both the muon chambers and the dedicated trigger detectors deliver information about the quality of detected muon candidates. 


Another important advantage of the two-component system is a possibility of cross-checks and crosscalibration. Trigger data from the two components collected by the DAQ can be compared online. This enables the quick discovery of possible problems and gives the possibility of immediate action. When studying cross sections, asymmetries etc., it is very important to know the trigger efficiency and acceptance. Usually this is done by running with thresholds much lower than the measurement range.  A two component system offers a unique ability to measure these quantities in a more unbiased way.


The block diagram of the Muon Trigger is shown in Figure 6.2.2. Cumulative latency is given in bunch crossing units. Three shaded backgrounds show the location of the electronics: at the chamber, in the experimental hall, and in the control room. Optical links of 1 Gbit/s, ~100 m long, are indicated by circles. Most of the Drift Tube trigger electronics is placed in the experimental hall, but an option is being considered to mount it directly on the chambers. 


DT and CSC electronics (see Sections 3.4 and 4.4 respectively) first process the information from each chamber locally. Therefore they are called local triggers. As a result, a vector (position and angle) per muon station is delivered for each muon crossing the station. Vectors from different stations are collected by the Track Finder, (TF), which combines them to form a muon track and assign a transverse momentum value. This information is sent to the Muon Sorter. The TF plays the role of a regional trigger.


In the case of RPCs there is no local processing apart from synchronization and cluster reduction. Hits from all stations are collected by the PACT logic. If they are aligned along a possible muon track, a pT value is assigned and the information is sent to the Muon Sorter.


The Muon Sorter selects the four highest pT muons from each subsystem in several detector regions and sends them to the Global Muon Trigger. The Global Muon Trigger compares the information from TF (DT/CSC) and PACT (RPC). So called quiet bits delivered by the Calorimeter Trigger are used to form an isolated muon trigger. The four highest pT muons in the whole event are then transmitted to the Global Trigger. Finally, transverse momentum thresholds are applied by the Global Trigger for all trigger conditions.


6.2.3	Track finder for DT and CSC


Drift Tube and Cathode Strip Chamber trigger electronics was described in Section 3.4 and 4.4 respectively. They both deliver track segments (TS), namely position and angle of a track crossing given muon station. This information is processed further by Track Finder. Its task is to connect track segments into a full track and assign a pT value to it.


The processing is done in sectors covering 30 degrees in f and 0.2-0.5 in �symbol 104 \f "Symbol" \s 12�h� extent varying between 0.2 and 0.5”. The algorithm consists of three steps (Figure 6.2.3). First, track segments from different stations are matched by an extrapolation method. Then the matched pairs are combined into a full track. Finally unique values of f, �symbol 104 \f "Symbol" \s 12�h� and pt are assigned to the track. This algorithm works well in the barrel. Preliminary simulation results (see Section 6.3.3) indicates that it can work also in the endcap and in the transition region, but it is far from having been optimized yet. The final design will be described in the Trigger and Data Acquisition TDR. Below we describe briefly the currently envisaged algorithm. More details can be found in [6.4].


�


Figure 6.2.3. Track Finder algorithm








The algorithm is performed by the following units (see Figure 6.2.4):


-	Extrapolator


Extrapolation Unit (EU)


Extrapolation Result Selector (ERS)


-	Track Assembler


Track Segment Linker (TSL)


TSL units


Single Track Selector (STS)


Track Selector (TSel) 


Track Cancellation Logic (TCL)


-	Track Router (TR)


-	Assignment Units (AU)


quality, h, f, and pT 


Their functionality will be described in the subsequent sections.


�


Figure 6.2.4. Track Finder block diagram. 


6.2.3.1  Extrapolator


With track segments in some of four muon stations, several extrapolations from one station to another are done in parallel by Extrapolation Units (EU). In the barrel they are: 1®2, 2®3, 4®3, 1®3, 2®4, and 1®4. The extrapolation is based on position f and bend angle y of a track segment. The bend angle y is used as a starting direction and as a measure of pt to find the track curvature. In the barrel the (pT-y) relation is unique but in the forward region it depends also on �symbol 104 \f "Symbol" \s 12�h�. A pair of track segments is considered as matched if the extrapolation of the first one coincides with the position (and possibly the angle) of the second one within a given accuracy. The two best extrapolations for each source track segment are selected by Extrapolation Result Selector (ERS). 


6.2.3.2  Track Assembler


The Track Segment Linker (TSL) attempts to combine all matched pairs into a full track. At least two matched track segments are required. The number of possible candidates is reduced by the Single Track Selector (STS) which selects only one candidate for each innermost source track of a given length. The selection is based on the quality of the two track segments.


Next steps are performed by the Track Selector (TSel). First Track Cancellation Logic (TCL) removes track candidates which are identical to parts of longer tracks. It also removes shorter candidates having common segments with longer ones. Finally the two highest rank track candidates are selected. The rank is defined by two criteria (ordered by priority):


-	Tracks consisting of higher number of track segments are preferred.


-	Station 1 and 2 have preference over 3 and 4. 


Track segments belonging to the selected tracks are sent to the Assignment Unit by the Track Router (TR).


6.2.3.3  Track Router


Full information about track segments is stored in a pipeline memory during the processing  time of the Extrapolator and the Track Assembler. The Track Router (TR) extracts from the pipline the information related to the selected track segments, combines it with the output of the Track Assembler, and transfers it to the Assignment Units.


6.2.3.4  Assignment Units


The last step is to assign unique f, �symbol 104 \f "Symbol" \s 12�h� and pT to the track. In most of the cases, the pT is calculated as a function of the bend angle between two stations fi-fj. Only in the endcap, if one of the first two stations is missing, the local bend angle y of the track segment in the other station is used. In the forward region the �symbol 104 \f "Symbol" \s 12�h� information must also be used. The resulting values are then transmitted to the Muon Sorter. A single sector processor can deliver up to 2 tracks. They are selected using pT and quality bits.


6.2.4	Muon sorter


The Muon Sorter receives the information from the RPC PACT or the DT/CSC Track Finder in a form described in Table 6.2.1. One single sorter chip accepts up to eight muons on the input and delivers up to four muons on the output, sorted according to their quality and then to pt. In the RPC PACT part a ghost suppression algorithm is applied (see below). The output data has the same format as the input (Table 6.2.1). A lack of muon is indicated by pT=0. The sorting chips are arranged in a form of a tree, sorting out the four highest pT muons among all candidates in several detector regions (see Figure 6.2.5). In total, 1065 sorting ASIC's are needed.





Table 6.2.1. 


Information about each muon handled by Muon Sorter  


(�symbol 163 \f "Symbol" \s 12�£� 8 tracks on input, �symbol 163 \f "Symbol" \s 12�£� 4 tracks on output).


Variable�
Bits�
Unit / Precision�
�
�symbol 104 \f "Symbol" \s 12�h��
6�
~ 0.1 �symbol 104 \f "Symbol" \s 12�h��
�
�symbol 102 \f "Symbol" \s 12�f��
8�
2.5�symbol 176 \f "Symbol" \s 12�°��
�
muon sign�
1�
—�
�
pT�
5�
nonlinear scale�
�
quality bits�
2�
—�
�
 �


Figure 6.2.5. Muon Sorter tree.


6.2.4.1 RPC PACT sorting tree


In the case of PACT, the first step of sorting is done already at Trigger Boards (TB) grouping 12 segment processors each. Their outputs (4 per TB) are further processed by 33 (or 39 in the case of upgrade to |h|=2.4) ring sorters, each covering a ring of �symbol 68 \f "Symbol" \s 12�D��symbol 104 \f "Symbol" \s 12�h��symbol 187 \f "Symbol" \s 12�»�0.1 and �symbol 68 \f "Symbol" \s 12�D��symbol 102 \f "Symbol" \s 12�f�=360�symbol 176 \f "Symbol" \s 12�°�. Then the rings are grouped by 3 into 11 (or 13) superrings of �symbol 68 \f "Symbol" \s 12�D��symbol 104 \f "Symbol" \s 12�h��symbol 187 \f "Symbol" \s 12�»�0.35 and �symbol 68 \f "Symbol" \s 12�D��symbol 102 \f "Symbol" \s 12�f�=360�symbol 176 \f "Symbol" \s 12�°�. Thus up to 11�symbol 180 \f "Symbol" \s 12�´�4 (or 13�symbol 180 \f "Symbol" \s 12�´�4) muons are delivered to the Global Muon Trigger. Details are given in Table 6.2.2.


6.2.4.2  DT/CSC sorting tree


The DT/CSC TF sectors are grouped into 9 regions of �symbol 68 \f "Symbol" \s 12�D��symbol 104 \f "Symbol" \s 12�h��symbol 187 \f "Symbol" \s 12�»�0.5 and �symbol 68 \f "Symbol" \s 12�D��symbol 102 \f "Symbol" \s 12�f�=360�symbol 176 \f "Symbol" \s 12�°� (5 in the barrel and 2 in each endcap) thus providing 9�symbol 180 \f "Symbol" \s 12�´�4 muons at the Muon Sorter output. This segmentation is, however, still subject to optimization. Details of the DT/CSC sorting tree are given in Table 6.2.2.


Table 6.2.2


 RPC PACT sorting tree for baseline (|�symbol 104 \f "Symbol" \s 12�h�|<2.1) and upgrade (|�symbol 104 \f "Symbol" \s 12�h�|<2.4).


�
Inputs�
Reduction �
Processing device�
�
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sorter ASIC�
�



Ring 


Sorter


   �
1584


792


396


264�
+288


+144


+72


+48�
1 / 2


1 / 2


2 / 3


1 / 2�
sorter ASIC


sorter ASIC


sorter ASIC


sorter ASIC�
�
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Table 6.2.3. 


DT/CSC sorting tree.


�
Inputs�
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�
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�
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36


24


16�
1 / 2


2 / 3


1 / 2�
�
Global Trigger�
4�
�
�
6.2.5	Global muon trigger


In the previous sections we described the two systems for triggering on muons - one based on RPC chambers producing a pattern of hits in all muon stations, the other consisting of DT/CSC chambers which deliver track vectors at each station. They work independently up to the Global Muon Trigger. The purpose of the Global Muon Trigger (GmT) is to combine information from both systems in order to improve the overall muon trigger efficiency and rate capability. The GmT algorithm should make use of the complementarity of the subsystems, and is not a simple AND/OR combination of both. The design of the Global Muon Trigger presented below is the first attempt to implement such an algorithm. Its performance is discussed in Section 6.3.4.  An improvement with respect to the stand-alone systems is clearly shown.


6.2.5.1  Global muon trigger design


The goal is to pass the best four muons of the event to the Global Trigger after combining the output of the RPC and DT/CSC based trigger systems [6.5]. The parameters used to evaluate a muon in addition to the transverse momentum pT are based on information about the track’s quality and presence in both systems. It is possible to assign different weights to all parameters. They are fully programmable and will be constantly optimized in order to obtain the best possible performance of the GmT. 


The basic logical unit (segment) of the RPC trigger covers 0.12 units in h and 2.5 degrees in f. In total there are 144 f-segments in each of 39 h-towers covering the region |h|<2.4. In the baseline design only the region |h|<2.1 is equipped with RPCs. The logical segmentation in the DT/CSC is similar [6.6]. 


The standard input of both trigger systems to the GmT is given in Table 6.2.1. Five bits are foreseen to measure pT. The definition of the pT scale cannot be the same for RPCs and DT/CSC if we want to make use of the respective advantages of both systems as a function of pT. The scale is approximately logarithmic as shown in Table 6.2.4. It designed in such a way that increase of the threshold by one step should decrease the trigger rate by a constant factor of roughly 1.4. For the DT/CSCs the scale has more steps at the high- pT end to reflect the more precise momentum measurement of these chambers with respect to the RPCs. There is still room for optimization of the scale definition. In addition, for the RPCs, quality bits will be sent indicating whether 3 or 4 planes have been hit. For the DT/CSCs there will be two to four quality bits. Their meaning is not yet fully defined and it will depend on the final GmT algorithm.





Table 6.2.4 


Momentum scales of the RPC PACT (upper row)


 and the DT/CSC Track Finder (lower row) in GeV.


2�
2.5�
3�
3.5�
4�
5�
6�
7�
8�
10�
12�
14�
17�
20�
25�
30�
35�
40�
-�
-�
70�
-�
100�
-�
-�
-�
-�
-�
�
2�
2.5�
3�
3.5�
4�
5�
6�
7�
8�
10�
12�
14�
17�
20�
25�
30�
35�
40�
50�
60�
70�
80�
100�
120�
140�
170�
200�
250�
�



�
In Figure 6.2.6 a block diagram of the Global Muon Trigger is shown. As the information from the RPC system arrives before that of the DT/CSC, a synchronization logic aligns the two. The next step of the Global Muon Trigger algorithm is to convert the h, f and pT values of the tracks from the RPC and DT/CSC systems to comparable units. This is done with lookup tables. Then for every possible combination of muons a matching logic calculates the so called match quality to get a measurable criterion for the determination if muon candidates seen in both systems come from the same physical muon or not. First the differences in h and f (Dh, Df) are calculated. If one of the RPC or DT/CSC channels is empty, the difference is set to a maximum value. Then a function in (h, f)-space is calculated to define the match quality. In Figure 6.2.6 the match quality is defined as a distance in (h, f)-space where h carries a weight w which may differ from one. It may even be necessary to define the weights as a function of h to take into account the different resolutions of the different chamber systems. In any case, full programmability is foreseen to obtain the best possible performance. 


The next step is the pair logic which uses the match qualities MQ_ij to find pairs of muon candidates. If MQ_ij is higher than that of its vertical and horizontal neighbors and if it exceeds a programmable threshold, then it represents the best match of two muon candidates. Only muons that are not disabled by one of their neighbors are included in this comparison. This last condition is necessary to find more pairs and therefore to suppress a small fraction of ghost muons in the output. The PAIR_ij bits flag pairs of muons. 


Parallel to the matching and pair logic, a single rank is calculated for each muon candidate. In principal the single rank is proportional to pT but its magnitude may be altered due to the detector type and part, due to missing or bad channels or due to background conditions, noise and other possible causes of error. A lookup table will provide the necessary flexibility. Then all single ranks are compared to each other to select either the RPC or the DT/CSC candidate if both originate from the same physical muon. The comparator bits form the select matrix, e.g. if SEL_ij = 1 then the RPC muon is taken.


Now the match qualities MQ_ij, the PAIR_ij bits and the SEL_ij values are used to assign a so called pair quality for each RPC and DT/CSC muon candidate. PQ_ij = 1 for single muon candidates, PQ_ij = 0 for a losing member of a pair and PQ_ij = MQ_ij for a winning member of a pair. The pair quality and the single rank are then used to calculate the final rank for each muon. In a first approach, muons found in both systems get a better rank than muons seen by one trigger system only. However, by changing the tables for the single rank and for the final rank calculations the priority could be shifted, for example more to the pT values of muons. Muon candidates that are losing members of a pair are eliminated. Finally all muon candidates are sorted according to their rank and the best four are passed to the Global Trigger.


�


Figure 6.2.6. Block diagram of the Global Muon Trigger.


6.3	Trigger performance


6.3.1	Simulation software


6.3.1.1  Event generation


For most of the study PYTHIA 5.7 was used as an event generator. Wherever possible default values of parameters were preserved. Particle distribution functions were calculated according to CTEQ2L parametrisation.


Minimum bias events were simulated with parameter MSEL=1 which activates the following processes having in total cross section of 55 mb:


qi qj �symbol 174 \f "Symbol" \s 12�®� qi qj    (where qi = d, u, s, c, b)


qi qi �symbol 174 \f "Symbol" \s 12�®� qi qi


qi qi �symbol 174 \f "Symbol" \s 12�®� g g


qi g �symbol 174 \f "Symbol" \s 12�®� qi g


g g �symbol 174 \f "Symbol" \s 12�®� qi qi


g g �symbol 174 \f "Symbol" \s 12�®� g g


low pT scattering.


This does not include diffractive and elastic scattering.


6.3.1.2  Detector simulation


Particle passed through the material of CMS detector and the detector response was simulated with CMSIM package [6.7]. It is based on GEANT and has interfaces to PYTHIA and other event generators.


The CMSIM package is under vigorous development. Below we briefly describe its current status as it was used to obtain results presented in the next sections.


6.3.1.3	Geometry definition


This part is relatively well advanced and the level of details is usually adequate to the questions addressed in the next sections. E.g. muon chambers are described as composed of several material layers according to their technical designs. The biggest uncertainty is in the general layout of the barrel-endcap connection. Here, there are difficult mechanical mounts, many cables and other services, elements of the alignment system, etc. Therefore the design of this region is not yet fixed.


Another unknown is the effect of the dead area in the region of the cryogenic chimneys connecting the magnet cryostat with the helium tank and other equipment. They are not yet included in the simulation and one can expect that they will reduce the acceptance of the muon system in the barrel.


6.3.1.4  Particle tracking


This task is well covered by GEANT itself. Once the geometry is defined, the user only needs to provide aa magnetic field map and set the proper cuts. The field map currently used is two-dimensional, calculated on a 10 cm grid. It is adapted to the polygonal shape of the return yoke by simple scaling and interpolation.


The set of cuts used for muon trigger studies is given in 6.3.1.


�
Table 6.3.1


GEANT cuts used in the simulation.


particle�
GEANT�
far from muon�
close to muon�
inside muon�
�
or process�
var. name�
chambers�
chambers�
chambers�
�
�symbol 103 \f "Symbol" \s 12�g��
CUTGAM�
100 MeV�
10 MeV�
10 keV�
�
e�
CUTELE�
100 MeV�
10 MeV�
10 keV�
�
n�
CUTNEU�
1 MeV�
1 MeV�
1 MeV�
�
charged hadrons�
CUTHAD�
1 MeV�
1 MeV�
100 keV�
�
�symbol 109 \f "Symbol" \s 12�m��
CUTMUO�
10 MeV�
10 MeV�
100 keV�
�
e �symbol 174 \f "Symbol" \s 12�®� bremsstrahlung�
BCUTE�
10 MeV�
10 MeV�
10 MeV�
�
�symbol 109 \f "Symbol" \s 12�m� �symbol 174 \f "Symbol" \s 12�®� bremsstrahlung�
BCUTM�
10 MeV�
10 MeV�
10 MeV�
�
e �symbol 174 \f "Symbol" \s 12�®� �symbol 100 \f "Symbol" \s 12�d�-rays�
DCUTE�
10 MeV�
10 MeV�
10 keV�
�
�symbol 109 \f "Symbol" \s 12�m� �symbol 174 \f "Symbol" \s 12�®� �symbol 100 \f "Symbol" \s 12�d�-rays�
DCUTM�
10 MeV�
10 MeV�
10 keV�
�
�symbol 109 \f "Symbol" \s 12�m� �symbol 174 \f "Symbol" \s 12�®� e�symbol 43 \f "Symbol" \s 12�+�e�symbol 45 \f "Symbol" \s 12�-�  pair production�
PPCUTM�
10 MeV�
10 MeV�
10 MeV�
�
6.3.1.5  Detector response


Phenomena inside Drift Tubes and CSC are simulated in very detail. A particle traversing the gas creates electrons by ionization. They develop a cascade in the electric field of the chamber. Charge collected by the electrodes creates a pulse which is shaped according to the electronics design.


In the case of RPCs such a level of details is not needed because the measurement precision is only of the order of 1 cm and the analog information is not needed. Thus taking the strip crossed by a particle as a cluster center is already a good approximation. However there is an effort going on to include in the simulation parametrized experimental results on the cluster size, chamber efficiency and timing resolution.


6.3.1.6  Trigger algorithms


Drift Tube front end electronics, BTI, TRACO and Trigger Server are described in the simulation very precisely. Simulation results were checked against the test beam data taken with a chamber equipped with a BTI prototype. Very good agreement has been found.


CSC front end electronics including Anode and Cathode FEB's is simulated at the level of a behavioral model. Currently the work is going on to design and simulate the Motherboard and Port Card.


The basic algorithm of the Track Finder is already coded and interfaced to the Drift Tube trigger output. Current effort concentrates on interfacing to the CSC output and on developing algorithms suitable for the endcap and for the barrel/endcap corner.


In the case of RPC PACT the whole chain is precisely simulated. Current work concentrates on improving algorithms in the regions of low acceptance or weak bending.


6.3.2	Geometrical acceptance and low momentum reach


In principle the DT/CSC system can trigger with track segments in at least two muon stations. However background rejection is more powerful if 3 stations are required. Momentum measurement is the best if the first or the second muon station is among them. Acceptance for all these three cases is plotted in Figure 2.1.2. The white area below the curves corresponds to the coincidence of 3 stations, one of them being MB1, MB2, ME1 or ME2. If we accept the coincidence of any 3 stations we gain the dotted area. Finally, coincidence of any two stations is represented by the uppermost histogram. It is above 97% everywhere.


RPC PACT trigger is based on four RPC planes and it requires coincidence of at least three of them. However, four planes provides better momentum measurement. These two cases we denote for short 3/4 and 4/4 respectively. Figure 6.3.1 shows the 3/4 acceptance in gray and 4/4 one in black. Upper plots present the local acceptance for a given �symbol 104 \f "Symbol" \s 12�h�, whereas the lower ones present the acceptance average over trigger towers. The left plots correspond to the high pT algorithm based on one RPC plane per station which is used for muons with pT > 5 GeV in the barrel and for all muons in the endcap. The right plots correspond to the low pT algorithm based on two RPC planes in the first station (denoted as MS1 and MS1')� and two RPC planes in the second one (denoted as MS2 and MS2') – this algorithm is used only in the barrel.


�


Figure 6.3.1. Geometrical acceptance of the RPC system. “High pT” denotes the standard algorithm based on 4 stations; “low pT” denotes a special algorithm for pT <5 GeV, based on 2 stations, used only in the barrel.


The acceptance in 6.3.1 was calculated with straight lines in order to indicate better the origin of inefficiencies. There is a region (|�symbol 104 \f "Symbol" \s 12�h�|�symbol 187 \f "Symbol" \s 12�»�0.3) with exceptionally low efficiency. This is due to the gap between the wheels of the CMS barrel. The gap is needed mainly for cables of inner tracker and calorimeters. In the current design it is 15 cm wide�. On top of that one should add 2�symbol 180 \f "Symbol" \s 12�´�4 cm of dead RPC border. There are efforts to reduce these numbers, but it seems that the absolute lower limit is 15+2�symbol 180 \f "Symbol" \s 12�´�2 cm. The impact of the gap on the muon trigger acceptance is better seen in Figure 6.3.2. The trigger acceptance (coincidence of 3 out of 4 planes) for muons with 4.5 <pt< 5.0 GeV is plotted for low (MS1, MS1', MS2, MS2') and high pT (MS1, MS2, MS3, MS4) algorithms separately as well as for the logical OR of the two. 


�


Figure 6.3.2. Acceptance for muons with 4.5 < pT < 5.0 GeV.


The minimal values of trigger threshold pTmin achievable in CMS are plotted in Figure 6.3.3a. Because of Landau fluctuations of energy lost by muons, different pTmin values are obtained for different required efficiencies. Because the detector design is not yet completely frozen, one can expect some small changes in the amount of absorber. However they should not be bigger than one nuclear interaction length �symbol 108 \f "Symbol" \s 12�l�. This is indicated in the figure by the “error bars”. For comparison, the total momentum pmin is also plotted in Figure 6.3.3b.


��


Figure 6.3.3. The lowest possible pT and p thresholds for various required efficiencies. 


Keeping in mind all the above mentioned uncertainties one can conclude that the lowest "triggerable" muon pt is about 4 GeV in the barrel and it decreases down to �symbol 187 \f "Symbol" \s 12�»�2 GeV in the endcaps if efficiency of 90% is required. One can, however, reduce pTmin in the barrel down to �symbol 187 \f "Symbol" \s 12�»�3.5 GeV relaxing the requirement on the efficiency down to 80%. Relaxing it further down to 50% allows us to trigger on muons with pT �symbol 187 \f "Symbol" \s 12�»� 3.2 GeV. This can be better seen from Figure 6.3.4a.


�


Figure 6.3.4. Trigger efficiency for low pT muons at |�symbol 104 \f "Symbol" \s 12�h�|<1.5; a) single muons, b) muon pairs.


In most of the cases we are interested in two-muon events (see Sec. 6.1.1). The requirement of two muons at the First Level Trigger strongly reduces the trigger rate, but also squares the single muon trigger efficiency. The result is shown as the lower curve in Figure 6.3.4b. In such a case the trigger is rather inefficient, especially at low pT. If one can however trigger on any one of the two muons, then the inefficiency gets squared and the trigger performance became very good (the upper curve in Figure 6.3.4b). For example, it has been shown [6.8] that in the case of heavy ion physics with Pb-Pb collisions, this is a satisfactory solution because all the backgrounds amount to only 500 Hz. In the case of high luminosity p-p collisions background rates are much higher and one has to raise the single muon threshold significantly. Nevertheless such a trigger is still very helpful to achieve  the overall trigger efficiency.


6.3.3	Momentum resolution and efficiency curves


An ideal trigger should have efficiency equal 0 for muons with pT below the threshold pTcut and 100% above it. In practice the momentum resolution is limited by multiple scattering and energy loss fluctuations at low pT and by detector resolution at high pT. Because of that, the efficiency curves e(pT) have finite slopes proportional to the momentum resolution. Efficiency curves e(pT) of RPC PACT and DT/CSC Track Finder have been calculated for various trigger thresholds pTcut in three detector regions: in the barrel (h=0), in the endcap (h=2), and in the transition region (h=1). They are shown in Figure 6.3.5. As expected, at pT <20 GeV the curves for RPC and DT/CSC are almost identical. At higher momenta one can clearly see the superior resolution of DT and CSC. The effective trigger threshold can be provided by RPC PACT up to 70 GeV in the barrel and up to 50 GeV in the rest of CMS. The DT/CSC threshold can be effectively set at 80 GeV in the endcap and even above 100 GeV elsewhere. This fulfils the requirements given in Section 6.1.2. 


�


Figure 6.3.5. Trigger efficiency curves e(pT) of RPC PACT and DT/CSC Track Finder in different detector regions. Trigger threshold pTcut [GeV] is indicated next to each curve. Index “0” corresponds to the lowest possible pTcut, limited only by muon energy loss; “0-4” means that the lowest possible pTcut in this region is 4 GeV. The CSC Track Finder algorithm has not yet been simulated below pT =5 GeV.


6.3.4	Performance of the global muon trigger


The RPC and DT trigger systems have been tested together with an implementation of a Global Muon Trigger algorithm combining the results from the two systems to improve the overall muon trigger efficiency. A set of 100K events with a single muon (both charges) was generated with


	-	a flat distribution in pT from 5 to 100 GeV


	-	an isotropic distribution in f from 0 to 360 degrees


	-	a flat distribution in h from -1.0 to 1.0


The restriction to the barrel region was dictated by the incompatibility with the CSC trigger simulation software due to its preliminary stage of development. 


After digitization the necessary trigger reconstruction information was extracted from the RPC PACT simulation routines and from a preliminary version of the muon Track Finder. Figure 6.3.6 shows the single muon efficiencies as functions of h, f and pT for the RPC and the DT in the region |h| < 1. Obviously in the regions of |h| = 1 and |h| = 0.2 both RPC and DT show inefficiencies. Geometrically this corresponds to crack positions, where two wheels carrying RPCs and DT chambers are fitted together. For |h| > 0.8 a rather different behavior for DTs and RPCs is observable. In this regime the overlap region with the forward muon system starts to be important especially for the DT system, since no CSC information was included in this study. Similarly there are inefficiencies in f which appear every 30o, reflecting the layout of the detector planes. 


From Figure 6.3.6 it is clearly seen that the GmT algorithm not only improves the efficiency significantly but also it makes it more uniform over pT, h and f. The overall performance of the GmT algorithm is summarised in Table 6.3.2. One can see that the chosen logic of the Global Muon Trigger reduces the percentage of undetected muons drastically. Consequently the trigger efficiency is enhanced compared to the RPC and DT triggers alone. �


Table 6.3.2 


Trigger efficiencies for single muons.


|h| < 0.8�
No muons found�
1 muon found�
>1 muon found�
�
RPC�
4.49 �symbol 177 \f "Symbol" \s 12�±� 0.10 %�
95.49 �symbol 177 \f "Symbol" \s 12�±� 0.61 %�
0.02 �symbol 177 \f "Symbol" \s 12�±� 0.01 %�
�
DT�
6.08 �symbol 177 \f "Symbol" \s 12�±� 0.11 %�
93.70 �symbol 177 \f "Symbol" \s 12�±� 0.60 %�
0.22 �symbol 177 \f "Symbol" \s 12�±� 0.02 %�
�
GMT�
1.04 �symbol 177 \f "Symbol" \s 12�±� 0.05 %�
98.78 �symbol 177 \f "Symbol" \s 12�±� 0.70 %�
0.18 �symbol 177 \f "Symbol" \s 12�±� 0.02 %�
�
In addition, the resulting number of artificially created muons (ghosts) is smaller that the sum of ghosts from the two subsystems. This proves that the algorithm performs better than a simple AND/OR combination. In the case of a simple OR, one would expect improvement in efficiency at the price of many ghosts. In the case of an AND, ghosts would be suppressed at the expense of efficiency. In the algorithm presented the efficiency is significantly improved without increasing the number of ghosts. The same conclusion is even better illustrated in Table 6.3.3, which presents the trigger response for muon pairs. The improvement of background suppression will be more manifest when other kind of backgrounds are included and the simulation is performed also in the forward region where the number of RPC ghosts is higher. It should also be stressed that the system is very flexible, and there is a lot of room for optimization of the algorithm. The work on this subject is currently going on and the results will be presented in detail in the Trigger and Data Acquisition TDR. 


�


Figure 6.3.6. Trigger efficiencies as functions of h, f and pT. The full line represents the GmT, the dashed line the DT and the dotted line the RPC.





Table 6.3.3 


Trigger efficiencies for muon pairs.


|h| < 0.8�
No muons found�
1 muon found�
2 muon found�
>2 muon found�
�
RPC�
0.24 �symbol 177 \f "Symbol" \s 12�±� 0.03 %�
  8.98 �symbol 177 \f "Symbol" \s 12�±� 0.22 %�
90.72 �symbol 177 \f "Symbol" \s 12�±� 0.93 %�
0.05 �symbol 177 \f "Symbol" \s 12�±� 0.02 %�
�
DT�
0.39 �symbol 177 \f "Symbol" \s 12�±� 0.04 %�
12.75 �symbol 177 \f "Symbol" \s 12�±� 0.27 %�
86.40 �symbol 177 \f "Symbol" \s 12�±� 0.90 %�
0.46 �symbol 177 \f "Symbol" \s 12�±� 0.05 %�
�
GMT�
0.00 �symbol 177 \f "Symbol" \s 12�±� 0.01 %�
  2.70 �symbol 177 \f "Symbol" \s 12�±� 0.12 %�
96.87 �symbol 177 \f "Symbol" \s 12�±� 0.98 %�
0.42 �symbol 177 \f "Symbol" \s 12�±� 0.05 %�
�
�
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� There are some instrumental limitations on detecting very soft particles, e.g. curling the tracks of pt<0.7 GeV, etc.


� In this section we use the acronym MS for a generic Muon Station, which could be either MB or ME.


� The acceptance plots are done for the previous design with the 20 cm gap.











