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Introduction

e The CMS experiment;
CMS data-taking so far;
e Subsystem performances:
Silicon Tracker performance
Tracking performance
Flavour-tagging performance
ECAL calorimeter performance
Muon reconstruction performance
e The CMS Trigger system:

o CMS Trigger performance
e Data compression via partial online processing
e Summary & conclusions

O O O O O

04.06.2024 M. Musich - Performance highlights in CMS 2



The CMS experiment

e Event reconstruction via particle flow:
o Combine information from all sub-detectors:
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Charged Hadron (e.g. Pion)
- = = « Neutral Hadron (e.g. Neutron) \\\\\
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Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

e Challenges for Run 3 data taking:

Radiation damage from the past

Increasing pileup to > 60

Recover - Detector maintenance

Upgrade experience: use technological advancements in hardware
& software

O O O O
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CMS Data Taklng SO far
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e Luminosity delivered to CMS by the end of
Run 2 is ~192 fb™. . \ \ .

e Luminosity delivered to CMS as of today N R = gggg;;g”:f;g

during Run 3 is >95 fb™". :
o LHC is expected to deliver around 250fb™"

e Average number of pp interactions per £
crossing passed from 46 in 2022 > 50 in 2023 £ |
and and 2024 " osl

o Highly irradiated environment, challenging

0.0 . .
N 20 N [ 0 ,\Q@

Cond|t|0nS for the deteCtorS and Mean number of interactions per crossing
reconstruction algorithms.
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Silicon Tracker Performance

e Pixel Detector performance: S L s ARMMNNMIMI L L

o Extracted after end of Run 2 for 5 22 =
maintenance during LS2; e | 1
o New innermost layer completely new ¥ &
= Reinstalled in 2021. R I A
o Performance in terms of pixel cluster g.- 7 = _iyq: =
properties closely monitored during A Timwe T £
data-taking to study evolution of foe caflelaotsocap b odnlon .1,

30 0 50
Delivered integrated luminosity [fb™]

radiation damage;

CMS Preliminary pp collisions (2022) 0.9+13.6 TeV

£ SRR RRRRE RRARE LLREE RAREE LALE IR RRRR>
3 450 .
e Incremental detector alignment procedure g jop —Svsm reonmmesnn
e Early alignment: 8 asof '
o O(100K) cosmic ray tracks; 8 300 =
o O(10M) pp collision tracks B e é’
at 0.9TeV. € 20F IS
e Alignment for reprocessing: - s
o O(10M) cosmic ray tracks; o
o O(150M) pp collision tracks 52_ , :
at 13.6TeV. B ?nedia‘“‘n(x.;:’d_x.h‘j[umﬁ"
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Issue in the Barrel Pixel layer 3 & 4

e After TS1 of 2023 (June 19-24): 27 modules (representing about 1.5 %
of the total modules in the pixel detector) in the Barrel Pixel Layers 3 & 4
became inoperable (issue in distributing the LHC clock signals). They

cover a sector in ¢ spanning approximately 0.4 radians (~23 degrees) in
at negative pseudorapidity.
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gl CMS_Preliminary 2023, 13.6 TeV

L ZeroBias —@— Data 01/07-16/07
—— MC 01/07-16/07

Number of tracks / 0.1

\\\

A small region in the detector
has reduced efficiency in tracking

|
w
\V]
-
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o
Y .
N

3
Track ¢

Visible effect in offline tracking
reconstruction in data and simulation
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Time dependence of Tracker Alignment

e Tracker needs to be realigned frequently due to several source of time

variations:
o Magnet cycles: magnet switch on and off for maintenance reasons

—half-barrels and half-disks (O(mm))
o Temperature variations: cooling operations after switching off and on

the detector— Sensors (10" 'mm)
o Ageing of the modules: change of the Lorentz drift due to high

radiation environment — Sensors (few um)

\ CMS Preliminary  (2022) 13.6 TeV :
wrong LA % residual| >0 & °° SR N L During the_ track
correct LA \ S05 rechmicatonop | 4 Layer2 | reconstruction, the
1 i ©— Layer 2, New Modules
A % 05 +La§e,3 e Lorentz.angle has to be
| Sodspe il .1 taken into account to
o e . properly estimate the
0.3} i | E . hit position:
0.3 A;»,‘.f:» I , : i ]
h 8 8svesaesasan ] /
025 “Mom‘..:t'\o«o»ocgdo 3““::::::..“.4... Ax a tan QLA
~ s i -
R f' d 0.15} i i i 1 Evolution of tanGLA
, p% e : [ I . /
T (38T 0 dlrectly. t_ransllates in
Integrated Luminosity (fb™) position bias.
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The Prompt Calibration Loop

e To account for shifts in the different runs @Tier0
Components Of the pixel detector Merged AlcaReco ALCAPROMPT AlcaReco
during data taking: @ :,’

o Automated alignment workflow e ;obs //-’
I F rop-box
that provides an update of the  jF= i 3etg;ta —
alignment parameters within 48 ~ " [Ama]
hours; !
o Alignment of the pixel while the Drop-Box
strip is fixed.
In Run 3
In Run 2
_ , _ High Granularity Prompt Calibration Loop
Low Granularity Prompt Calibration Loop (HG PCL)
(LG PCL)
_ N Track-based alignment at the level of ladders
Track-based alignment at the level of >
) and panels
half barrels and cylinders 7

~ 5k alignment parameters

36 (6 d.o.f times 6 “alignables”) alignment
parameters

Replace some of the manual HG alignments
after newpixel calibrations
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Tracker Alignment: monitoring of performance

e Online alignment with LG PCL at the beginning of data taking (black)
and offline alignment after reprocessing (red)
o Deviation from zero — Shift on LA — indication of radiation damage

CMS Preliminary
20 T

pp collisions (13.6 TeV)
— T T T T ]
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BPIX (x)
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Technical stop

Alignment during data taking
Mid-year re-reconstruction
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35
Delivered integrated luminosity [fo™]

Online HG PCL
corrects position bias
developed during
data-taking and
uncorrected by local
reconstruction.

BPIX layer 1 more
affected since it's
closer to the
interaction point
(notice different
scale!).
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Inner Tracking Performance

e The figures in the following show a comparison between 2023 CMS
data and MC of the reconstructed track properties (documented in
CMS-DP-2023-090).

o the tracks which are considered are tracks which pass the high
purity selection, with p.>1GeV.
o MC distributions are normalized to the number of vertices in data.

e Overall and without further corrections a good agreement is found
between data and simulation on a variety of event topologies.

imi 2023, 13.6 TeV
5 S ey, S x10°CMS Preliminary __ 17.9 b (2023, 136 TeV) CMS Preliminary _ 17.9 6" (2023, 136 TeV)
o210 ZeroBias 0.8 4 QuoE T o o o -
\(; ; —8— Daii6o- 1316 % E Z—‘)l.lu —&— Data 06/05-13/06 —é Z—)ee —@— Data 06/05-13/06 7
S T Mo06i0513108 07 — MC06/05-13/06 «‘; —— MC06/05-13/06
5 5 06F 33
3 : : 15
: Unbiased £ 05 3%
Z Z 04fF 5
events g E
0.2F = | ]
| F events E
g ] o events =
) Q.. ._...I_IIII E— E— * === Eaidia |FEEEE FEENE FEEEE PEN NS PR | U T PR
o158 e L S S - R R N B
21.4 214:_ _: O1.6_||||||||||||||||||||||11|||||||||||||||]|||||||||
312 Si2F 4 S =
T 1 T 1 erenytyststuttemtettiuptttotengte —— 2L o o¢ =
Sos 80.;;— d § (T804 000009004
06 06 4 Qosf -
0.4, [0 )71 2 S N T T T T T T T O T T O o.er -
0 10 20 30 40 50 60 70_ 80 90 100 3 =2 =] 0 1 2 3 pabialiniliieileiiili, PP PTG PP PTO (RO
Track P, (GeV) Track 1 5 4 -3 -2 —1 0 i 2 3 4 5

Track 3D SIP wrt PV
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Tracking Performance and radiation damage

CMS DP- 2022/064
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e The figures show the distributions of the significance of 3D impact parameters with
respect to the Primary Vertex of tracks from events passing the selection described
above.

e Comparisons are shown for the different periods of time shown in the figures, after the
indicated luminosity was delivered since the installation of the new BPix layer 1.

o Agreement between data and MC gets worse over time, indicating aging of BPix
layer 1 due to accumulated irradiation.

o Improvement in agreement in the latter data taking period due to an update in the
high-voltages and in the alignment which has been implemented later in the
data-taking.
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Tracking Performance in reprocessed data

. CMS Proliminay 0555nb7(1367TeV,2022) ~— CMS_ Proliminary 0.555nb” (136 TeV, 2022)
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Flavour tagging performance

e Track 3D signed impact parameter (SIP) significance (left) and tagger scores
(right) in different data-taking periods in the dileptonic tt phase space. In the first
panel with the distribution normalized to 1 demonstrated as arbitrary unit (A.U.).

o The second panel assumes the early 2022 period as reference and shows
the ratio of other data-taking conditions vs. the reference. The third panel
shows the Data and prediction ratios in each individual condition.
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ECAL Calorimeter performance

e Relative response to laser light injected in the CMS Prefiminary
ECAL crystals, measured by the ECAL laser i 1.5<I2I213 ¢ ziihiae e

monitoring system, averaged over all crystals in ~ £= URY R \«« R A N e Y
bins of 1 in 2011 through part of 2024 data SRR AN WA ARSI
taking periods, with magnetic field at 3.8 T. 2S L \*\\ e AN LW R \1\* \"/ i

o The response change observed in the & L I ’\\; i » V
ECAL channels is up to 15% in the barrel 0 , Y wtl
and it reaches up to 70% at [n| = 2.5, the 3% 5 " .w f‘:;;i | ?a“g‘fev _
limit of the tracker acceptance. s :
o The response change is up to 99% in the g% it .. m Ill l ]
: . 0.0 Esmalf sl » S &
region closest to the beam pipe. 0@\“{,»\*”@%0 \%\ @” %\%\Q «)\”Q\” & s ,,,&%,b@v

o The recovery of the crystal response during
the periods without collisions is visible.
e Time stability of the di-electron invariant mass CMS DP-2024/022

CMS Preliminary Run 3 (13.6 TeV)
= 1 1 I

Date (month/year)

comparing between data and simulation forthe &= |
2022 and 2023 data-taking period using Z—ee § E , ECAL Barrel (ni<1.479)
events: i f
o The plot shows the time stability of the s | |
di-electron invariant mass median ratio of 3 '= AW et
data and simulation for the 2022 and 2023 §°*- ' |
datasets. 2 08 | |
o Both electrons are required to be in the e 097E Z—ee events
ECALBarreI 90.96;— | | e

02-Jul-2022 01-Sep-2022 31-Oct-2022 31-Dec-2022  02-Mar: -2023

Time (day-month-year)
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http://cds.cern.ch/record/2897806/files/DP2024_022.pdf

Muon reconstruction performance

e The muon ID and Isolation efficiencies are
estimated by applying a tag-and-probe
technique to muons from J/p and Z decays.

o The selection of the tag and probe muons Drell-Yan events with mass above 70
are optimized for three different transverse GeV.
momentum regions: low p; (<30 GeV) o
muons from the J/y decays, medium p.

(15 - 200 GeV) from Z decays, and high p.
(>200 GeV) from high-mass Drell-Yan

Efficiency for high- p, muons is
estimated by applylng a cut-and-count
tag-and-probe technique to muons from

Cuts are added to ensure muons
originate from the same vertex,
cosmics are rejected.

17.7 0™ (13.6 TeV)

951

(13.6 TeV)

1.15

> ""Fcws 9 E Gl Global Track
- T Medium muon ID / TrackerMuons 5 1.1 Preliminary obal muons / Tracker muons
:8 1.05 — o it esSimltion ;;:) 1.05 _ 0.0<n<16 —+— Data —— Simulation
= L 3
Lu 1 B ; 1 e i —— —
R Ty _._=t=—l—+ 0.95 E—
095" . 0.9
CMs DP-2024/023 0ss| CMS DP-2024/023
09 r
Data not afflicted by the 081  Data afflicted by the
0.85 - Pixel issue in Layer 3&4 0.75 F Pixel issue in Layer 3&4
i 0.7 E
0.8 - - ' .
5 o .24
= E 3
8 1E ~ - — g 1
8 :_._ 076:.,.‘1‘Ll-lA...lA.LLJ-..AA...IL.‘
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2 15 -1 05 0 05 1 15 2 p (GeV)
n
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CMS Trigger System

[ LHC COII|S|On rate at 40 MHZ CMS DP-2024/022
o Two tiered trigger system to filter events History of rates for different data streams

. H CMS HLT rates and instantaneous luminosity averaged over one fill of a given data-taking year
o Level 1 (LV1): custom electronics
x 25 Scouting
B 20F
: : : 15
Data flow for typical CMS data-taking scenario 2 ok
e 5 ey
Standard data stream: | Prompt offline 0
= ~1 kHz, ~ 1000 MB/s reconstruction ¥ 5E ;
- 24 B standard
=|— ﬁ 35_ Parking
1 e £ E
e Level 1 Parking data stream: | Delayed offline - 25_ .
o | — - : 1E-
% — Tr igger TR TS ~3 kHz, ~ 2000 MB/s reconstruction oF mmm - - - . l
D :: information and N — = 2 3 :
s online resolution © E 7~ Instantaneous Luminosity =
S|z s Cwoame || 2 .z
couting data stream: o offline = _ Z
— ~ 5 kHz, ~ 40 MB/s reconstruction = 15 V% % % % %
| - ) 2 05K % % % % % %
S BEE BE B Bl BN
I Data reconstructed and stored on disk ] 3 0 2012 2015 2016 2017 2018 2022 2023

[Fill2998]1 [Fill4452] [Fill5418] [Fill6324]  [Fill 7124 1 [Fillgasa]  [Fill 9044 ]

e High Level Trigger (HLT): streamlined version

of CMS reconstruction

o Gain experience with heterogeneous ¢
architectures

o Currently offloading ~40% of the event
processing for calorimeters and pixel
local reconstruction, pixel tracking and
vertex reconstruction.

S
‘:( 1.;:_% /, )

=/
M,
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CMS HLT performance in 2024

" CMS Preliminary Run 3 136T9V 10 9MS Preliminary 3.1 b7 (13.6 TeV, 2024)
é 1-4:* ~* Run2023D 1@ ObJeCt perfo_rman?e_ 2 ents with two matched muons, AR,, > 0.2 and . > 3 GeV
N o I E The HLT tracklng efﬁmepcy 3 L e [Jortine
2 : with respect to high-purity g pa b PR
5 offline tracks is shown as a il
e P e function of the offline track =
; 06 " azimuthal angle ¢ for the sl
S o " later part of 2023 pp g
= ] data-taking (after the 102
weoea E technical stop) and the E
0" | beginning of 2024. )
"% 13: - : fg_” 1:21 i ; \
o 1o-eeee ‘ge-eet 00 0eee0e0eoes +oeoee t R
2 0 2 2 osf
Offline track ¢ 5 b TS L s c s el s v uneadl
CMS _proimpnary __ 2072,2070 8 2024800 (136 TeV) 1 N GV
& 1o | LT T e Trigger optimization: e HLT objects reconstruction
R ¥ N I Online ParticleNet b-tag performance w.r.t offline:
g er- i f+f*“I+—~—_—‘—:024 E efficiency, as used in the High Comparison of the dimuon
o I oo ] Level Trigger (HLT), as a spectra obtained with scouting
& 0igs 2022 4 function of the mean (pink filled histogram) and offline
0 04 L 4 ParticleNet b-tag score of the (blue solid line) muons during the
§ el ummemweae o ] twomost btagged jets with initial phase of the 2024 pp
0'2;" I and 0.65 (2022) E pT > 35 GeV. The efficiency is data-taking period
presrt : e : measured in a
8 1o ! U (electron-muon) control
% TRt + region, and shown for 2022, Results approved
@°'35'-;'---5"'-5-'--;""5""5 2023 and 2024 data. for LHCC-158
tanh™'(mean PNet b-tag score)
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Data compression via partial online processing

e As the LHC deliver higher luminosities of proton-proton and heavy-ion collisions, the size of raw
event data output begins to be a limiting factor in the number of events that can be recorded.
o Due to large number of channels, the original silicon strip tracker (SST) data format is the
largest component of the CMS raw-data size.
e Anovel strategy was designed to reduce the volume of data from the SST by partially processing it
in the High-Level Trigger system:
m The strip clustering algorithm on the global SST, (normally part of the offline event
reconstruction), is executed online.
m Afterwards data stored in a compressed format using a rectangular approximation of the
cluster properties. This lead to substantial reduction of the overall raw event size and a
comparable increase in the throughput while retaining good tracking performance.
o The approach was used during the 2023 PbPb run. The addition of standard lossless
compression algorithms and DAQ upgrade allowed to collect significantly higher PbPb
statistics compared to Run 2.

2023 PbPb Data s, = 5.36 TeV

s 2023 PbPb Data 5, =5.36 TeV  x10° 1.1
CMS DP-2024/007 CMS preiiminary . - GMS At
o 600 L
o
@ 1.05
RAW (Run 2) RAW’ (Run 3) § 500 i i
. 2 3
o A 3 400 800 gl &
€ S I3 1 — T
= = g2
3 S 300 600 Z|=z"
o <
(@) =
a S 200f. 0 0.95
< <
o
100 200
0 1 L 1 L 1 1 0 0.9 PP | i PRI | PR P
0 100 200 300 400 500 600 700 10! » 10 102
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http://cds.cern.ch/record/2891493/files/DP2024_007.pdf

Summary & conclusions

e Successful upgrades of the CMS detector before start of Run 3
e (Good quality data taken in 2022, 2023 and 2024)

o Exploring new regimes —e.g. LLP, HH — 4Db

o New computing techniques — (e.g machine learning)

o Many new physics results expected soon!
e Important milestones reached with regards to the HL-LHC:

o Exploring selective data reduction techniques

o Multi-core CPU/ GPU processing (see talk by S. Donato)

o Transitioning into production & preparing for assembly and
integration (see talk by T. Tomei)

LHC HL-LHC

EYETS LS2 136 Tev IRAEE 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
Ii lidati imi
v atev BEEEEE pur, M mepn  HLLHC
T — R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
g - N
|||||||“
510 7.5 x nominal Lumi
ATLAS - CMS e
experiment upgrade phase 1 ATLAS - CMS
PP ominallum  2Xnominal Lumi ALICE - LHCb _ 2fominal Lumi | e
75% nominal Lumi upgrade
-1 integrated JEAMUUR TN
EXrs 190 fb y h | 450 1o | luminosity JEUNIETY
We’re here!
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CMS Silicon Tracker

e All-silicon design:
o Allows for high-precision charged particle tracking up to |n|<3;
o Essential in particle identification, heavy-flavour tagging, trigger decisions,
vertex reconstruction;
o Largest Si tracker in the world: ~200 m? area, ~135M electronic channels
e Comprised of the Pixel (innermost parts)
o 4 layers in the barrel (BPix) and 3 disk (FPix) in the forward regions:
m 1,856 Pixel modules.
e and the Strips sub-detectors (outer parts)
o 10 layers in the barrel (TIB, TOB) and 12 forward disks (TID, TEC):
m 15,148 Strips modules.

00 02 04 06 0.8 1.0 12 14 1 6\ . .
=1200_] " L e Micro-strip sensors
E - e Stereo modules
., 1000 ’ ‘ | | | | | | | =i (two components
sof ————FOB—— | | | | | | | | | || 20 > witha100mrad
- g R | | | | | | | ’ | ) stereo angle)
T N A A (S ~24 | e Analog readout
400_5:-—_ — ||'||'|||P‘|| ||| ||| ||| || || |I | Ll'EC §8
200 e S—— L 40/ e pixel sensors
o FBEE [FhiX ﬁ} e ~124M channels
6  sé0 1000 1500 2000 = 2500 = z[mm] e digital readout
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Track reconstruction in CMS

e Few, but precise measurements; o  CMS smuaionpeimnay
__D Support Tube TOB .Pixel Phase1 |

. . . . . P
e Non negligible amount of dead material inside % 2572 = I —
the tracker volume -

R _[ecm] |R

inner outer [

m] | |n| coverage B field [T]

3 1.1 3.0 3.8

X @ |n|=0 p, resolution d, resolution
o 211 @1 (100) GeV, [n|=0 [ @1 (100) GeV, |n|=0 [um]

0.4 0.7 (1.5)% 90 (20)

4 -3 2 -1 0 1 2 3 4

e Main tracking algorithm: Combinatorial Track Finder used in iterative steps:
o limits the number of combinatorics in pattern recognition
o tracking reach guarantee, w/o degrading computing performance

Reconstruct - .| Reconstruct
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Track reconstruction in CMS

1. Seeding:

In each iteration, tracks are reconstructed in four steps:

o provides track candidates, with an initial estimate of the trajectory parameters and their
uncertainties (use combination of pixel, strip or mixed hits);

2. Pattern recognition:

o hits compatible with the predicted track position are added (Kalman update) to the
trajectory and track parameters are updated;

3. Final fit:

o taking into account the B-field non uniformity and a detailed description of the material

budget;

o provides the best estimate of the parameters of each smooth trajectory after combining all
associated hits (outlier hits are rejected);

e 4. Selection:

o sets quality flags based on a ML-based MVA with more than 20 inputs;
o aims to reject fake tracks; tracks sharing too many hits are also cleaned as duplicates;

Seeding
layers

Particle’ s parameters
(g9/p,lambda,phi,d0,dz)

fake

fake N
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|terative tracking at CMS

e Tracks reconstruction is an iterative procedure: teration Seedns Tergettrack
.. . Initial ixel quadruplets rompt, high p;
o the InitialStep makes use of high-pT quadruplets il ol
. . LowPtQuad pixel quadruplets prompt, low p.
Comlng from the beam SpOt reglon HighPtTriplet pixel triplets prompt, high p. recovery
o Subsequent steps use triplets, or improve the LowPtipier | pielwpiets prompt,Tow py recovery
acceptance elther |n pT OI’ |n dISp|aCement DetachedQuad | pixel quadruplets displaced--
o the later steps use seeds w/ hits from the strip DetachedTriplet | pixel triplts displaced- recovery
detector to find detached tracks, o oo e
o final steps are dedicated to special phase-space e e [
m highly dense environment (i.e. within jets) JetCore pixel pairs njets | high-p, jets
| Clean enVIrOnment (|e muons) Muon inside-out | muon-tagged tracks | muon
[Muon outsidein [ standaione muon  Jmuon |
- 1_CMS Simulation ,tg)rcgaliminary; 13 TeV . 1.2CM_S‘.Simu/ation preliminary 13 TeV 1CMS S TEIBRPTEIRET 13 TeV
2 oo ' o - ttevent tracks ((PU)=35) ) - QCD 1.8 TeV < B < 2.4 Te\ U)
S e B o | qfpo09ceV. gm,, | § O9pratTeVinfikd
S o8 EH =1 & 'Le<2s E+LowPtQuad S o8
D - 5 D = o+LowPtTriplet = i =
O o7 %:L o> 080 3iBetacheatriper | O 0.7¢
= T et g s [ Gl | £ o6f
O og5b-...H g+LowPtTriplet O o06H O+JetCore 5 E
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0.3 B ftcare i 0.3 D i pler <"
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G tt event tracks ((PU)=35) i - O ottae .
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10 Simulated frack éozv Sim. track prod. vertex radius (cm) 10° 107 107
imulated track p, (GeV) AR(trackjet)
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CMS Algorithms for Run 3

e Developments during the LHC Long Shutdown 2 focused on the
tracking algorithmic improvements targeted to reconstruction timing and
tracking fake rate:

o Parallelization and vectorization at multiple levels using Kalman
Filter, since including the mkFit algorithm (CMS-DP-2022-018)

o After final fit, track quality is assessed with track classifier: from a
Boosted Decision Tree to a Deep Neural Network
(CMS-DP-2023-009)

Track Building step: from CKF to mkFit Track Selection step: from BDT to DNN

—& @
@ -

|

¢
L
L 4
L 4
¢
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mkFit algorithm

e In Run 2, the CMS track reconstruction algorithm used an iterative approach
based on combinatorial Kalman Filter (CKF), consisting of twelve main iterations
targeting different track topologies and seeded with different seed tracks.

e For Run 3, a new algorithm has been developed for track pattern recognition (or
track building), named mkFit, that maximally exploits parallelization and
vectorization in multi-core CPU architectures. This algorithm has been deployed
in the CMS software for a subset of tracking iterations:

©)

O

InitialPreSplitting:

m initial iteration before splitting
merged pixel clusters in dense
jet environments;

Initial:

m initial iteration;
HighPtTriplet:

m high-pT triplet iteration;
DetachedQuad:

m detached quadruplet iteration;
DetachedTriplet:

m detached triplet iteration;

d

Iteration

Seeding

Target track

Initial

pixel quadruplets

prompt, high p.

LowPtQuad

pixel quadruplets

prompt, low p..

HighPtTriplet

pixel triplets

pixel quadruplets

prompt, high p. recove

displaced--

DetachedTriplet

pixel triplets

displaced-- recovery

MixedTriplet

pixel+strip triplets

displaced-

PixelLess

inner strip triplets

displaced+

sejepipues
papaas Ajuo Jayoei]

—

TobTec

outer strip triplets

displaced++

JetCore

pixel pairs in jets

high-p, jets

All tracks

_candidates

Muon inside-out

muon-tagged tracks

muon

e The mkFit algorithm allows to retain a similar physics performance with respect
to the traditional CKF-based pattern recognition, while substantially improving
the computational performance of the CMS track reconstruction
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mkFit physics performance

AN

e The performance has been measured in a simulated tt sample with superimposed B

pileup events 55 to 75 (flast). The detector conditions account for the residual radiation
damage due to Run 2 operations.

e \When mkFit is used for track building in a subset of iterations:
o The tracking efficiency is consistent with the one obtained with the traditional
CKF tracking algorithm;
o The tracking fake rate is on average lower than the one obtained with the
traditional CKF tracking algorithm;
o The tracking duplicate rate is higher than the one obtained with the traditional
CKF tracking algorithm especially at 1.45<|n|<2.5, while it's lower at |[n[>2.5.
14 TeV 14 Tev 14 TeV
> 12 CMS i =65 2 0-2: CMS tf events ((PU)=65) o 0.1 CMS - e
% 1: Simulation preliminary g;\é)egt(sag\i/:}fzj;i)z)s o g 0.18 ;—vaimu/étion..preliminary 50.9°GeV E 0.09 E—HSimulaition..preli;ninary ttTiY)e'th((::U)—G )
SR ok S < o016 e : 2 0.08] .
5 Y Mo "g 0.14f s nrkm)- S 0.07 e i
o 08¢ = . *Run3 (mkFit _g. el +Run3 (mkFit
£ . R 3 0065
S 06] .. |<_,5 01 . a2 0.05F .
S 0.08 oy T 004wy e i
4 k...* LY L) P b ind [ 4 a A )
[ *Run3(no mkFit) . ggi; 'ﬂ;,”x:‘ i - vl F 0-035 L T
0.2} Run3 (mkFit) ) T et Cilpenny | atits b, W 0-02; % . N . o, !
i 002: 0.01E A “ AM*“::A " A
0.| L1 L1 L1l T 8 I | l. O_' S L L EE— L L o:“ﬁ| I L] |‘|“=.| L1 | L1 ..‘F‘;‘.. L 1 |.A|A‘9‘
-3 2 -1 0 1 2 3 % -2 -1 0 1 2 3 -3 =2 -1 o0 1 2 3
Simulated track 1 Track n Track 1
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mkFit timing performance

e The tracking time performance has been measured in the same simulated {t sample

with superimposed pileup (PU) events as for the physics performance
e Single-threaded measurements are performed with local access to the input

’ 14 TeV

- F CMS ’ {f events ((PU)=65)

<€ 0.9 Simulation preliminary..-pji tracking iterations

0-8; Fotmasi *Run3 (no mkFit)
0.7 -Run3-{no-mkFit). = 1. +Run3 (mkFit

0.6F

.

05F

0.4F
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0.2F
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0 C Seey, Buyy, Fitt Selg.,,. O
USIE’"IS.QL 90'/,79 ”dlng g ,ectlon hor
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1
- CMS ff events ((PU)=65)
0 9 [, Slmulat/on prel;mmary Dnly"m‘k‘F"it‘i‘t‘ératl L

A.U.

0'8 F Total time for *Run3 (no mkFit)
0.7 E-alliterations.of

*Run3 (mkFit

I
-

F Run3 (no mkFit)
0.6F

0.5E

0.4F
0.3E

0.2f

0.1F .

0—=¢ [ PR S 0
Tug, tor ed, Uilgy; ng Hin, Slog, ton ther

@)

Overall, using mkFit in a subset of tracking iterations

allows to reduce the track building time by a factor of

about 1.7, corresponding to a reduction of the total tracking

time by about 25%. In Run 3, tracking has been measured

to make about half of the total offline reconstruction time.

m Thus, this translates to a reduction of the total offline

CMS reconstruction time or conversely to an increase
of the event throughput by 10-15%.

Using mkFit allows to reduce the track building time by
a factor of about 3.5 considering the sum of iterations
where mkFit is employed.
m Inindividual iterations where mkFit is employed, this
factor varies from about 2.7 to about 6.7.

U4.U0.ZUsZ4
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CMS: Track Selection DNN

e After the pattern recognition and the fit, based on Kalman Filter
techniques, high purity tracks are selected and the hits belonging to
those tracks are not used in the following iterations, thus keeping the
complexity of the pattern recognition under control for later iterations.

o The track selection was gradually improved: starting with a
parametric selection in Run 1, moving to a BDT in Run 2, and to a

DNN in Run 3.
['NPUTS(ZQ) ] [:I)ERAHON ] the training is
e DNN Architecture: B e Plne AR
. . . eras + tensorflow
o Relatively simple feed-forward network, with 5 packages [6,7]

iteration of “skip connection” and sum of the
layer outputs in the downstream layers;

o The “sanitizer” layer applies log/absolute value
transformations to some of the inputs, while
the “one hot encoder” converts the iteration
flag into a boolean vector by category;

o Activations: ELU in hidden layers, sigmoid for
output;

o Loss function: binary cross-entropy;
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CMS DNN performance

e The performance has been measured in a simulated f{t sample.

o The physics results are shown after applying the high purity BDT or DNN
selection to each iteration and after merging all the tracks from the iterations into
one collection.

e The tracking fake rate when the DNN is used is notably lower than the one obtained
using the BDT:

o especially for very low and very high p_ values. Overall the fake rate is reduced
by about 40%.

o the largest fake rate reductions are in the tracker endcaps (|n|>2) and in the
barrel (|n|<1). The discontinuities follow the tracker regions.
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E ' B *F un:;, DNN E F 0Run3, DNN
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% 0-3 ?-+ —c!) ' E *
© 0.25E . © 0.1: .*** i
— E - +"+ = 0.08F ® . ;
0.2 .08
:'- - .+.+ b ‘.-* ‘*:‘l '.‘ l-* +
0.15F il . 0.06F ¢ 7*, g
. g -o-. - *+ c N 2 "’“**m ..‘*H‘* o. * +
0.12 S e - 0.04 _ﬂ*:..o.. .................... - *i“ LIRS
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CMS: DNN track selection

e The performance has been measured in a sample with stop-antistop production in
RPV SUSY, where the stops have a significant decay length and produce displaced
tracks,.

e The physics results are shown after applying the high purity BDT or DNN selection to
each iteration and after merging all the tracks from the iterations into one collection.

o The tracking efficiency when the DNN is used is consistent or slightly higher
than the one obtained using the BDT at all radii.

o The tracking fake rate when the DNN is used is lower than the one obtained
using the BDT across all the radii values, with a reduction of about 30%.
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3 | i CMS ' imi ﬁevents g E | - gil\ngsation reliminar, i puris (PLh=65)
CICJ 1_ S/mul‘iat!on prellrin/nary pT>0_g GeV, <3.0 Z) 1_ . P Y pT>0‘9 GeV
= :#1#*" o © [ *Run3, DNN +
@ i Hh > oal HiAgEa +
o 0.8 Py > 08 3, BDY
£ " r " H, S .
S osf . S 06 1
(] 06 i .*.:' o O
|_ : + l_ : “* +
0.4 g 04_ *-n- %
i *Run3, DNN #‘Z, _ L
L i - e RN x:
0.2 3, BDT . 0.2} e
B -t’ B **_‘;:.*:.,,".;.;*;3,»0
O - e 0 _.*.. A . 1
1072 10”" 1 10 1072 107" 1 10
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CMS Tracking Performance

e The figures in the following show a comparison between 2022 CMS data and MC of the
reconstructed track properties (documented in CMS-DP-2022-064).
Events used are selected with minimal trigger bias, using only the information on the
beam-beam coincidence, and were collected from July 19", 2022 to October 17™,
2022 (with the exception of the period from August 23" to September 27"). The

trigger which is used collects only a fraction of delivered events.
the tracks which are considered are tracks which pass the highPurity selection

@)

@)

(see previous slides), with p.>1GeV.

MC distributions are normalized to the number of vertices in data.

Overall and without further corrections a reasonable agreement is found between data
and simulation.
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CMS Tracking Performance
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e The figures show the distributions of the significance of 3D impact parameters with
respect to the Primary Vertex of tracks from events passing the selection described
above.

e Comparisons are shown for the different periods of time shown in the figures, after the
indicated luminosity was delivered since the installation of the new BPix layer 1.

o Agreement between data and MC gets worse over time, indicating aging of BPix
layer 1 due to accumulated irradiation.

o Improvement in agreement in the latter data taking period due to an update in the
high-voltages and in the alignment which has been implemented later in the
data-taking.
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CMS: Tracking Performance

. CMS Proliminay 0555nb7(1367TeV,2022) ~— CMS_ Proliminary 0.555nb” (136 TeV, 2022)
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CMS HLT Tracking

4
— —

The CMS High-Level Trigger (HLT) runs a version of |

the full event reconstruction optimized for fast
processing.
o Since the start of Run 3, the HLT makes use of a
heterogeneous computing farm. .
e In Run 3, HLT tracking is based on a single iteration of - clusters
the Combinational Kalman Filter, seeded by pixel tracks e
reconstructed by the Patatrack algorithm ( doublets |
(DOI:10.3389/fdata.2020.601728), which can be \ '
offloaded to GPUs. )
e To be used as seeds, Patatrack pixel tracks are (icilnna nrgples
required to: (SoA) S
o Be built with at least three pixel hits; - | pixel tracks
o Have transverse momentum p_ > 0.3 GeV; P e . —
o Be consistent with a leading pixel vertex; |
e Pixel vertices from primary interactions are ‘/pixelvertices
reconstructed at the HLT from pixel tracks with at least S
four hits and p, > 0.5 GeV. e
e The vertex W|th largest summed Zp of constituent !p (legacy) |

tracks, is the primary vertex (PV). CPU GPU

raw data

)

‘ digis ‘

raw data 1

pixel vertices
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CMS TRK at HLT Performance

Performance in simulation is documented in CMS-DP-2022-014
e The performance has been measured in a simulated ttbar sample with
superimposed pileup (PU) events.
o The number of PU events generated follows a uniform distribution from
55 to 75. The detector conditions are simulated with no module failure
and taking into account the residual radiation damage due to Run-2
operations
e Some highlights below:
o With respect to the Run 2 HLT tracking, better fake rate rejection and
improved impact parameters resolutions.
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CMS TRK at HLT performance

e The performance is measured (CMS DP-2023/028) in data recorded at Vs=13. 6
TeV in 2022, using runs taken shortly before and shortly after the first Technical
Stop (TS1) of the LHC, when several updates in detector conditions took place:

o Increase in BPix L1 reverse bias high voltage (HV) from 150 V to 300 V, with
a corresponding;

o update of the pixel cluster position estimator (CPE), as well as a new pixel
detector gain calibration and a new tracker alignment.

e The HLT tracking efficiency and fake rate measured in data are defined with
respect to offline tracks, i.e. tracks produced by the full offline event reconstruction,
which satisfy high-purity track quality criteria.

Efficiency w.r.t. offline tracks
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https://cds.cern.ch/record/2860207

CMS Silicon Tracker

e Silicon Pixel modules (Phase-1 detector): /«Sisnarcawe
o 100x150x280 um? n-in-n pixel cells used Manager (TBM) ’/‘\P,w e
everywhere in the detector; \thm -
o Readout Chip (ROC): 250nm CMS ASIC pulse
height read-out, reads matrices of 52x80 pixels o
o Two chips employed:
m PSI46dig (same architecture as Phase 0)
digital readout and double column drain;
m PROCG600 (dedicated for BPix Layer 1)
dynamic cluster drain;
e Silicon Strip modules:
o 320 um Siininner layers (TIB, TID and inner
TEC rings 1-4); ——EADoUT
o 500 um Siin outer layers (TOB, TEC ring 5-7) i
— two silicon wafers daisy-chained.
© Analog readout with APV25 chip.
m Each chip reads out 128 channels.
m [racker module have 4 or 6 APV chips.
m Signal from 2 chips multiplexed to a Laser
Driver.
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CMS Resources

e Performance of Run-3 HLT Track Reconstruction (CMS DP-2022/014)

e Performance of Run 3 track reconstruction with the mkFit algorithm (CMS
DP-2022/018)

e Primary Vertex Reconstruction for Heterogeneous Architecture at CMS
(CMS DP-2022/052)

e Early Run-3 data/MC comparison to study CMS Tracking Performance
(CMS DP-2022/064)

e Performance of the track selection DNN in Run 3 (CMS DP-2023/009)

e Performance of Line Segment Tracking algorithm at HL-LHC (CMS
DP-2023/019)

e Performance of Track Reconstruction at the CMS High-Level Trigger in
2022 data (CMS DP-2023/028)

e CMS Pixel Detector Performance in 2022: CMS-DP-2022-067

e CMS Silicon Strip Tracker Performance Results in 2022: CMS-DP-2023-030

e CMS Tracker Alignment Performance in 2022: CMS DP-2022/044,
CMS-DP-2022/070

e CMS Pixel Detector Performance in 2023: CMS DP-2023/041

e CMS Silicon Strip Tracker Performance Results in early 2023:

e CMS Tracker Alignment Performance in 2023: CMS DP-2023/039
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https://cds.cern.ch/record/2814111
http://cds.cern.ch/record/2814000?ln=en
http://cds.cern.ch/record/2814000?ln=en
https://cds.cern.ch/record/2839922?ln=en
https://cds.cern.ch/record/2843180?ln=en
https://cds.cern.ch/record/2854696?ln=en
https://cds.cern.ch/record/2857438?ln=en
https://cds.cern.ch/record/2857438?ln=en
https://cds.cern.ch/record/2860207
http://cds.cern.ch/record/2844889?ln=en
https://cds.cern.ch/record/2860872?ln=en
https://cds.cern.ch/record/2839739
http://cds.cern.ch/record/2845618/
http://cds.cern.ch/record/2845618/
http://cds.cern.ch/record/2865842?ln=en
http://cds.cern.ch/record/2865840

