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CMS Track Findirf@uickStarguide

A 40 million protontproton collisions every second

A Thousands of charged particles produced in each
collision

A Reconstruction of charged particle tracks and
vertices

A High-granularity pixel detectors for precise vertex
reconstruction B e v e g 27 gt s o
A Radiation-hard detector technologies for+10 -~
yearsof operation =t

\1\\\ \‘§\\

A Minimal material budget to reduce multiple
scattering and electron bremsstrahlung




Track Finding and Trigger glossary

A Pileup: simultaneous proton-proton interactions per bunch crossing, LHC currently ~60, rising to 200
in HL-LHC

A Pixel detector : Silicon detector divided intomicrometre pixels, innermost detectors, highest
granularity

A Strip detector : Silicon detectors with readout strips, good measurement in one direction only, cheaper,
lower data rate

A Pseudorapidity ( vAngle from beamline, logarithmic
A pT: Transverse momentum, momentum in the-I~ plane

A Module: Detector element containing the silicon sensor, readout electronics, power and other
infrastructure
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Hardware




CMS Detector Overview

measure momentum
in plane transverse
to detector (“pr*)

Silicon
Tracker

Electromagneti
Calorimeter 7/

Hadron

Calorimeter Superconducting
Solenoid Iron return yoke interspersed

with Muon chambers
Om Tm 2m 3m 4m 5m 6 m

Key:

Muon Electron Charged Hadron (e.g. Pion)

Neutral Hadron (e.g. Neutron) Photon




CMS phasd Tracker
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/" Inner Tracker ) (" Outer Tracker A
A Records particle trajectories up to an A Instrumented up to | =2.4
| "of 3 A Single sided modules
A Pixel sensors150x100, m?2 pixels _ A Double sided modules

\_A Layer 1 replaced in 2021 )




CMS phasd Tracker

2007 Strip + Pixel integration test

Inner Tracker Outer Tracker
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Super Collider

| MEGADETH CRTITT
- | SUPER COLLIDER e
) — = |
KINGMAKER 416 / SUPER COLLIDER 41 / BURN! 441 / BUILY FOR WAR 3.57
(OFF THE EDGE 41 / DANCE IN THE RAIN 445 / BEGINNING OF SORROW 351
THE BLACKEST CROW 427 / FORGET T0 REMEMBER 428 /
DONT TURN YOUR BACK. 347 / COLD SWEAT 310




CMS Trigger system architecture

Collisions at 40 MHz

Level-Na LWUMMLW~c A3 WUINMMLIt ¢

T o Latency of < 10 pis

o0 Implemented in hw / fw

Level 1 Trigger (L1) o Calorimeter and muon spectrometer

Coarse reconstruction, limited detector systems, hardware-based (ASIC/FPGA) information only (at a reduced level)

100 kHz

i
High Level Trigger (HLT) ¢ x Na WUINMMLLt ¢ A LIS LN tOP LUt
Full detector information and online resolution, software-based (CPU/GPU) o Ideally, timing within a fewms

| o Streamlined version of the CMS offline

~1.5 kHz reconstruction sw
+ o Exploits full detector information by

Standard Stream including the track information

Immediate offline reconstruction
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Levell Trigger phase 1

CMS Level1Trigger _ Calorimeter Trigger / Muon Trigger \
o Levell HW trigger, low granularity
0 4 s, 110KHz rate, 99.7% rejection ECAL [ HCAL J [ HCAL ] [ csc | oT | RPC
Sara HB/HE uHTR HF uHTR J CuOF L J
v
LB
New SC
& fan-out

0 3 muon track finders to reconstruct muon
candidates in different detector regions

0 Reconstructed muons are sent to Global _
. . [ Calo Trigger Layer 2 |

L1 Muon Trigger [ Calo Trigger Layer 1

~—

Muon Trigger for final muon selection

/

1

L1 Global Trigger 4
o Collects Muon & Calo objects
0 Runs 128 different L1 algorithms
0 Accept or discard decision Global
. b Y,
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High Luminosity LHC

A Target luminosity of HELHC 30004000 fly!

A Increased sensitivity to rare BSM processes and
precision Standard Model measurements

A Up to 200 simultaneous protonrproton
Interactions per bunch crossing at40 MHz

A CMS originally designed for PU ~25
A cannot cope without loss in physics performance

A Phase1 Tracker not designed for High Luminosity
A Will not survive further radiation

A A comprehensive CMS upgrade is required

A Trigger & DAQ system with exceptional
performance is needed

LHC / HL-LHC Plan

.
13 TeV 13.6 TeV 13.6 - 14 TeV eneray
Diodes Consolidation
splice consolidation cryolimit LIU Installation d
77ev _8TeV  bution leraction nner tiplet HL-LHC
R2E project regions CIvll Eng. P1-P! pilot beam radiation limit installation
SN | I N e I N ||||||Iw
ATLAS - CMS
experiment upgrade phese 1 ATLAS - CMS omi2 S
"""""" S nominal Lumi 2 x nominal Lumi ALICE - LHCb | 2 x nominal Lumi HELy s
—_ I
75% nominal Lumi /— e
-1 integrated [EIVRIES
30 fb m m luminosity eI VR v

HL-LHC TECHNICAL EQUIPMENT:
‘ INSTALLATION & COMM. ‘ PHYSICS

CONSTRUCTION

PROTOTYPES _—

HL-LHC CIVIL ENGINEERING:

DESIGN STUDY

Simulated event display with average pileup of 1492
HL-LHC expected ~200PU



CMS phas& Upgrade

Barrel Calorimeter

» New BE/FE electronics

« ECAL: lower temperature
HCAL: New Backend electronics

Muon System
« New DT/CSC BE/FE electronics

« GEM/RPC coverage in 1.5<|n|<2.4
* Muon Tagging in 2.4 <|n|<2.8

, HGCAL

‘W |+ High-granularity calorimeter
4 *+ Radiation-tolerant scintillator
fl -+ 3D capability and timing
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A Brand new timing layer \
Tracker

_ « Radiation tolerant, high

A Brand new Levell Trigger granularity, low material
budget

 Coverage upto [n|=3.8 £

* Track Finder @ L1 (|n|<2.4)

A Brand new endcap calorimetry

A Brand new muon system \

~ | Trigger and DAQ
» Track-trigger at L1

* L1 rate ~ 750kHz

* HLT output ~ 7.5kHz

Coverage eta < 3. Barrel:
LYSO:CE crystals SiPM.

EndCap: Silicon Sensors
(LGAP). Timing ~ 30-40ps 13




Levell Trigger phas2 upgrade

L1T will now receive significantly more precise inputs o )
SWEHIONWqYWRYIGe qlWag!l RNONLITIIYHTIAEmt s RaGINGLIT nY] ¢
comparable to offline reconstruction

Calorimeter trigger Muon trigger Track trigger

Detector Backend systems

TP

LevelTl Trigger o
U Tracks from outer tracker in L1T @40 MHz
. Global C_alorimeter Globgl Track Global
U HHEIJDGaqc UHIIWI ¢c7§0kazly NN MWt c Trigger Trigger
U Latency: ~4 5185 1 12.5 us
External Triggers

UEqcqllWYnlWagséJWe !l quw A] + WS

U High granularity information @L1 T from calorimeter l
and muon detectors. (particularly HGCAL :
in the endcap)

u Particle Flow (PF) brought to L1T

U Pile-Up Per Particle Identification (PUPPI) for
mitigation of extremely high PU environment 750 kHz Phase-2 triooer profact

PF

Global Trigger GT
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CMS phase Tracker

Phase-0/1 Phase-2
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NB: blue & red here have different meanings vs Ph-0/1

The new Tracker will have the same general envelope as the old
U Solenoid, Vacuum Tank, Barrel Calorimeter unchanged from Phag#/'1

But some differences already obvious at first glance
U Highh GR+ i Wal ¢Ht RUNWS WRAGGI Y21IT WTWqWl WHYUL ql eHqRYU
0 NRGqUT WRUOUWI WHeE!I | G W3 WnWs I WaYT 203t W It GRqUWERNG
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CMS phase Tracker
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Inner Tracker Outer Tracker ~
A| TUpto4 A Instrumented up to | =2.8
A Pixelsensors 25 x100 & 50x50 m? A Tilted geometry
pixels PS modules-> pixekstrip modules

A Replaceable 3D pixel inner layer

2S modules->two strip modules 16



Inner Tracker
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2G pixels vs 125M phasd
3892 Modules,1x2or 2x2readout chips

TEPX Disk 4 Ring 1
dedicated to lumi

TBPXr Tracker BarrelPiXel4 Layers
TFPXr Tracker ForwardPiXel8 small double disks ~ {3em " bl S 2005 modules

. . ; 4 disks, 5 rings per disk
TEPXr Tracker EndcapPiXel4 large double disks
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Outer Tracker
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4464 modules on
372 ladders

2872 modules on
80 flat planks,

72, tilted rings

5960 2S+PS
modules on 10
double disks

TEDD

:

cC:. .

Two types of modulePixel Strip (PSand Two
Strip (2S)

Tracker Barrel PSBPS

Tracker Barrel 29B2S

Tracker Endcap Double Disks TEDD

213M readout channels (vs 9.3M)
Novel tilted geometry

Significantly reduced material budget
Participation in the L1 trigger

18



Outer Trackep modules

Most significant innovation is participation in the L1 trigger

i Tracking information in Phase= s RO G WA WE 2 ¢ RO ¢ AG U WE qUWNMW~c AALWs Ra 6 WM, + Wac¢

Outer tracker requires doublesided py modules
A Hits from 2 independent sensors correlated in the fronend ASICs

A Al Y2RT 13t Wt 6YI1 qllg!l ¢ #t W 3N GpoXRGeVillbi bt g2 A wb AWHREY UL Rt qJUq Ws Rq

A pTthreshold is achieved via the size of the strip correlation window
A The 2GeV cut reduces rate to backend electronics by a factor of 10

A Real time tracking performed with stubs in Tracker backend electronics

high transverse
momentum

programmable
search window

BO ... . 1 S : Each ROC reads part
of the two sensors

1.6 -4.0 mm
[ S—

low transverse
stub momentum



Outer TrackekPSs/2Smodules

This functionality requires a relatively complex module design for the OT
U Strip-strip (2S)at outer radii, pixel-strip (PS)at inner
U Sub-variants of each with different sensors spacing

1.8

~13200 modules
22 total in the OT

|||| | 24

NN NN NN T T S RNl ! i 1
I I I I I |28

400 S5 5 5 5 TR Y Y N N il I I I, - 28
IO W ||II ||II . 3.2
200 F— k T
T ! ‘ I ‘a ; B H b 4.0
1 1 i‘ 1 i‘ !III [ |III 1 II 1 |I ‘ I|III 1 1 1 1 1 1 1 I 1 1 1 1 | 1 " 1 1 1
0 0 500 1000 1500 2000 2500 n

z [mm]

2S Modules

A Two strip sensor layers

A 90_ dpitch

A High resolution in&, poor resolutionin z () in
A

PS Modules

A One Pixel, one strip layer

A 1.47 mm long, 10Q CGwide pixels
give z0 resolution for a track of 1 mm

A 100, apitch strip sensor

A Angled barrel region increases efficiency

%ec%’w”%
2S module\

the barrel (endcap)
Lower occupancy and bandwidth motivates
their use in the outer layers
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Readout System Architecture

E _ Detector nonant 1:
ook z+,2- (24 DTCs) "’ Level-1 Trigger
: T h Time-multiplexed =3
S00r - processing slice . -
L
0— Processor
r nonant
5001 R
Detector N time s!lces per M regions :
nonarEt e.g. 18 time slices x 9 regions R e
1 | 1 1 Il 1 ‘ Il 1 1 Il | 1 | 1 1 ‘ 1 1 1 1 ‘ Il 1
-1000 -500 0 500 1000 Detector nonant 2 Ye,

X [mm]

z+,z- (24 DTCs)




Trigger ATCA boards

ATCAtechnology based boards hosting powerful Xilinkltrascale+ FPGAs
A 4 different flavors for Phase2 L1-Trigger: SerenityAPx X20, BMTL1

‘ : J; “;I‘ N L - ;

K s | ‘}
BRSO

£ T

:I B e

) ba 3

- | T Y

Apollo Boafd | Serenity S1 board

APxboard

i Targets TFP + Inner tracker readout U Targets DTCs + Levd GTT i Targets Levell GTT
‘U Boston + Cornell | \ U UK+KIT U  Wisconsin |
! |

Dual VU13P FPGA Single VU13P FPGA
o TFP algorithm split between the two o Onboard Zyng CPU
0 124 optical links @ 25 Gb/s o IPMC for board control
o >3Tb/s aggregate bandwidth o Firefly optics giving 63 Th/s Input
0 ZyncUltrascale+ control processor 0 > 250 boards in trigger system 22



Trigger

CMS Phase-2 Simulation 14 TeV, 200 PU
:
= | I —— A
5 |
o
~] 2 T
= = D.BT
0.6
- -
-
P r Fixed rate: 11 kHz
0.4
5 —— PuppiHT (370 GeV)
L —— TrackerHT (200 GeV)
02~ CaloHT (650 GeV)
Ol | 1l
0 20 400 600 800 1000 1200
Gen. H; (GeV)
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Levell Tracking challenge

Track finding constraints

A 200 PU at 40 MHz processing
o Highly parallelised algorithm, time and space

A 5 tto receive data and produce tracks
o 1, tstub processing, 4 ttrack finding

A Need to be able to reconstruct a vertex
0 1 mm track resolution in z0
A Need to be able to pass tracks to
downstream algorithms e.g. particle flow
o well reconstructed py,. , —, 7y, quality variables

x Track finding objectives
o Low fake rate
0 High efficiency & robustness
0 Displaced Track Finding

24



Hybrid algorithm

U Reconstruct all trackspT>2 GeV, || <2.4
U 4, tto process over 10,000 stubs and formy (100) prompt tracks per event

Hybrid algorithm
1. Road searchalgorithm: based ontracklet seeds, looks for track seeds within a large number of hits

2. Kalman filter: to identify best stub candidates for a given track and to fit track parameters to a high level
of resolution

3. Boosted decision tree: ML techniqueo evaluate track quality

25



Hybrid algorithrm Tracklet

Step 1

U Use two stub seeds to create
initial tracklets

U 8 different combinations of
barrel and endcap layers

>y
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Hybrid algorithrm Tracklet

Step 1

U Use two stub seeds to create
initial tracklets

u 8different combinations of
barrel and endcap layers

Step 2

U Project track candidates
outwards/inwards

U Based on abeamspot constraint
U Create asearch windowfor
more stubs

27



Hybrid algorithrm Tracklet

Step 1

U Use two stub seeds to create
initial tracklets

u 8different combinations of
barrel and endcap layers

Step 2

U Project track candidates
outwards/inwards

U Based on abeamspot constraint
U Create asearch windowfor
more stubs

Step 3

U Add matching stubs to track -
candidate

U Smallest residual stub is kept
U Minimum 4 stubs, maximum 6
stubs for a track

28



Hybrid algorithrm Tracklet

Step 4 Step 1

U Use two stub seeds to create
initial tracklets

U Pass track candidates downstream
to track merger and Kalman Filter

U 8different combinations of
barrel and endcap layers

Step 3 Step 2
U Add matching stubs to track
candidate

U Smallest residual stub is kept
U Minimum 4 stubs, maximum 6
stubs for a track

U Project track candidates
outwards/inwards

U Based on abeamspot constraint
U Create asearch windowfor
more stubs

29



Hybrid algorithrmr Track fitting

Layer(L)1 L2 L3 L4 L5 L6 L7 L8

( precise
%? 0
A Able to fit and select different combinations of stubs on

track candidates
increased precision of track parameters

A Only constants are hit errors (and scattering angle ysf if
required)

A Final track fitting uses Kalman Filter algorithm

A lterative algorithm as used in offline reconstruction, seeded coarse
by tracklet track

parameters

N

A Two versions available for 4 or 5 (with d0) parameter fits
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Tracks in Levd Trigger



