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& Landscape
# The High Luminosity LHC (HL-LHC)
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# [racking at Level-1

* The Muon Detector System upgrade
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# The CMS Level-1 Trigger Upgrade

+ Motivation / Concept / Key features

® The L1 Muon Trigger upgrade
% Concept and implementation

* Architecture

® Electronics

* Algorithms and firmware
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* VWhat comes next The Phase-2 Upgrade of the
CMS Level-1 Trigger
& Caveats Technical Design Report

# Lots of material to cover, here just a flavor of what Is

# Work in progress, so all preliminary of course https://cds.cern.ch/record/2714892

~350 pages / ~ 3yrs in the making / ~ 3yrs since 2
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https://cds.cern.ch/record/2714892

& An ambitious project for an ambitious physics program

# 14 TeV p-p collisions

+ total integrated luminosity of ~3000-4000 fb-

@ [nstantaneous ~5-7x103%4 cm-—2s-

+ ~200 simultaneous collisions (pileup)

# An enormous challenge

*® Accelerator

® Detectors

* [rigger and data acquisition

+ Computing

+ Data Analysis

). Kownigsberg @ TIPP 2023

HL-LHC “pileup” challenge

LHC / HL-LHC Plan

Run-2: 139 fb~! at Vs=13 TeV »
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DESIGN STUDY

HL-LHC TECHNICAL EQUIPMENT:

PROTOTYPES _—

v
We are here: Run3 has started
CONSTRUCTION
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5 to 7.5 x nominal Lumi

’ INSTALLATION & COMM. H“ PHYSICS

13.6 - 14 TeV

energy

T

integrated JEAUUVRI
luminosity IEOLTE

22 SUPERCONDUCTING
MAGNETS
Replacement of 19 dipole magnets

INCREASED CRYOGENIC POWER BEAM ABSORBERS

Installation of high-performance cold boxes Installation of a new internal beam
at Point 4. absorber and two new neutral beal

COLLIMATORS

Installation of 16 new collimators.

New Muon Chambers

Inner barrel region with new
RPC and sMDT detectors

New Inner Tracking Detector (ITk)
All silicon, up to |n| = 4

* Increased use of silicon

* More granularity in

* Precision timing (< 50ps

* Faster processing of data

Accelerator Complex
Upgrades

sensors (high radiation
tolerance)

the silicon to deal with
the high pileup

resolution) to separate
collisions in time as well
as space

in real time for trigger using
modern high speed electronics

/NS
Upgraded Trigger and
Data Acquisition system
Level-0 Trigger at 1 MHz
Improved High-Level Trigger

Detector
= | JOQrades

Tile Calorimeter

Muon system

High Granularity Timing
Detector (HGTD)
Forward region (2.4 < |n| < 4.0)

Low-Gain Avalanche Detectors (LGAD)
with 30 ps track resolution

Additional small upgrades
Luminosity detectors (1% precision goal)
HL-ZDC




& An ambitious project for an ambitious physics program

# 14 TeV p-p collisions
# total integrated luminosity of ~3000-4000 fibo-1
#® instantaneous ~5-7x1034 cm-2s-

+ ~200 simultaneous collisions (pileup)

# An enormous challenge
* Accelerator
#® Detectors
* [rigger and data acquisition
+ Computing

+ Data Analysis

~ x10 more data @ HL-LHC
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pug 2023 CMS Preliminary

: : : : : : : : : 5.02 TeV CMS measurement (L < 302 pb™) -
7 TeV CMS measurement (L < 5.0 fb™) D
8 TeV CMS measurement (L < 19.6 fb™) =
: : : : - - : 13 TeV CMS measurement (L < 138 fb”)
e : : : : : : : : : @ 13.6 TeV CMS measurement (L <1 fb™)

: —— Theory prediction

Z. X Z. CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/ao/oNi7
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More data: # Run 1[2011-12]: 5/20 fo-1 @ 7/8 TeV

Rarer processes # Run 2 [2015-2018]: ~ 140 fb-1 @ 13 TeV

More precision
Discovery potential

* Run 3 [2022-2025]: started, ~ 300 fo-1 @ 13.6 TeV




& Major upgrade of every system |

& + New systems added...

# New trackers

* [racking at Level-1
# New and upgraded calorimeters
# New timing layers
# New and upgraded muon systems

# New trigger systems

@ | evel-1

+ High Level Trigger

% Luminosity detectors

). Kownigsberg @ TIPP 2023

The CMS HL-LHC upgrade

CM S t th HL LHC Barrel Calorimeters
a e - « ECAL crystal granularity readout at 40 MHz

with precise timing for e/y at 30 GeV

L1T and HLT/DAQ  ECAL and HCAL new Back-end boards

e Tracker Tracks in L1T at 40 MHz
 LIT acceptance: 100 = 750 kHz

 HLT output at 7.5 kHz
* 40 MHz Scouting: Real time analysis |
 LIT latency: 4 — 12.5 pus .

Muon Systems

e DT & CSC new FE/BE readout
 RPC back-end electronics

e New GEM/RPC1.6<n<24

Beam Radiation Instr. and Luminosity
* Bunch-by-bunch luminosity

* High Granularity Calorimeter (HGCAL)
e 3D showers and precise timing
e Si, Scint+SiPM in Pb/W-SS

measurement:

\ | fl'/ |{; il ,I
Calorimeter Endcap |G -
PN \ * 1% offline, 2% online

Tracker MIP Timing Detector

 Si-Strip and Pixels increased granularity SN\ A /AN , * Precision timing with:

» [ Design for tracking in L1-Trigger | o S o  Barrel layer: Crystals + SiPMs
* Extended coverage ton = 3.8 * Endcap layer: Low Gain

Avalanche Diodes

See Anne Dabrowski’s presentation on Tuesday



Phase Il Outer Tracker

. - k Iracking at Level-1
m replacement of entire outer tracker

a 13200 modules, 190 m2 silicon, 213 M channel (legacy: 10 M channel) Z’s’;‘:n Z’fyp S: precision

J .,:1;

m 6 barrel layer plus 2x5 endcaps discs

_ 120:.0 0.2 /0.4 /0.6 /0.8 P 1.0 P 1.2 / 14 - 16
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= | | |20
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200:;-_:__\\\\\\\\\\ IR W W W S W " 32
— 4.0
°o_ ) T - B B R n
z [mm]
a two kinds of p:-modules:
m strip-strip (2S): 5cmx90 um
a pixel-strip (PS): 1.6 mm/2.5cmx100 um
“stub’
i
,;4,,,,,,[ = CMS L1 track trigger algorithm Use pr>2 GeV hits for track finding
Y t ;z
x - Kalman filter for track fitting
<
- H m track finding through road search based on tracklet seeds
y
pT>n Ge\/ 'tu nab|e WindOW m multiple seeding layer combinations used for redundancy fmedtra\ck\ N
and high efficiency X\
® new modules allowing rough p; estimate N BN
m found tracks sharing stubs get merged (duplicate removal) \\’K \\%i \\ A
m cut at 2GeV reduces data rate by ~ one order of magnitude & \\ R
m track fit uses kalman filter \Stub nair
m pr-information is useful during track reconstruction tracklet !

m BDT provides qualifiers for improved fake reduction

). Kownigsberg @ TIPP 2023



Iracking at Level-1

e Two-stage processing architecture for Track Finding : Layer 1 (DTC), Layer 2 (TF)

e Outer Tracker divided into 9 ¢ sectors
o Track Finding also segmented into 9 ¢ sectors, with time-multiplexing period of 18

x24 DTCs per detector ¢ sector;

x9 detector ¢ sectors each DTC transmits to two

neighbouring TF nonants (36 TFPs)

w24 . x18 time slices per nonant;
4 each TFP receives input data from two
— DTC neighbouring detector ¢ sectors (48 DTCs)
e T~ ‘ S » ink to TF-L1 specification
s x9 TF nonants in - - — .
& / " e * Tracks are described by a 96-bit track word
== A
pTC » Up to two tracks every 3 link frames (64b)
Detector ¢ x9 detector ¢ sectors
swctor R » Up to 104 tracks per sector/half-n/event Track word
Outer Tracker DTC TFP . .
Data Trigger & Control Track Finder Processor Bits  Field
Hourglass shape eliminates need CMS Prase-2 Simulation 14 TeV, 200 PU
f cross-sector communication T gw"? 0-5 Other MVAs
/ | 3 | 6-8  MVA quality
DTCs perform stub pre-processing & distribute stubs to 'g 219 iy patiem
e \ i : 2 -2 2
TFP boards (+ communicates with detector modules, New event received every 450 ns £10 16-18 bend x“/d.o.f.
forwards full event data upon L1 accept, etc.) 19-31 d
0
1 ‘ 32-35 x2(r-z)/d.o.f.
] -3 |
Stub data pre-processing stage - 10 3647 2,
Track finding stage : 55 Yt
- 64-67 x2(r-¢)/d.o.f.
; 68-79 ¢,
80-94 1/R
PN PR 95  isValid

0 20 40 60 80 100 120 140
Max number of transmitted tracks per ¢ sector

e Qutput to L1 trigger

» Each track finder board outputs tracks over 6 pairs of links (n=0 vs N<0)
e 3 pairs to Correlator Trigger (layer-1), 2 pairs to GT1T, 1 pair to GMT, operating at 25 Gb/s
* |dentical data content on each link pair

Latency of about Susec, O(1k) tracks @ 25 Gbps

). Kownigsberg @ TIPP 2023



& Motivation
% More modern, faster, electronics

# Added redundancy & robustness, for higher
collision rates at larger rapidities

Barrel region

# Drift Tubes (DT) and Resistive Plate Chambers
(RPC)

* NoO new detectors

+ Upgrade of Front End/Back End electronics and
readout

& Overlap and Endcap Region

# Electronics upgrade of several existing systems
+ Cathode Strip Chambers (CSC) & RPC

% Build additional detectors @ the larger rapidities
* |mproved RPCs (iRPC)
* New Gas Electron Multiplier detectors

o GEM
e MEQO

DT jRigoeisie

MEO iRPC

J. Ronlgsberg @ TIPP 2023
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Muon Detector System upgrade

Installation of GE1/1 muon station in 2020

a1 i =)

" GE1/1 (Installed in LS2) MIED (installation during LS3) . 7
v 36 superchambers (SC) per endcap v 18 stacks per endcap
v 2 triple GEM detectors per SC (Gas gap: 3/1/2/1 mm) v 6 layers of triple GEM detectors per stack
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GE2/1 (installation before LS3) RE3/1, RE4/1 (installation before LS3)
v 18 superchambers (SC) per endcap _
v 2 triple GEM detectors per (SC) v 72°n.ew IRPC chambers
v 20°ing v 20°ing
V16<n <24 v 18<n <25
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& For HL-LHC CMS will keep its two-tier trigger concept

> Level-1 (hardware based) Trigger

O

O
O

O

Extensive use of state-of-the-art FPGAs

ncrease bandwidth: 100 kHz = 750 kHz
ncrease Latency: 3.8 us = 12.5 us
Higher granularity (calorimeters & muon systems) and tracking information

o Sophisticated object reconstruction and correlation

O

Enhanced physics selection & Scouting system

> High Level (software) Trigger

o Optimize reconstruction: Improve physics reach, maintain thresholds while
increasing efficiency and stay within computing resources.

Reduction rate (100:1) 1 kHz = 7.5 kHz
Data throughput: 2.5 Gb/s = 61 Gb/s
Heterogenous architecture - CPU/GPU

). Kownigsberg @ TIPP 2023
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The CMS Trigger upg

The Phase-2 Upgrade of the
CMS Level-1 Trigger

Technical Design Report

The Phase-2 Upgrade of the
CMS Data Acquisition
and High Level Trigger

Technical Design Report
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® General Features:
# Maintain and expand on current physics capabllities in
high-PU environment

% Utilize all information from upgraded detectors
* [ndependent Calorimeter/Muon/Tracker paths
* system for particle flow and mixed-object triggers
+ Global Trigger for trigger menu implementation

* at 40 MHz: physics with L1 info only

& Qutput

Detector Backend systems

STA ely 1 Primary Vertex (PV)
Global Muon Trigger —
STA Calo Tw/Jets/Hr STA Tracker Jets/Ermiss/Hr

TM e TM tracker-iso e Tracker-iso y
PF Candidates' PUPPI Candidates

External Triggers

The Level-11n

er U

rade >

a0

Detector back-ends input to the Level-1 Trigger

l HF ¢ ECAL‘ HCAL ¢ HGC L Tracker l GEM L MEO
HF Barrel Calo HGC L2 Track Finder GEM/MEO
BCP BCP Serenity Apollo X20
ORSXx1TS || 120RSXx1TS ||6RSXx18TS | | 9RSXx18TS || 26 RSx1TS

v

GCT
APX
mixed

RCT
APX

GTT vtx

GTT sta

cScC |RPCe

OMTF
X20
6RS x 1TS

GMT
X20

1RS x 18TS

DT lRPCb

30RS x 1TS

BMT Filter

12RS x 1TS

24RS x 1TS Serenity APx
1RS x 18TS 1RS x 18TS
YV v| VvV v
CTL1b CTL1e
APXx Serenity
3RS x 6TS 3RS x6TS
v v
CTL2 algo CTL2 algo
APX Serenity -
3 algos x 6TS 2 algos x 6TS >
| | >

GT algo

Serenity
12 boards = 1000 algos x 1TS

Data Scouting
DAQ800

PUPPI tw/Jets/Etmiss/Ht

Correlator Trigger

j Menu: masses, An, AO®, Ar, BDT/NN, ...

Dilsncns D $osrarersy v ioesnd
Il1adSCe~=Z UIUUe! project
AoC~& (L JOUYCT PDIVJC UL

). Kownigsberg @ TIPP 2023
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GT OR
Serenity
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ATCA digital processors
w/ Xilinx VU13P-2 A2577 FPGA
running @ 25 Gbps
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The Level-1 Ingger u

& Quite a jump in complexity

| HL-LHC L1 Trigger
Current L1 Trigger

!
- HF ECAL| HCAL HGC Tracker GEM | MEO | |CSC [RPCe |DT |RPCb
Muons Calorimeters ! JECALY ! ! J GEM | MEO I
HF Barrel Calo HGC L2 Track Finder GEM/MEO | ! BMT
[ e 1 [ e ) o e - oL BCP BCP Serenity Apollo X20 : BMT
TPs Hits TPs TPs TPs TPs O9RSx1TS 120RSx1TS || 6RSXx18TS || 9RS x 18_T§ | 26_R§ x_1 ;I'S_ | 30RS x 1TS
) L, . RCT BMT Filter
Muon Link =% GTT vtx GTT sta BMT
Port Card Board 24RS x 1TS Serenity APXx OMTF 12RS x 1TS
. /X / 1RS x 18TS 1RS x 18TS
+_l I 9 X20
. ; 6RS x 1TS
Layer 1
CPPF TwinMux Calorimeter
[ ] [ ] Trigger
GMT
F'e—"11 L—’ l l vV vyl VvV VY y X20
Endca > CTL1b CTL1e 1RS x 18TS
p Overlap Barrel Layer 2 )
Muon Track Muon Track Muon Track Calorimeter APX Serenity
Finder Finder Finder Trigger 3RS x6TS 3RS x6TS >
| J, l l y X v >
l Jr CTL2 algo CTL2 algo Data Scouting
Global APx Serenity —> DAQS800
Muon Trigger 25N 3 algos x 6TS 2 algos x 6TS >
] ] >
v v v \ v

GT algo
Serenity

GT OR
Serenity
OR x 1TS

Y Y

[ Global Trigger ]

12 boards = 1000 algos x 1TS

). Ronlgsberg @ TIPP 2023 12
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The Muon Trigoer uparagde —

a0

® Big jJump in complexity here as well

0 0
: oz1/1z2/1] vmo :
i i
- o -
Current L1 Muon Trigger 0 DAG X20 0 :L i
i i

- - --y Concentrator ? Concentrator ?
i : : TMUX=1
| J - * = E . # = E . m . : arrel Filter 4 v stubs ¢' l stubs
. 2.5 us
(0)

X20 X2
i MO8

0 I
I 0
hl 1 Track TMUX=18 TMUX=18 :
v ¥ l ¥ l I Finder .
Endcap Overlap Barrel o0us = I 9§ e - - - - - : HI_'I_HC |_1 MUOHTFIQQGI’
Wender | | Finder | | Finder : | : Architecture

T 70us = : TMUX=18 l' standalone u’sl(pa.ss through) I
I B = =N N BN lEIE =B B =F BN E|IDm =H =B == . I TMUX:6 I
I 1 . : I
I I 0 l : I
I I - : I
. ' : - CorrelatorLayer2 < :
i I 1 all muon i
] i ] l' types I
i | I > — .

J. Ronlgsberg @ TIPP 2023 13
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® L at's deconstruct this some Muon Irigger architecture - >

& At the core there are 3 systems [the focus here]
#» EMTF/OMTF = Endcap/Overlap muon track finders

az1/1 fanz/1] MEo0
2 sea o J o J o ] e
* Reconstruct standalone muons from p systems in the A )
corresponding region Concentrator ? Consentraton o
e Prompt and displaced [new] for long lived particles qwux=: T -l- F——==5 l- -
. . Barrel Filter stubs Jr l stubs 0
* QOutput to GMT [including all muon stubs] and standalone -, | . .
directly to the Correlator and the Global Trigger 0 S““b%m :
i
. 35us —+ MXETE I Stubs standalone p’s + all stubs 0
# GMT = Global Muon Trigger (~2ps) : L § Foc ]
+ Operates at 18 time multiplexing factor N o 1 e :
Ous — 1 N .1 - :
# Reconstructs standalone barrel muons | n e R R R = mim = .- 0
70us — TMUX=18 standalone uj(pass through) :
e Prompt and displaced
* Matches tracker tracks with muons and muon stubs l
from all muon systems
® Runs topological algorithms e.g.: 05 s - - | | | pes
oo
¢ [rack-isolated muons v

e Tau=>3u BSM decays

. o
+* QOutputs these objects to the Correlator and Global Trigger

J. Ronlgsberg @ TIPP 2023 14



e Upto~20 interfaces <>

o) INPUtS @25/10/3 Gbps
O 10 with the p detectors @ TMUX=1
° Will aim to reduce down to ~6
o muon stubs
O 1 with the Track Finder @ TMUX=18
o Tracker tracks

o Internal @2scbps
O 1 between BMTL] and OMTF @ TMUX=1
o muon stubs
O 1 between BMTL] and GMT @ TMUX=18
o muon stubs
- 2 between OMTF/EMTF and GMT @ TMUX=18
o standalone (SA) u's and hybrid stubs
o) Outputs @ 25 Gbps
O 1to the CL1 @ TMUX=18
o standalone (SA) u's
O 1to the GT @ TMUX=18
o all muon types
O 1to the CL2?

We have defined the data structure/payload for all these

J. Ronlgsberg @ TIPP 2023

2.5 us

3.5 us

5.0 us

7.0 us

9.5 us

NMuon Trigaer Interfaces

1o’
Concentrator ? Concentra.tor ?

stubs

kﬁtubs

‘l' stubs

EMTF

X20

Track  TMUX=18 18
Finder ’_’ ‘W_

TMUX=18 standalone L‘a.ss through)
TMUX=6

—>—

~ Barrel Filter -
TMUX=18 StUbS standalone s + all stubs |
UX=18

TMUX=1

15



EMTF ==> GMT interface data structure

Range | Field Bits | Format Notes M u O n Trl 9 9 E 2
<> Standal

one Muons [64 bits]|

12-0 | p 13 | unsigned int, LSB 31.25MeV | saturates at 256 GeV
25-13 | ¢ 13 | signed int, LSB 27t/2" at PCA to beamline
38-26 | 7 13 | signed int, LSB 27t/21? at PCA to beamline
43-39 | z, 5 signed int, LSB 1.875 cm range +30cm
50-44 | d, 7 signed int, LSB 3.85cm range +246.4cm
54-51 | quality | 4 tbd zero if null muon
55 charge |1 0 = positive, 1 = negative
59-56 | B 4 unsigned int, LSB 6% linear in 0-1 range
63-60 | spare |4

@ 5 hybrid stubs associated with this muon [64 bits]
3-0 quality | 4 tbd zero if null muon
64 BX 3 bunch crossing
197 | ¢y 13 | signed int, LSB 27t/21? global coordinate
32-20 | ¢, 13 | signed int, LSB 27t/21? global coordinate
44-33 | m 12 | signed int, LSB 27t /22 global coordinate
56-45 | 1, 12 | signed int, LSB 27t/212 global coordinate
61-57 | time ) 5 | signed int, LB 25/32ns GMT will send 12 track-matched muons, sorted by pT.

63-62 | spare | 2

Isolation and beta included (“TrackerMuons”)
Each track-matched muon involves 96 bits.

e Send to GMT a fixed number of SA U’s Range | Field Bits | Format Notes
o 64 bit info for prompt muons (up to 4/sector) Four-vector frame [64 bits]
o 64 bit info for displaced muons ( up to 4/sector) 0 valid 1 0 = null object, 1 = valid object
o  SAinfo contains p, eta, phi, zO, dO, beta 16-1 Pr 16 | linear, LSB = 31.25 MeV Saturates at 256 GeV
o With each SA muon include up to 5 of its hybrid stubs [64 29-17 | ¢ 13 | two’s complement, LSB = 271/ (2'3)
bits each] o 43-30 |y 14 | two’s complement, LSB = 271/ (2!3)
o Deserialize, sort, and prioritize at the GMT 53-44 | z, 10 | two’s complement, LSB = 0.05859 cm on +30cm | Same as track trigger
i 63-54 | d, 10 | two’s complement, LSB=0.03cm on £15.4cm | Reduced to 10 bits
e Send to GMT up to 32 loose hybrid stubs Next frame [32 bits]
o right behind the SA muon information 0 q 1 0 = positive, 1 = negative
o 64 bit info for each [=> will add geometrical address] 81 Q 8 Track-match related
_ . 12-9 Isolation | 4 undefined, ignore for now 3 thresholds for absolute,
o Payload [estimate in backup] 3 thresholds for relative
o 1link per TF board to each GMT board @50% occupancy 16-13 | B 4 16 bins, LSB = 6% Linear increments in [0,1]
o Each GMT board gets 12(EMTF)+6(OMTF) =18 input links 31-17 | spare 15 Reserved

10
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# Modular design w/ three separate (halogen-free) modules
* Power/Control/Monitoring module

e AMD/Xilinx Kria Zyng FPGA
+ Optical Module

e QSFP optics 30 cages 120 Rx + 120 Tx links @25Gbps
® Processing module

e \Vith Xilinx VU13P-2 FPGA, running all py algorithms
< 3.7M LogicCells, 1.7M LUTs, 94Mb BRAM, 12k DSP

# System size
*EMTF/OMTF/GMT = 12/6/18 boards, 36 in total

% Status

® \/ersions of each module are at, or very close to, final production
Specs

® Extensive tests performed on single boards
e Signal integrity
® [emperature
e (Optics BER

). Kownigsberg @ TIPP 2023

& EMTF/OMTF/GMT Hardware MUOH Tﬂ or hardV\/ar@ .
# Unified home-made ATCA platform (“X20”) -—————————————————-9-&—————————- A

2.5us —

3.5us —

50us —

7.0us —

9.5 us —

CI\/\S\

o211 oz22] mo’

-m
X20

Barrel Layer-1 |- T - IT -
stubs‘lr

stubs OMTF
X20 X20

e u’s +all stubs |

BL1

Barrel Filter

one Y’s s thro .
TMUX=6 :
Correlator Layer-2 e--!
all muon
l types
TMUX=1
Global Trigger -

Optical Processing Power/Control

X20 ATCAJuf“rJ‘nuIar blade
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X20 QSFP signal integrity (electrical)

All positions tested with latest optical module and QSFP

BER

10—13

X20 thermal performance

e FPGA temperature of 85C with
200W at fan level 10/15 )

e QSFP temperature < 50C with 40% . N/VAW
airflow on all cages ) Side 1 Side 2

e Three board side-by-side test with all
optics on shows optics T< 50C with

25C input air and airflow at 40%
o QSFP optics specified up to 70C

90

= Fan Level 8
= Fan Level 10

(o)} ~ ®
o (=} o

FPGA Temperature (C)

w
o

%o 80 100 120 140 160 180 200
FPGA Power (W)
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10—1 N

10—3 A

10—5 d

10—7 .

10—9 4

10—11 E

Addon QSFP
100G SR4
120 channels

-6 -4 -2
RX power (dBm)

0

Number of channels

40

354

w
o
!

N
W
1

N
o
1

—
w
1

[
o
1

(%}
1

o

Muon trigger board tests

Addon QSFP
100G SR4
120 channels

-3

—d

-1 0 1 2 2

TX power (dBm)

New results with proper precision attenuator for 120 optical channels
BER measured as a function of average optical power for different

attenuation

No errors for attenuation levels of 8 dB or more for all channels.
Lower TX power - higher RX sensitivity — ~7.5 dBm margin

All looks very good.

CMS,
O

—
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Muon [rigger algoritnms in a nutshell

& Standalone Barrel Muons: BMTF 9""3""8“25"‘"200"“
# Runs on the GMT board R N

Efficiency

Efficiency vs pT

# Uses DT and RPC hits

 Phase-2KBMTF
| .~ —=—L1MuonP,>5GeV
............................. .......... -—--—L!MuonPT>1OGeV
.~ —=—L1MuonP; >20 GeV

# Qutside In Kalman Filter track building

............................................................................................................................

# Allows for displaced muons [not beam constrained]

| | | | | | | | | |
40 60 80 100
gen. u PT [GeV]

T T T T 1CMS Phase-2 Simulation 200 PU
Key >
g
Electron § 09# ++ #¢+#++
Ch arge d d ( gP ) 3 .
5 T+
gty T
4 -
Update o7k J( #ﬁ: Efficiency vs dxy
0.6}~ H *
gy e LTy Jr 1
., L DY . 0.5 11 Muon P,> 10 Gev Good eff up to ~100 cm
Tracher < ‘ - '_"*:” ' L ' - BMTF ;
) : 1 _ rgpagate |
gy 7 0.4[ -+ Displaced KBMTF ++‘f I
Calorimeter i ; Hel L S
. Hadron Superconducting ” j; 0.3 o a e o onhln
Vertex Constrained Calorimeter solenoid  \lertex Unconstraine IIINE . Displaced KBMTF (L1 d 275 cm)
Measuremen easuremen § .
i i 0.2} +
0.1} -0-' ' t
olackactiad s b +f+ | L‘
0 20 40 60 100
gen ud (cm]
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Muon [rigger algoritnms in a nutshell

CMS Phase-2 Simulation 200 PU

& Standalone Overlap Muons: OMTF
# Naive Bayes Classifier

Efficiency

0.8

i e e __________ on—

@ Uses pre-determined pr binned hit patterns from oo [ pmmazoer |
DT/RPC/CSC S

- P — &' ™" 2 10 GeV
04_ ...........................

| pL1 muon . o0 GeV
5 é T

# Probabllistic comparison of actual hits selects ¥

¢ |

best muon track ;

o 0’1 | | | | | | | | | | | | | I | | | | |

0 20 40 60 80 100
Generated muon P, [GeV]

CMS Phase-2 Simulation 14 TeV, 200 PU
ﬁ SR SR S S S RESR I,;fllﬁ s ZIII;,I e

R B — — - — s S, S—— Rate VS pT

Rate [kHz]
=

~10kHz @ 20 GeV threshold
- oiTAgnd [target for these track finders]

Sl 1000 fb™! Aging
s |=—NoAging

2,
T
¥

| | [+ageing simulation]
= =
10 B

: _ ! : :
: F 1 ] : :
- - p—r .
; — [ — —
: : : - T
: : - :
: —

P

S

1 I IZiI.IéZ.II,ZinLI e — ILII; e Z R ;IZII,LII.Z e Z — R
:iﬁili H IH Iiﬁilﬁ [l Iliﬁ.ﬁili Iliﬁlf'lfﬁ'lﬁ Iiif[ﬁ ““{ Zlfiililﬁﬁﬁlﬁ ]“ 11[1 Iliilﬁflﬁ '{'Ilﬁﬁlﬁﬁii lll“ Iﬁlii
0O 10 20 30 40 50 60 70 80 _90 100

L1 P, (GeV]
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& Standalone Overlap Muons: EMTF

# Fiducial pattern segmentation {eta, 1/pt} of the
detector layer consistent with y trajectories

# Uses CSC/GEM/RPC/IROC/MEQ hits

@ A pattern fires if enough hits on it | Efficiency vs oT
- iciency v

% Hit information {eta, phi, phi-bend, time, , B L
quality} is input to a Neural Network to assign L1 pr=20 Gev-

ot and displacement

, T R IS B S
% Patterns can also be tailored for displaced ps P00 @ e s 100

gen muon prt [GeV]
Patterns for one eta region: layers (y axis), 1/prt squares

Rate vs pileup

CMS Phase-2 Simulation 14 TeV
| I

-N- LA L O I UL B B B B
L L1 Muon p_> 20 GeV ]
° . EMTF; 1 current
B ijifg;d:g/f;;a/é%r;o(jes g 1 OO __.EMTF++V+_— algorlthm
ME1/1 ME1/2 ME2 ME3 ME4 RE1 RE2 RE3 RE4 GE1/1 GE2/1 L N N B
0 v v v v v v v v v v v v 4 | | | | ] .
6 v v v v v v v v v v v v | ‘ ] new algorithm
output node: | : : : : : : ] v
bend v v v v v v | P | f f f @HL-LHC ,
quallty S S , S S , ii(;r;EUt*D 50 _ ..................... ,,,,,,,,,,,,,,,,,,, ‘ ................... ,,,,,,,,,,,, F}tJ depeﬂdaﬂce redUCUOﬂ
time - | | ;
. | | .-
! v
0 47170 I ’i- : L1 I L1 I L1 | 11 | (| | [
O 50 100 150 200 250 300 350 21
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® GMT Tracker Track matching Muon trigger algoritnms in a nutshel

% Everything in one box!

« |nput all Level-1 tracks from outer tracker TMUX=18 Cﬂsphéffzs'w"'m . 200 PY g o
Y - 3 wgw Efficiency vs rapidity

Yy

‘ i

.
%

0.95

Eﬁicienc

+* |nput all reconstructed muons, and muon stubs,
from all muon detectors

0.9

Track matching to stulbs
fills in the gaps

= O
S
=S

0.85

# Propagate tracks to match muons/stubs in eta/
ot windows at different muon detector stations 0.8

L1 Muon P > 5 GeV |
—— Track . KBMTF
<= L1 Track + Muon Stubs Rate vs pT threshold

# Create track-matched muons with different 0611111 dovdeeideidd,

08 -06 04 02 0 0.2 0.4 0.6 0.8

qualities Generated muon 1 Track matching reduces rate
+ Many choices on this significantly

CMS Phase-2 Simulation 200 PU

i CMS phase-2 Simulation 200 PU
1 B : : : : : : :

+ Magnetic field / multiple scattering / detector -
resolutions 0.7

llll'lllllllllllllllllll'llllllllllllll

+ Can fill in the gaps from muon track finders

Rate [kHz)

Efficiency

! ¢ o T
. | <|n| <
# Use the pT of the tracker track instead of muon o8- ¢ =] g"-f-z?l«'rkr; ;‘:‘TF

4 .- 4 Tracks + Stubs

O 4-_ + —+— EMTF++ 10

' ] " B e e e e e e e :
* Much better resolution, sharp turn on, reduced rates 06k ECTOT
! ¢ - T
L1 muon p_>20 GeV 5 ;‘.. -.--o-
A."_°_,__,,___, .......................................

LI | llll"'

- - $ @ —4— Track + EMTF++
EfflCIGﬂ Cy VS DT : —+— Track + muon stub

0.2 : : s m e |
i : | [EHINIE] :
: i i"ﬂln%ﬁfﬁﬁrmm 11
TraCk atChIng I ‘ llllill llillllillll llllllllLI|I|ill|I|||I|||I|||II||‘||I|||I|I||I|“|I|ll||l|| |||h|_|”|_

@IlllllllllIlllIIllllllllllllllllllllllll
sharpens the turn-on 00020 30 40 50 60 70 80 90 100 0510 5 20 25 d?d%tessthrgghoi:[sGevsio
Generated muon p_ [GeV, P
T F

LI lllllll

-
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& GMT topological algorithms

@ Exploit that info from all y detectors in one place
@ Exploit that all tracker tracks available as well
# Can see if a muon is isolated from tracks
® Relative or absolute isolation @ different pt thresholds

# (Can gather several muons into a single object such as a
BSM tau=>3p decay

® [ind suitable triplets, reconstruct invariant mass

—&— Nolso

10 1 —o— rellsoM
: —8— rellsoL
10° 1 —e— abslisolL

—®— abslisoT
—8— absisoM
-8 rellsoT

107 1

Rate (kHz)

10! ;

109 -

0 20 40 60 80 100

1.0 -
0
frar N
© 0.5
0.0 L L] 1 1 L L]
0 20 40 60 80 100

TrackMuon threshold (GeV)

Rate vs pT threshold
Isolated muons vs all muons
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TrackMuon efficiency

1.0 -

o
(e

o
o

(=
H
L

o
N

Muon trigger algorithms in a nutshel

muon pr > 15

4 —@— abslisoT

]l o rellsoT

J—;

0.0 -

—&— No isolation
~®— abslisolL
~8— abslisoM

-8 rellsoL
- rellsoM

oI

0 10

20 30 40 50

Efficiency vs pT

Isolated muons

28
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-~/ N
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—— True ppp —— Closest puu
s |
60|
50[ .
[ e
a0l
- Finds the correct
An | triplet in 91% of
o0l cases @ PU 200
10
0:...11.... T P T
0 0.5 1 1.5 2 2.5 3 3.5 4

m,.. [GeV]

Hpu

Reconstructed yuu mass as a cluster of 3
closest TkMu.
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Muon Irgg

& Advanced firmware development on all fronts
@ A corresponding software emulator to compare with

& All development on VU13P FPGA

Example: Firmware pipeline for EMTF algorithms

CLB LUTs
LUT as Logic
LUT as Memory
LUT as Distributed RAM

117166
107691
9475
1261
8214

—

—>>

Delay line

suppression and
sort every 4 cols

Pattern Intra-column
Matching sorting

LUT as Shift Register

CLB Registers 90825
CARRYS

F7 Muxes
F8 Muxes
F9 Muxes
Block RAM

10755
328

Tile
RAMB36/FIFO
RAMB18

URAM
DSPs
Unique Control Sets

Track
Building

. Split Hitmaps into 9 Sort down
Primitive Build sections

Conversion Hitmaps (32 cols + padding)

to best 4
tracks

Pieline Resource usage is less than 25% of chi
2nd N . Less than12% of LUTs, DSPs, and BRAM
. . Missing: Hybrid Stub Logic and Algorithm wrapper

| sommck | wommo | Main aI%orl'rhm Is split across 2 SLRs, both less than 50% full

— - ~ 100 ns B 255 ~225ns LR3 - Pattern matching and_sorting roads
« SLR2 - Primitive Conversion, Track Building, and NNs

SLR3

Split tasks by SLR (Super Logic regions). Total ~400 ns latency !

). Konlgsberg @ TIPP 2023 24



& OMTF

Muon Irigger firmware overview

Overlap region firmware

# Also moving towards a Neural Network, as Endocarp
Resources
Reference hit Module LUT LUTRAM FF BRAM DSP
extractor Neural network 164690 ( ) 47 ( ) 19015 ( ) 0 (0%) 441 ( )
Reference hit and layer data
- I — OMTF 184718 ( ) | 18127 ( ) 108223 ( ) 252 ( ) 0 (0%)
I' _ Pref GPE!‘ L o OMTF+NN 349408 ( ) | 18174 ( ) 127238 ( ) 252 ( ) 441 ( )
| =
o e | &
c -
(Y " 1 | f S
O}
n I *g ]
= v I Timing
GPPy T35 &
Data saleaior ] 2 3 | Module CLK LATENCY i
¢ ::mein Tmiexe___ __! Neural network 160 MHz 16 cycles 1
0
0
)) n[:?\x;?L > out : OMTF+NN 160 MHz 45 cycles 1
cow\f)eljrtter 0 —>» Out 1 -
Neural Network ]
: Modest resource usage and small latency of ~280 ns

Reference layernumber ws w w = = = = = =

). Kownigsberg @ TIPP 2023
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T~

- - , CMS,/
& GMT firmware Muon _Irigger firmware overview

# Different SLRs for different tasks Global Muon Trigger firmware

# Also fitting well on the FPGA

MTF’s info

X20
VU13P-1

B framework+links "] EMTF ghost cleaner
KMTF regionizer [ OMTF ghost cleaner
13%/25% B KMTF STA muon sorter
B KMTF ghost cleaner Tracker Muon reco

13%/25% /

Barrel
129D
Barrel displaced
KF-SA

16%/25%

Tracker
tracks

Track veto
for

displaced u
Track
isolated
u’s

Global Muon Trigger “GMT?” & Integration slice tests in preparation
# At CERN b904

# Board-to-board integration

@ With other trigger systems

). Kownigsberg @ TIPP 2023 26



& CMS has developed an advanced Muon Trigger
@L1 for the HL-LHC era

@ Will preserve/expand the CMS physics program
# Fast, modular, flexible

Trigger Primitives Trigger Objects L1 Algorithms Physics Channels

& Much progress towards implementation

HH —ttbb, H = 1T

# Algorithms, emulators, firmware, hardware cALTP S
e . . : — \ HH—'bbbb

SM/EWK
Precision physics

# No show stoppers foreseen

B-Physics

& Integration slice tests picking up

& Expect to produce all boards next year ',

& |Installation of the final system...to follow

& [hen commission, take data and...
discover something |

). Kownigsberg @ TIPP 2023 27
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. Ronlgsberg @ TIPP 2023

08/02/2023 G. Petrucciani (CERN)

L1 Data Scouting: overview

* What: acquire & analyze the L1 information for all events (40 MHz)

* Why: look for physics signatures identifiable with just L1 information
but that would evade the L1 - HLT - Offline chain, e.g.:

* How: FPGA-equipped boards that receive L1 data via optical links and
transfer it to PCs and the software world via TCP/IP or PClexpress

* When: HL-LHC, but is being demonstrated already in 2018 (muons),
Run 3 (muons + calo) limited by L1 reconstruction quality
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