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Outline

๏GEM-based endcap upgrade overview  
๏Current CSC local trigger and upgrade   
๏GEM local trigger 
๏GE11-ME11 integrated local trigger  
๏ Phase-2 upgrade 
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GEM-Based Endcap Upgrade Overview 

๏GE11 will be installed in front of ME11 during LS2 

๏ Phase-2 upgrade: GE21 and ME0 will be installed during YETS 
(GE2/1) and LS3 (ME0)
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CSC Local Trigger 
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๏ Introduction 
๏ Trigger primitive efficiency from Tag&Probe   
๏ Local trigger upgrade (CSC-only)   

๏CSC position resolution improvement  
๏Cathode trigger threshold reduction  
๏CSC local trigger emulation 
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Cathode Strip Chamber (CSC)

๏ME11 is physically partitioned into ME1a and ME1b 
๏Wiregroup in ME11 is slant 
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๏ Cathode strip chamber consists of  6 CSC layers  
๏ Anode wires cross with cathode strips  
๏ muons register hits on wires and strips when 

passing through the chamber 

Special ME1/1



Tao Huang Trigger Primitives in Endcap

muon track

Cathode local trigger 

comparator bits

charges

CSC Local Trigger Algorithm

๏Both ALCT and CLCT are built from pattern recognition 
➡ ALCT: valid anode pattern with >= 4hits out of 6 layers  
➡ CLCT: valid cathode pattern with >= 4hits out of 6 layers 

๏ LCT: correlation of ALCT and CLCT within matching window in timing 
๏ (O)TMB sends out up to 2LCTs per BX and finally LCTs are transmitted to EMTF 
➡ In Run-2 only ME11 uses OTMB (with optical links) and all non-ME11 uses TMB 

๏ LCT Dataformat, 32 bits  
➡ Anode wiregroup number, cathode halfstrip number, CLCT pattern id, LCT quality etc
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Anode local trigger 

muon track 

wire digi
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ALCT  
board 

DCFEBs 
7 in ME11

CSC  
optical trigger  

mother board(OTMB) 
1. build CLCT from comparator digs 
2. build LCT by correlating ALCT and CLCT 
3. Send LCTs to EMTF through MPC, up to 

2LCTs per  BX ALCT

comparator digi

CSC  
optical Data 

mother board(ODMB) 

wire digi +

ALCT

strip digi

EMTF/Trigger 

OTMB data

DAQ 

ME1/1 Electronics 

๏ Anode Local Charged Trigger (ALCT) built from wire digi  
๏ Cathode Local Charged Trigger(CLCT) built from comparator digi 
๏ Local Charged Trigger(LCT) built from ALCT+CLCT matching and finally sent to EMTF to form tracks

DAQ links Trigger links 

ME1a

ME1b

CSC ME11
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Endcap Muon Track Finder(EMTF) and LCTs
๏EMTF builds muon tracks by combining LCTs from all 4 stations 

➡ EMTF receives LCTs through muon port card (MPC) 
➡ RPC hits could be optionally used  

๏Tracks from ETMF are sent to global muon trigger and finally to 
global trigger 

๏L1 accept(L1A) is made by global trigger and sent back to 
subsystem for readout  

๏CSC data readout, setup in P5 by default: 
➡ ALCT board:  ALCT+L1A  to read out wire digi, Anode trigger  
➡ (O)TMB: CLCT+L1A to read out comparator digi, cathode trigger, LCT 
➡ (D)CFEB:  preCLCT+L1A to read out strip digi 

!8



Tao Huang Trigger Primitives in Endcap

Tag and Probe Method For LCT Efficiency 
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Isa, Stephen etc. UW
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LCT Efficiency from Tag&Probe: 2018RunA

๏Non-ME11 efficiency : ~98% 
๏LCT efficiency in ME1a region is only ~90%, quite low!  in ME1b: ~95% 

➡ Big concern as LHC is moving to high luminosity regime 
๏ In usual 2018 runs ME11 LCT rate @ Instant Lumi ~1.5e34 cm-2s-1(<PU>~36) is ~300kHz per 

chamber  
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Local Trigger Algorithm Upgrade: Regional Dead Time 

!11

Current algorithm:  
whole chamber is busy after one trigger 

 New algorithm:  
only region around trigger is busy

trigger

Upgrade 

๏Current algorithm:  freeze the whole chamber for a few BX after one trigger=> a few BX dead 
time after one trigger  
➡ Dead time caused by pileup muons would result in efficiency loss for high pT muons  
➡ Impact of dead time on efficiency could be more significant in high PU 

๏New algorithm: freeze the region around trigger and other region is active for next trigger 
immediately => only regional dead time  
➡ New algorithm could largely recover the efficiency loss due to dead time in principle 
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Simulation Predictions

๏Considering the harsh environment in high luminosity run, CSC local trigger upgrade was firstly 
proposed back to 2013, with simulation study  
➡ New algorithm was already  implemented in cmssw and could be optionally switched on 

๏Based on simulation, new algorithm could improve the LCT efficiency significantly at PU140 
๏ 2018OTMB is built by implementing new algorithm in firmware and is tested at b904, GIF++ and P5 

➡ 2018OTMB only modified local trigger algorithm and used the same FPGA as current one did 
➡ No changes in data formats, both trigger path and DAQ path 
➡ 2018OTMB firmware was loaded to ME+1/1/09, 10, 11 since 2018 Sept. 
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=13 TeV, 2018DsCMS Preliminary 
CSC Trigger Primitive Efficiency (%)

LCT Efficiency From Tag&Probe: 2018RunD

๏Above LCT efficiency was measured after 2018OTMB firmware was loaded to ME+1/1/09, 10, 11 in P5 
๏LCT efficiency of ME+1/1/09, 10, 11 is higher with 2018OTMB firmware, especially in ME1a region 

➡ No sizable LCT rate increase due to 2018OTMB firmware in usual 2018 runs, from CSC operation observation  

!13

Isa. etc, UW

https://twiki.cern.ch/twiki/pub/CMS/CSCOTMB2018/OTMBfw_update_afterTS2_TnP_1.pdf
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LCT Efficiency Improvement of 2018OTMB 
From Tag&Probe Method 

๏Encouraging efficiency improvement showed by Tag&probe method 
➡ ~1.5% in ME1b and ~5% in ME1a  

๏Another analysis also showed that 2018OTMB firmware could recovered ~5% more events  
which are expected to be missing in current OTMB firmware. (Tao, emulation) 

๏ 2018OTMB firmware is our new baseline for future upgrade and will be used Run3 for all OTMB

!14

LCT Eff 
improvement 

ME+1/1A/09 4.9%
ME+1/1B/09 1.3%
ME+1/1A/10 6.4%
ME+1/1B/10 1.4%
ME+1/1A/11 5.4%
ME+1/1B/11 2.7%

Isa. etc, UW

ME+1/1/09 was loaded with new firmware since July 25th

LCT efficiency increase summary 

https://indico.cern.ch/event/769093/contributions/3195866/attachments/1744999/2824740/TaoOTMB_fw_20181023v3.pdf
https://twiki.cern.ch/twiki/pub/CMS/CSCOTMB2018/OTMBfw_update_afterTS2_TnP_1.pdf
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Track-Finder Level Improvement

๏After 2018OTMB firmware was loaded to ME+1/1/09, 10 and11, the efficiency 
of LCT used by EMTF track is ~5% higher in these 3 chambers in high PU fill  

!15

Chad, EMTF

Data collected from high PU (>50) runs 
Plus endcap

Efficiency of LCTs used by EMTF track from Tag&probe, ME1b region

chamber 9,10,11

https://indico.cern.ch/event/775316/contributions/3222478/attachments/1757252/2849499/EMTF_OTMB_Updates.pdf
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CSC Position Resolution for Trigger

๏ME11 trigger granularity:  ~1.4 mrad/halfstrip 
➡ M11 geometry:  10 degree chamber, 128 half strips in ME1b (96 in ME1a) 

๏Current ME11 position resolution:  ~1.5 mrad (left plot) 
➡ GE11 has better precision: ~1 mrad 

๏ Local direction measurement relies on optimized CSC position resolution (right plot) in very forward region  
➡ Local direction measurement using CSC and GEM position benefits from comparable good position resolution  

‣ No materials between ME11 and GE11,  almost no scattering 
‣ Similar for GE21-ME21  

๏ Local direction measurements are critical in L1 trigger rate control (prompt muon trigger)  
๏Displaced muon trigger design in low eta region in endcap (Ring2 and Ring3) requires similar improvements in ME12, ME13 

and ME22 (seen backup) 
➡ Ring2 and Ring 3 region, no new detector in future, but local direction is measured with CSC alone   

๏ So could we improve CSC local measurement ? and How ? => next two slides !
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Comparator Digi Fit
๏Optimizing CSC precision is doable 
➡ Cathode local charged trigger (CLCT) is built by comparator digi in 6 CSC layers 

➡ Fitting comparator digis that formed CLCT could gives a better local position 
➡ Similar results from simulation (left) and  real data (right) 

๏Realistic implementation in firmware is investigated by UCLA (next slide )   
➡ Fitting in firmware  = complexity+large latency 

!17

Malachi, fitting comparator digis

Data

SIMφ-L1φ

0.003− 0.002− 0.001− 0 0.001 0.002 0.003

No
rm

al
ize

d 
to

 u
ni

ty

0

0.02

0.04

0.06

0.08

0.1
CSC: Current
CSC: Optimal
GEM

=20 GeVSIM
T

p
|<2.15η1.64<|

Spatial resolution in GE11,ME11 chamber at L1

[rad]

MC

https://indico.cern.ch/event/656207/contributions/2673321/attachments/1499283/2334324/CSCPositionImprovement.pdf


Tao Huang Trigger Primitives in Endcap

Comparator Code Look-Up Table(CCLUT)
๏Current CLCT patterns have not been updated since 2007:  in total 9 patterns  
๏News look-up tables proposed for CLCT construction: comparator code look-up table, ~4k patterns  
๏Current OTMB memory could adopt CCLUT without additional latency 

➡ Feasible for firmware implementation  
➡ Challenging for TMB (non-ring 1 CSCs after LS2) as FPGA on TMB is almost full now: Cool project for LS3 :) 

‣ We might be able to free up sizable space in TMB firmware! 

๏Processing real data with CCLUT already showed the improvements in position  and slope (equivalent to local 
bending/pT measurement) 
➡ Position resolution is improved by ~2 
➡ Slope improvement is expected larger in Ring2 and Ring3 where magnetic field is stronger than Ring1 

‣ Slope information is used in displaced muon trigger design in low eta region in endcap (namely ME12, ME13, ME22 etc, no GEMs) 

๏To send out new position and slope information, the dataformat in trigger and DAQ path requires some changes. 
Discussed at end of the talk
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Position Slope

Will, improvement on CLCT Andrew, firmware study 

Data Data

https://indico.cern.ch/event/712513/contributions/2959916/attachments/1630652/2599230/180410_TAMU-Workshop.pdf
https://indico.cern.ch/event/712513/contributions/2959915/attachments/1630667/2599369/20180410_otmb_pattern_logic.pdf
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CLCT Threshold Reduction 
๏ In Run2 setup,  Cathode local charged trigger(CLCT) construction requires >= 4hits by default  
๏Reducing CLCT threshold from 4 to 3 could improve CLCT efficiency and finally improve LCT 

efficiency based on simulation 
➡ ME11:  boundary of ME1a and M1b 
➡ Non-ME11: HV spacer  

๏CLCT threshold of ME+1/1/11 was lowered to 3 since this summer and analysis using real data 
showed efficiency improvement 
➡ With current OTMB firmware, 0.4% in ME1/1B, and 1.0% in ME1/1A 
➡ With new OTMB firmware,  1.2% in ME1/1B, and 2.7% in ME1/1A 
➡ CLCT rates increased by about 30%, matched LCT rates by about 15% 
➡ If we afford to rate increase, we always try to increase efficiency as much as we can 
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Redefined LCT Quality Plan
๏ LCT quality is derived from Anode LCT (ALCT) quality, Cathode LCT(CLCT) quality, CLCT pattern 
๏ LCT built from normal ALCT (>=4hits)+ low quality CLCT(=3hits) has low quality (=6) 

➡ Does EMTF use LCTs with quality below 10? YES! 
➡ Only up to two LCTs per BX per chamber are sent out and prioritizing is up to LCT quality  

๏ In simulation, a simple modification of LCT quality definition was used to promote the quality of this type LCT  
๏ In future we may apply similar changes in firmware level.  NOT decided yet 
๏Another concern is from GEM+CSC integrated local trigger, seen following slides  
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Others Ideas for Improvements
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๏Comparator threshold reduction to increase comparator hit efficiency  
➡ Comparator threshold for ME11 is 50 mV, higher than rest of CSCs (30 mV) 
➡ ME11 configuration at P5 already changed the threshold into 30 mV since 2016 
➡ Further reduction is possible and could increase comparator hit efficiency 

‣ Noisy rate would also increase. to be studied   

๏Cathode local trigger setting: overall small effect 
➡ Extending comparator hit persistence to improve CLCT construction 

‣ Comparator hit persistence may expire before CLCT construction. Found in event displays, small effect 
➡ TMB-L1A matching window reduction to recover TMB data loss (~0.25%) in read out  

‣ TMB-L1A matching window is to initialize the TMB data readout  
‣ ~0.25% TMB data loss due to large TMB-L1A matching window (7BX)  

➡ Extend adjacent zone for (D)CFEB readout to recover hit efficiency, especially for low momentum muons  
๏ Anode local trigger setting: similar improvement on LUT for ALCT construction, to be studied  
๏CSC configuration for Run3 is not finalized yet (still two years to work out!) 
➡ Some proposals are being tested at P5 and Let data tell us what to do next! 

‣ Twiki for recent changes: https://twiki.cern.ch/twiki/bin/view/CMS/CSCOTMB2018 
➡ Proposed changes will be further validated and tested during LS2, by b904 cosmic ray test and simulation 
➡ We also suggest that at beginning of 2021 run,  start with current configurations, and test the proposed 

changes step by step and then finalize the configuration based on data analysis

Cameron and Siyuan Liu in 2016

https://twiki.cern.ch/twiki/bin/view/CMS/CSCOTMB2018
https://indico.cern.ch/event/548763/contributions/2224784/attachments/1302396/1944868/cscElec_010716_bravo.pdf
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CSC Local Trigger Emulation
๏ Trigger emulator in CMSSW: emulating the CSC trigger primitives with wire digi and 

comparator digi as inputs  

๏Good agreement between data and emulation for 2018OTMB firmware  
➡ Data is taken after 2018OTMB firmware was loaded to ME+1/1/11 
➡ Bottom two plots are comparing the data (x-axis) and emulation (y-axis): anode wiregroup and 

cathode halfstrip in LCTs 
➡ Fraction of mismatches (off-diagonal) is <1% 
➡ Similar results for current OTMB algorithm (backup)
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GEM Local Trigger 
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๏ Introduction  
๏Motivation of GE11 upgrade    
๏GE11 Electronics  

๏GEM trigger granularity  
๏GEM trigger dataformat
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Gas Electron Multiplier (GEM)

๏Muon register hits on strips when passing 
through GEM 

๏Benefits of GEM technology 
➡ High efficiency: ~98% 
➡ High rate capability: 100MHz/cm2 
➡ Good position and time resolution 

๏GE11, GE21 and ME0 all uses GEM technology 
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Motivations of GE11 Upgrade 
๏Need to maintain excellent muon trigger performance in the forward region in high 

luminosity LHC era  
➡ Very high rate of soft muons and some soft muons occasionally have stubs aligned like high pT muon 
➡ The bending angle between GEM and CSC is less effected by scattering as no material is between 

them  
➡ Large lever arm + magnetic field + good positions resolutions from GEM and CSC results in excellent 

discriminating power against soft muons from GEM-CSC bending angle 
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GE11 Electronics

๏OptoHybrid board: concentrate 24 VFATs data and send out for triggering and DAQ  
๏GE11 electronics design is finalized  

➡ 24 VFATS and 2 OHs  per chamber.  12 CTP7s in total  
๏ Identical GEM trigger data is sent to CSC OTMB and EMTF
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GEM Trigger Granularity 
๏Both GE11 and GE21 detector types 

have same trigger granularity  
➡ One trigger pad = 2 strips  
➡ Phi granularity = 0.9mrad/pad 
➡ 8 eta partitions  

๏Eta coverage 
➡ GE11: 1.5(1.6)-2.18 for short (long)  
➡ GE21: 1.65-2.4 

๏GEM  layers 
➡ GE11 = 2 layers of GEM 
➡ GE21 = 2 layers of GEM 

๏GEM cluster finder 
➡ On-chamber electronic finds up to 8 

clusters in the whole chamber  
➡ Cluster size is up to  8 pads 
➡ Latency ~3BX 
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10 degree (phi), 384 strips

8 eta 
partitions 

GE11

64 trigger pads 
in one sector
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GEM Trigger Data Format 
๏Each chambers sends up to 8 clusters (local position+size) per BX 
➡ Trigger data also includes frame marker, special marker for BC0, cluster overflow flag 

๏Overflow rate = 1.18E-05 @ PU140 
➡ To be reevaluated by new simulation with better background model  

๏ Identical trigger data is sent to CSC OTMB and EMTF(through CTP7) 
➡ EMTF have enough spare links to receive GEM trigger data from CTP7s 
➡ Latency of GEM trigger data transmission to EMTF:  comparable to CSC 
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Overflow

N bits 

Phi sector 2

Eta partition 3

Pad number 6

Cluster size 3

Total 14

GEM trigger cluster dataformat 
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GE11+ME11 Local Trigger 

!29

๏GE11+ME11 local trigger   

๏ Performance at track finder  level   

๏GEM+CSC local trigger: simulation , firmware and data format 
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GE11+ME11 Integrated Local Trigger 
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๏CSC-only local trigger algorithm  
➡ Anode trigger (ALCT): coincidence of wire hits, >=4 out of 6 layer 
➡ Cathode trigger(CLCT): coincidence of comparator hits, >=4 out of 6 layer 
➡ Correlated trigger (LCT): ALCT-CLCT match in timing      

๏GE11 installation makes GEM+CSC algorithm possible in “YE1”1 region(=GE11+ME11) 
➡ GE11 only covers up to eta~2.1 while ME11 covers up to eta~2.4 

๏GEM+CSC trigger algorithm: coincidence of anode trigger, cathode trigger, GEM trigger 
➡ Anode trigger: unchanged, already very efficient  
➡ Cathode trigger: >=3 out of 6 layer coincidence of comparator hits  
➡ GEM trigger: GEM hits  
➡ Correlated trigger: all combinations we studied 

‣ ALCT+CLCT(>=4 hits), ALCT+CLCT+GEM, ALCT+CLCT+2GEM, ALCT+2GEM, ALCT+low quality CLCT(3layer hits, ME1a 
region only) 

➡ GEM trigger Matching is based on timing and position  
๏ Local trigger efficiency is improved by GEM+CSC algorithm 
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Performance at Track-Finder  Level

๏ Improvement in local trigger could be propagated to track-finder level and could increase L1 
muon trigger efficiency 
➡ Phase-1 detector: CSC-only 
➡ Phase-2 detector: CSC+GE11+GE21(+ME0).  GEM+CSC algorithm is ON by default  

๏  Meanwhile GEM installation also helps control L1 muon trigger rate by GEM-CSC bending 
angle cut 

๏Overall track-finder has a better performance with trigger primitives from GEM+CSC algorithm 
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GEM+CSC Local Trigger: Simulation
๏GE11 and GE21 both use realistic GEM digitizer to simulate GEM digis  

๏GEM+CSC algorithm for GE11-ME11 and GE21-ME21 was implemented in 
emulator in CMSSW back to 2014 
➡ LUTs to map GEM trigger and CSC trigger were generated by extrapolations and would be 

also used in firmware  
➡ Coincidence pad is built by matching GEM hits on two layers before running GEM+CSC 

algorithm  
➡ ALCT and CLCT construction part is unchanged  
➡ Matching between GEM trigger and CSC trigger requires both position and timing 

coincidence, and LCT quality is effected by matching  
➡ Up to two LCTs  per BX  per chamber are sent out and selection on LCT candidates is 

based on quality and GEM-CSC bending angle 
‣ No extra bandwidth for output transmission   

๏Future changes: 
➡ New LUTs for CLCT constructions for all CSCs  
➡ Modification due to real firmware implementation 
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GEM+CSC Local Trigger: Firmware 

๏GE11 has two trigger fibers which connects to spare inputs on CSC OTMB 
๏OTMB firmware with GEM+CSC algorithm will be built on top of 

2018OTMB 

๏CSC OTMB firmware has been demonstrated to receive and buffer GEM 
trigger data.  work done by UCLA 
➡ Basic GEM-CSC trigger communication has been proven to performance as 

required OTMB to implement future combined GEM+CSC trigger primitives 
➡ Took combine runs at b904 in 2016 and read out GEM+CSC trigger data through the 

OTMB  
๏ The firmware development is a joint effort of UCLA+TAMU and the 

schedule is controlled by managers  
➡ Probably first demon will be built roughly on July 2020 (very informally)
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Teststand For GEM+CSC Firmware Development 

!34

๏ Left: teststand setup using emulator board, at TAMU and UCLA 
➡ Emulator board emulates GEM and CSC trigger data based on muon patterns from PC 
➡ Test procedure: send muon patterns from PC and then receive trigger results after short latency, 

compare triggers results with muon patterns  
๏Right: teststand with muon cosmic, to be set up at b904
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GEM+CSC Local Trigger: Trigger Bits
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๏GEM-CSC bending angle will be recalculated at track finder level   
๏ To send out LCT with better position resolution, 1/4 strip rather than 1/2 strip, and better bending resolution(slope), More 

space is needed!! 
➡ Better position resolution is also expected in displaced muon trigger study 

๏ LCT quality is effected by  GEM trigger matching in GEM+CSC algorithm  
๏ME11 OTMB with GEM+CSC algorithm keeps 32 bits data format  
๏Redundant bits can be reallocated to additional position and slope information 

➡ current lct_quality and clct_pat is partially overlapped  
➡ LCT quality might be redefined and CLCT pattern might be replaced by local bending(CSC-only)    
➡ clct_bend is already covered by clct_pat 
➡ EMTF will be notified once proposal is fixed   

๏ In DAQ path, the data format also will be changed but the bandwidth stays the same  
➡ Changes in packer and unpacker in cmssw 

๏New idea:  add one more transmitter in new OTMB for ME21, 31, 41 to send out more trigger data.  Not seriously 
discussed before  
➡ Report more LCTs when multiples muons hit one chamber 

current data format  
of trigger primitives 
CSC-only algorithm 
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Phase-2 Upgrade 
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๏Overview   
๏GE21 electronics  
๏GE21+ME21 local trigger  

๏ Performance at track finder level  
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Phase-2 Upgrade Overview 

๏During LS3,  ME0 and GE21 will be installed  

๏ME0, similar to standalone CSC,  sends the CSC-like local trigger 
primitives to EMTF 

๏GE21+ME21, similar to GE11+ME11, uses GEM+CSC algorithm 
to build integrated local trigger and sends trigger primitives to 
EMTF 
➡ Could help improve efficiency and control trigger rate   

๏GE11+ME11, GE21+ME21 and ME0 make the directional 
measurements possible, which together  allows pT assignment 
without beamspot constrain 
➡ Critical for highly displaced muon trigger (see the talk from Alexei)
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GE21 Electronics 

๏48VFATs and 4 optohybrid per chamber 
➡ GE21 electronics designed is not finalized yet 

๏ME21 uses TMB now but during LS2, all ring 1 CSCs will be commissioned with OTMB
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GE21+ME21 Integrated Local Trigger 
๏GE21+ME21 local trigger: coincidence of anode trigger, cathode trigger, GEM trigger 
➡ Anode trigger: >=3 out of 6 layer coincidence of wire hits, to reduce inefficiency due to HV spacer  
➡ Cathode trigger: >=3 out of 6 layer coincidence of comparator hits  
➡ GEM trigger: GEM hits  
➡ Correlated trigger: combination we studied  

‣ ALCT+CLCT(both >=4layer hits), ALCT+CLCT+GEM, ALCT+CLCT+2GEM, CLCT+2GEM 
➡ GEM trigger and CSC trigger matching is based on timing and position  

๏ Local trigger efficiency in “YE21”(GE21+ME21) could be improved by ~10% in PU140
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Performance at Track-Finder level: Eta2.1-2.4

๏With GE21 and ME0 installation, standalone muon trigger performance is 
greatly improved in high PU 
➡ Simulation switched on GE21+ME21 algorithm in phase-2 configuration  
➡ ME0 stub is required in phase-2 configuration by default  
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Summary 
๏ In Run2,  CSC trigger primitive is very efficient:  ME1b: ~95%, ME1a: 90%, non-ME11 ~98% 
๏ 2018OTMB firmware showed encouraging improvement and will work as our new baseline for future 

upgrade in forward region 
➡ After LS2,  OTMB will be commissioned for all ring 1 CSC and rest of CSC will still use TMB  
➡ Some key new features in 2018OTMB algorithm might be also ported to TMB firmware 

๏ Improving CSC position measurement with new LUTs is important for local directional 
measurements and is also very challenging  
➡ Requires extra bits to send out better position and slope(~local bending/pT)  
➡ FPGA in TMB is almost full but it will be a project in LS3 (more years to dig out solution) 

๏GE11 electronics design is finalized and local trigger is well defined  
๏GEM+CSC integrated local trigger was fully simulated and added in CMSSW back to 2014 
๏ Firmware development of GEM+CSC algorithm is planned during LS2 and will be finished before 

Run3 
➡ The trigger bits sent to EMTF will remain 32 bits but will be re-interpreted  

๏ Final CSC configuration for Run3 is not finalized yet (still 2 years away from Run3) 
➡ Some tests are being done at P5 and data could give important indications 

๏Phase-2 upgrade including GE21 and ME0 could maintain a good standalone muon trigger in 
forward region in high luminosity regime 
➡ Phase-2 upgrade  also makes displaced muon trigger possible in forward region 
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Lots	discussions	and	help	from	CSC	group	and	GEM	group,	Thanks!	
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Backup
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CSC Electronics Overview: Non-ME11
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Cathode Strip ChamberMuon End-capsCMS detector

The Problem

CMS CSC Expert System: towards the detector control automation
Evaldas Juska (FNAL), Valdas Rapsevicius (FNAL, Vilnius University), Karoly Banicz (FNAL) for the CMS CSC Group
T h e  I n t e r n a t i o n a l  C o n f e r e n c e  o n  C o m p u t i n g  i n  H i g h  E n e r g y  a n d  N u c l e a r  P h y s i c s  ( C H E P )  2 1 - 2 5  M a y  2 0 1 2 ,  N e w  Y o r k  C i t y ,  N Y ,  U S A

Cathode strip chambers (CSC) compose the endcap muon system of the CMS experiment at the LHC. Two years of data taking have proven that various online systems like Detector Control System (DCS), Data Quality 
Monitoring (DQM), Trigger, Data Acquisition (DAQ) and other specialized applications are doing their task very well. But the need for better integration between these systems is starting to emerge. Automatic and fast problem 
identification and resolution, tracking detector performance trend, maintenance of known problems, current and past detector status and similar tasks are still hard to handle and require a lot of efforts from many experts. 
Moreover, this valuable expert knowledge is not always well documented.

CSC Expert System prototype is aiming to fill in these gaps and provides a solution for online systems integration and automation. Its design is based on solid industry standards – Service Bus and Application Integration, Data 
Warehouse and Online analytical processing (OLAP), Complex Event Processing (CEP, i.e. Rule Engine) and ontology based Knowledge Base. CSC Expert system receives and accumulates Facts (i.e. detector status, 
conditions, shifter/expert actions), derives and manages Conclusions (e.g. hot device, masked chamber, weak HV segment, high radiation background), stores detector inventory – Assets (i.e. hardware, software, links) and 
outputs Conclusions, Facts and Assets for other applications and users. CEP engine allows experts to describe their valuable knowledge in SQL-like language and to execute it taking subsequent action in real time (e.g. sends 
emails, SMS'es, commands and fact requests to other applications, raise alarms).

A year of running the CSC Expert System has proven the correctness of the solution and displays its applicability in detector control automation.

Solution

Implementation

Use Cases

Plans

Compact Muon Solenoid (CMS) is a high-energy physics experiment in 
Cessy, France, part of the Large Hadron Collider (LHC) at CERN. CMS 
is designed to see a wide range of particles and phenomena produced 
in high-energy collisions in the LHC. Detecting muons is one of CMS’s 

CMS EMU consists of two end-caps, 468 multilayer proportional 
chambers of trapezoidal shape, with cathode strips running radially 
and wires stretched across the strips. The cathode strips give a 
precise measurement of the azimuthal coordinate of the muon hits, 
while the anode wires give precise timing information for tagging the 
bunch crossing and moderate-resolution radial positions of the 
muon hits.

The CSC on-chamber electronics consists of anode front-end 
boards (AFEB), cathode front-end boards (CFEB), and an anode 
local-charged track trigger board (ALCT) that generates muon 
trigger primitives for the Level-1 trigger system based on wire hit 
information. A low-voltage distribution board (LVDB) delivers the 
voltages necessary for the on-chamber electronics. The raw data 

Chambers are arranged in 4 stations of 
concentric rings in both end-caps. Seven 
different types of CSCs are used in the 
system.

The scale of the system is huge: almost 
2.32 million anode wires, 183 168 anode, 
and 217 728 cathode readout channels.

most important tasks.  
CMS muon system 
consists of Muon Drift 
Tubes (DT), Cathode 
S t r i p  C h a m b e r s  
(CSC)  and Resistive 
P l a t e  C h a m b e r s  
(RPC).

and the trigger information 
from the CFEBs and the 
ALCT board are sent by 
skewclear cables to a data 
acquisition motherboard 
(DMB) and a trigger mother 
board (TMB), which are 
located in a peripheral VME 
crate.

This sophisticated detector is being controlled and monitored by many 
systems, i.e .Detector Control System (DCS), Data Quality Monitoring 
(DQM), Front-end Detector Control Manager (FED CM), Peripheral 
Crate (PCRATE), etc. These individual systems are highly specialized, 
driven by experts and are functioning well. Despite this, detector 
operation faces a number of problems:

Ÿdecision making requires data from many different sources,
Ÿno single decision point, many unsupportable scripts emerge,
Ÿhistorical information is not well preserved, can not be browsed and 

compared by non-expert,
Ÿlots of details and crucial information about detector operation 

remains undocumented or is spread out in white-papers, wikis.

Create the single point of information aggregation and automated 
decision making for CSC. Functional requirements:

Ÿaccept/accumulate FACTS (detector status, shifter actions, etc.),
•  create/close CONCLUSIONS (HV down/up, chamber masked, etc.),
•  store/manage detector CONFIGURATION,
•  output FACTS, CONCLUSIONS, CONFIGURATION.

Non-functional requirements include hiding complexity, reusing 
existing tools and techniques, efficiency and use of industry standards. 
It must not replace any of the existing systems, but rather efficiently use 
the provided data. So flexibility and easy adaptation to changing 
environment and requirements is an essential part of the solution.

The system is being actively developed in the frame of CSC community 
since January 2010. The initial version was deployed to production on 
November 2010.
Key technologies:

ŸPlatform: Java EE 6
ŸApplication server: Glassfish 3.1
ŸDatabase: Oracle EE 11g
ŸIntegration platform: OpenESB (a.k.a. GlassfishESB)
ŸRules engine: Esper CEP
ŸGraph database: Neo4J
ŸIDE: Netbeans

A number of rules were implemented that give feedback to detector 
control system and operations team:

ŸFPGA current low or very low (from DCS)
ŸFPGA firmware not loaded (FPGA current low + no data from that 

board in DQM)
ŸBlown fuse (FPGA current very low + no data from that board in DQM)
ŸSelf diagnostics (lost connection to DB, fact input queue is too big)

In all of these cases, relevant experts are informed by email and/or SMS

ŸHV channel trip recovery (force ON after 10 minutes)
ŸMultiple HV channel trips in 1 hour (lower voltage and mark as “weak”)
ŸWeak HV channel continues tripping in 1 hour (disable the channel)

CSC operations team plans include:

Ÿadding more fact providers to the system,
Ÿ  introducing more rules to further automate detector operations,
Ÿ  improving historical data browsing and plotting tools,
Ÿ  educating experts to write rules and manage Rules Engine in general.

In a broader scope, the CSC Expert System is looking for possibilities to 
be deployed for other CMS sub-detector control and monitoring 
purposes. This becomes possible after Vilnius University Faculty of 
Mathematics and Informatics will join the development of the system. Ÿ Trip Conclusion opens on “HV 

alarm ON” fact and closes on 
“HV alarm OFF” fact

Ÿ if there's a trip and the channel is 
not disabled, schedule Force ON 
command to be executed after 10 
minutes

Ÿ Pending actions are 
canceled when a 
conclusion is closed / 
invalidated

Ÿ  If trip is no longer valid 
after 10 minutes, no 
action is taken

Ÿ If there are > 2 trips in 1 hour sliding time 
window on a “normal channel” 

Ÿ Immediately send command to set voltage 
to 3400V

Ÿ Fact about 3400V setting opens “weak 
channel” conclusion

Ÿ If there are > 2 trips in 1 hour on a “weak 
channel”

Ÿ Immediately send command to disable that 
channel

Ÿ  Force ON action is canceled

What happens if the DCS shifter takes action?
Ÿ Pending actions are cancelled when a conclusion is closed / invalidated.
Ÿ If trip is no longer valid after 10 minutes, no action is taken

DQM PCRATEFED CMDCS ...
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At this point and beyond, 
Trips are handled the usual 
way

No Force ON here

If integration is applied without following a structured EAI approach, point-to-point connections grow across an 
organization. Dependencies are added on an impromptu basis, resulting in a tangled mess that is difficult to 
maintain. This is commonly referred to as spaghetti, an allusion to the programming equivalent of spaghetti code.

We acknowledge funding for this project from the 
US Department of Energy and the US NSF
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GEM-CSC Bending Angle and Alignment 
๏Residual of GEM rechit is quite large! Will kill GEM-CSC bending 

angle calculation! 
➡ Halfwidth is ~5mrad and distribution is asymmetric 
➡ GEM has good position resolution (strip pidtch ~0.5 mrad) 

๏Some misalignment patterns are found with GEM 
➡ Shift in local X, even from left plot! 
➡ Rotation along local Z 
➡ Other minor issues 

๏EMTF experience with CSC alignment: LUTs with alignment 
correction give better results in pT assignment  
➡ Very impressive considering the multiple scattering 

๏Lesson learned:  LUTs of mapping GEM trigger and CSC trigger 
should be derived from geometry with alignment correction    
➡ No materials between GEM and CSC
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https://indico.cern.ch/event/766003/contributions/3180454/attachments/1736223/2808301/EMTF_Report_Oct-2018.pdf
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Local Direction Measurements with GEM and CSC

๏ In low eta region (eta1.2-1.6), ME12 alone and ME22 alone could form two good local 
direction measurements and together make displaced muon trigger possible  

๏ In high eta region (eta 1.6-2.1), GE11-ME11 and GE21-ME21 also forms two good local 
direction measurements for displaced muon trigger design 
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Data vs Emulation: LCT for Current 
Algorithm 
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Run 323524, Single muon, 2018 Sep. 25th 
ME11 excluding ME+1/1/09,10,11
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Chamber +1/1/10  run: 323524  event #901550830
data #0 ALCT keyWg 12 Quality 3 Pattern 0 bx 3

data #0 CLCT HS 155 Quality 6 Pattern 8 bx 3
data #0 LCT keyWg 12 HS 155 Quality 14 Pattern 8 bx 1

Emul #0 ALCT keyWg 12 Quality 3 Pattern 0 bx 3
Emul #0 CLCT HS 155 Quality 6 Pattern 8 bx 7

Emul #0 LCT keyWg 12 HS 155 Quality 14 Pattern 8 bx 8

Event Display From Collision Data: 
Again!

๏Events that current algorithm failed to trigger on:  ~5% (<PU>~40) 
➡ No preselection on events unpacked from RAW data 

๏New algorithm saves strip digis of muons matched with L1A while current algorithm would 
totally miss the muons in triggering and DAQ 
➡ New OTMB firmware  also increase CSC segment efficiency

!47

muon1 arrives at BX4,  
not in time with L1A, not read out by DAQ 

muon2 arrives at BX7,  
in time with L1A 

current lgorithm fails to trigger on muon2 
because of dead time caused by muon1 from a 
preceding collision  

New algorithm with localized dead time 
zone is able to locally trigger on muon1 and 
muon2 and muon2 is read out by DAQ!

note: 
comparator 
digi is read 
out in 12 BX

note: CLCT and LCT only at the one 
bx matched with L1A are read out 

note: DCFEB  
readout is 
triggered by 
pretrigger 

New algo
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3-layers CLCTs in ME11

!48

eventdisplays showed how CLCT threshold=3 recovered muons
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Comparator Threshold Reduction 
๏ME1/1 comparator thresholds were 50 mV, higher than other CSC 

chambers  
๏ Lower comparator threshold could improve comparator hit efficiency   

๏ August 1, 2016, ME11 comparator thresholds were lowered to 30 
mV, like rest of the CSC 
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RecHit Max ADC

Cameron and Siyuan Liu in 2016 

2015 Data 

threshold 30 mV

w/ comparator 
w/o comparator, ~2%

๏ Tests at b904 showed that further reducing comparator threshold to  15-20 mV could 
achieve comparator hits efficiency close to rechit efficiency   
➡Noise control to be tested by real detector at P5

with current comparator threshold 30 mV,  
fraction of rechit without comparator hit 
is ~2%

https://indico.cern.ch/event/548763/contributions/2224784/attachments/1302396/1944868/cscElec_010716_bravo.pdf
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Extending Comparator Hit Persistence

๏ In Run-2 setup, the comparator hits persistence is 4BX in total by default 
๏ CLCT is constructed by finding the coincidences of comparator hits in all 6 layers  in every 

BX 
๏ Some event displays from real data showed that extending comparator hit persistence 

from 4BX to 5BX could benefit CLCT construction 
๏ At P5,  the change of increasing comparator hit persistence to 5 was applied to some CSC 

chambers on Nov. 13th 2018  and analysis will come in future 
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Layer 1
Layer 2
Layer 3
Layer 4
Layer 5
Layer 6

Time (BX) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

CLCT hit persist: extension of hit over time  
e.g.  one halfstrip on layer1 has hit on BX6 and then the hit is extended to persist on BX7,8,9
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TMB-L1A Matching Window Reduction
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1 2 3 4 5 6 7 8 9 10
TMB signal

Time BX

L1A

with wide L1A-TMB matching window, earlier L1A (wrong one) read out TMB data while correct L1A fails to read out it

๏TMB-L1A matching is to initiate readout of TMB raw hits 
๏Previous L1A  that is 2BX earlier than the real L1A could read out TMB data before TMB data 

sees real L1A. 
๏Reducing the TMB-L1A matching window from 7BX to 5BX could recover ~0.25% TMB data loss 

by preventing wrong L1A-TMB matching 
➡This changes was done for ME+4/2/8 on Sep. 2018 and analysis results would come in future   
➡Another offline analysis showed no LCT efficiency loss even if L1A-TMB matching window is 

reduced to 3BX for ME+4/2
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L1A-TMB Matching Window Reduction: 
7BX to 5BX for ME+4/2/28

๏ L1A-TMB matching window for ME+4/2/28 is reduced to 5BX and with proper configuration changes, L1A location 
distribution is also centric in 5BX window 
➡ Flat distribution in two shoulders (bin0,bin1, bin3 and bin4) + good CSC timing resolution may indicate that the window can be further 

reduced. (Note: HL-LHC, CMS L1Trigger rate ~750k) 
๏ Offline analysis showed no LCT efficiency loss even if L1A-TMB matching window is reduced to 3BX for ME+4/2 

➡ Associate L1A location in TMB matching window to LCTs in CSC unpacker 
➡ Run Tag&Probe package to associate LCTs to reco muon 
➡ Check LCT efficiency of reducing L1A-TMB matching window. LCTs in denominator of efficiency definition are all probe LCTs in 

Tag&Probe method  
➡ Potential TMB data recover from window reduction is ~0.25%, from UCLA
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offline analysis:  
LCT Eff with different L1A-TMB matching window   
ME+4/2


