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Data taking

Data taking efﬂmency > 90%

Data up to 2024-10-16 2024 (pp 13.6 TeV)
6 cMS mE LHC delivered: 122.15 fb™" |
140l Online CMS recorded: 112.70 fb™" |
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2024 was a record breaking year for the LHC!
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Physics results

Highlight of the year was the W mass measurement, many years in the making
NB: Analysis based only on 2016 data required 4B MC events, mostly at NNLO

CMS Preliminary
| | | T - |
my in MeV I
LEP combination | 80376 + 33 |_!_._| _
Phys. Rep. 532 (2013) 119 |
DO 80375 + 23 L . _
PRL 108 (2012) 151804 !
CDF | 80433.5 + 9.4 | ——
Science 376 (2022) 6589 |
LHCb | 80354432 p—b .
JHEP 01 (2022) 036 |
ATLAS — 80366.5 + 15.9 |-!—o—| —
arxiv:2403.15085, subm. to EPJC |
CMS - : .
Sl 80360.2 + 9.9 |-:-.—¢ e~ EW fit
. | . | | . |
. L 80300 80350 80400 80450
https://cms.cern/news/cms-delivers-best-precision-measurement-w-boson-mass-Ihc mw (MeV)

Many other new results, e.g., top entanglement, parking / scouting, Run 3 x-sections, UPC, etc.
https://cms.cern/physics
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Triggering and datasets
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pileup EScouting* rate A Scouting*bandwidth

Physics* rate @ Parking* rate

3: Scouting event size is 12k

CMS Status

' In addition to standard prompt reconstruction §
i data stored form for delayed reco (= parking) ¢
ias well as HLI-only reco

L 1:

= scouting

110 kHZ

Parking: 5 kHz
Prompt: 2.5 kHz
Scouting: > 25 kHZ

B vs 1M

B for standard events



New data transfer system with SS

Heavy-ion data taking

D transfers to EOS —collecting data at 32 GB/sec (20 GB/sec in 2023)

Write to SSD and then to EOS Recorded all hadronic interactions w/ min. bias trigger
T Write to Lustre, | N:
3 . keep at P5 ) WM - B I
: | ,’ \\u' Lo IO e AU r e N . RAW Data Volume in TB
‘ i _‘ | | wom
{ “T e
"
: | zf{:\eﬁ RN RN CUIRN RN RN LR AP AR O P L P O L e LN N O A A B A RN RN s RN S RN (RN (RN N A N N ol - RN LR RN (N -8
33B events collected
e 15B hadronic interactions | f |
e 18B EM interactions (UPC) Prompt reconstruction of data ongoing at 10 and 11 cloud,

» Nearly 10P
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3 Of

RAW data

should finish over the holidays
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Prompt reconstruction @ Tier-

EU T1s contributing a big fraction of reco

CPUs used by TierO jobs

CCIN2P3 ~100% on prompt reco
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Contributions to prompt reco
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CCINZ2P3 utilization in November
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100M

Wallclock work
HS06 hours

20k

10k

Terabytes

Tier-1

FR-CCIN2P3: CPU Used Plot

CCIN2P3

FR-CCIN2P3: CPU efficiency

As usual, CCIN2P3 is one of the most reliable sites

CMS Status

200
O—0p—C R 100
0
™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™
v v v v v v v v v v v v v v v v v v 4% v
Q \O,LQ ('19 (-LQ *’19 Q,-LQ \"19 Q,LQ Q,-LQ &,-LQ Q,LQ \O,LQ &’LQ Q,LQ \\’LQ Q,.LQ \"19 q,LQ Q,.LQ &,LQ
& Q° SR N\ N O f o NG «& QR NS QF N\ N ® x> v
CMS  -O- MoU CMs
FR-CCIN2P3: Disk Used Plot = FR-CCIN2P3: Tape Used Plot =
50k
0 o/c 0—O0—0—0—0—0
OO0 —0—0—0—0 2 0—0
O 2 25k
o
—
0
™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ 3 ™ ™ ™ ™ ™ ™
1% v v v 4% 1% 4% v v 4% 4% v v v v 1% 4% v v
\0,19 O’Q \’l’g *’LQ Q,LQ \’19 q,-LQ ’LQ \"LQ Q,LQ \O%Q J\’LQ 0{0 *,-LQ 0,-1/0 \’LQ 0),],0 ’LQ \',-LQ
<<Q, &'b v~Q é\’b \\) \\) ?‘\) C)QJQ O(/ \’b' ((Q, @’b ?‘Q @'b- \\) \\) v\) C)QJQ O(/
CMS -O- MoU CMS -O- MoU



Tier-1 resources in CMS

History Of Tier_‘l com pUtlng Tier-1 share relative to total requested resources
resource pledges

30.0%

Tier-1 shares relative to total requested

20.0%

o ~85% pledged/requested contributed by
the sum of Tier-1s excluding JINR

10.0%

7.0%
4.5%
0.0%

ES-PIC UK-RAL DE-KIT FR-CCIN2P3 |IT-INFN-CNAF  US-FNAL

Pledge/requested CMS Tier-1 sites (including JINR) Pledge/requested CMS Tier-1 sites (excluding JINR)
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Tier-1 In Serbia

A S - R N R Ly S =R

uma_an. RS N A T -2

. Target 15% of CMS Tler-ls total capacnty

 Build Tier-1 in 2 stages
e Stage 1 - initial configuration,
8 8 6 racks

e 170 kHS06 =12 kCores = 24 kThreads +
2 racks
+

. tape storage tape library

20 PB disc storage

e Stage 2 —reach adiabatically 26/ 27/ 28/ ‘29

* look for new solutions to spare space in the mini module — capacity 15 racks + tape library)

e 350 kHSO06 = 25 kCores = 50 kThreads 10 racks
+

4 racks

. tape storage +
tape library expanded

40 PB disc storage

280CT24 CMS CRB, Serbian T1 Status and HLD, V. Rekovic
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High Performance Computing Sites

Usage of HPCs continues to grow, with contributions from many sites

CMS Public

Number of Running CPU Cores on HPCs - Monthly Average
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with large month-to-month variations

10

CMS Status

Matthew Nguyen (LLR)



HPC sites by region

500

HPC usage driven by US sites, mainly at NERSC

e Comparable to FNAL T1 in scale I T L

NERSC Perimutter (DOE) 337M CPU|  Jan 2024 - Jan 2025 74%
(but not continuously available/used, [taccFrontera (NsF) 36M| Jun 2024 - May 2025 38%
utilization fluctu ates) PSC Bridges-2 (ACCESS) 23M|  Oct 2024 - Sep 2025 2%
SDSC Expanse (ACCESS) 23M|  Oct 2024 - Sep 2025 8%
s« CMS Production Cores: US HPC & FNAL Purdue Anvil (ACCESS) 23M|  Oct 2024 - Sep 2025 15%
0K Last 12 months TACC Stamped3 (ACCESS) 1M|  Oct 2024 - Sep 2025 0%
- Name Mean Currently Active Allocations
y
== T1_US_FNAL 403 K
0K == T3_US_Anvil 3.38K
T TusaeRse e But also HPC initiatives in Europe
0 K _US_
= T3_US_SDSC 253K
e = T3_US_TACC 3.67K . . . . . .
Switzerland: All pledged T2_CH_CSCS CPU is provided via the Piz Daint HPC, completely

0K = TOTAL

= transparent integration via ARC-CEs

"0 K

or Germany:

0 K A7 ‘A, W Rk | Site extension of T1_DE_KIT (HoreKA)

,"m T M ,\l ‘ Site extension of T2_DE_RWTH (CLAIX)

0K Transparent integration

0K

Spain:
BSC integrated as T3_ES_PIC_BSC

0K

0
11/2023 12/2023 01/2024 02/2024 03/2024 04/2024  05/2024 06/2024  07/2024 08/2024 09/2024  10/2024

italy:

CINECA Leonardo GP completely transparent integration in the batch system at
T1_IT_CNAF

CINECA Leonardo GP/Booster as opportunistic resources. CNAF-CINECA subsite

| France is notably absent

Matthew Nguyen (LLR) CMS Status



Testing ARM resources

o CMSSW supports ARM since 2016 (and POWER since 2014).regularly (daily) tested but lacking full-fledged physics validation.
e |n 2023 we got access for a short period to resources at T3_UK_ScotGrid_GLA (thanks to ATLAS colleagues)
¢ \We performed high statistics production for Run3 pp and heavy-ion MC and 2023 Data.
Not straightforward to setup but successful (in terms of production). But two different outcomes:
1. MC: with ~7-1076 (for 40 processes) reconstructed events (produced x102, gen filter efficiency). Green light!

2. DATA: ~4-1076 events from 2023 RAW data.

A. Physics groups are (rightfully) more “demanding” on data since whole chain should be run on exactly the same events
B. Less workflows w/ more events, O(100k)==much longer runs @ Data @ CERN (so need staging) — More prone to failures

C. Being the resources available for a limited span of time makes recovery tricky

Efficiency vs 1 effic
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ARM - 2024 update

e |n 2024 we got access to much more resources and in a stable way from KIT (the vast majority), CERN and CNAF.
o \\e carefully repeated the Data validation with 2022 and 2023 data.

e Validation is nearly done and no problem spotted — CMS should be able to add ARM resources to its pool.

e A production-like test MC production is also coming in the next weeks.

e | esson learned: for this kind of integrations we need enough resources available steadily.

TrackEtalLoose_ImpactPoint_GenTk TrackEtaLoose_ImpactPoint GenTk Number of Muon nMuons

4 Entries 1.294407e+08 ool Entries 45328
9l %Q Mean -0.02415 a 8 il Mean 4.406
S g 4__».:-»1»_ mcv 1.603 g — Std Dev 2.642
E - e e
- — :‘é‘ —
g 4sE ‘ T ' = — —
Q — o « —
Q - ~ - =
— | = g 6
s 4E 1410 pre7 - — 3559978
s . E Entries  1.29429e+08 — Entries 45328
e ¥ Mean 0.0241997 5 — Mean 4.40671
= = RMS 1.60348 - RMS 2.64177
33— —
= | =
25FE = » L
= 3
A= = ata - Muons
15 ‘E
1: 15#— —»—I
05— | | : ) B — Iy i i O i ] e | i | i e ‘J 3
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1.00015 5
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obggggg e T i1 .
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009 o Trackin 0.96 E+ Numbey of Murns
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Run 3 schedule

New schedule approved by Council

.......... 2028

SIOND)[FMAM ) [ |A'SIOIND{ ) FIMAM ) ) AISIOIND] ) FIMAM ) JJAISO/ND] ) [FMAM )| JASIOND]| ) FMAM ) ) JAISIOND| ) [FMAM ) ) [A'SIOIND| ) FMAM)

) FMAM ) A

? + & o

oooooooooo

* Run 3 extended thru June 2026

e ~ull production year in 2025,
similar to 2024

e \/ery short YETS

e Expect another ~ 180 /fb in 25/26
— we are midway thru Run 3

2022 | 2023 | 2026

100 fb™*

2024 | 2025 |
200 fb™’ 300 fb™"

. 1§

Match/exceed Run 2

Matthew Nguyen (LLR) CMS Status

2025, DRAFT B

“Scenario B”

https://indico.cern.ch/event/1462121/

2026, DRAFT B

~Double Run 3 ®

Mar Jan Feb Mar
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https://indico.cern.ch/event/1462121/

Phase-2 CPU Projections

50000 I I I I I I I I I I I I I I I I I I
" | Total CPU < utdated: /
E 2022 Estimates /
@ 40000 —= No R&D improvements ///
?\ i -®- Weighted probable scenario /
O == = 10 to 20% annual resource increase 7/
3 300001 //
L 7
~ 7
= 20000 7 4
g /7 |
= | P A~ :
-I‘B 10000 | Run 3 | - Run 4 -~ %
I9 - —‘—" /l' p— —‘—_-‘— i
0 I | | | - I | I | | | | I I I | | | | I -
2021 2023 2025 2027 2029 2031 2033 2035 2037
Year
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CMSPublic

Total CPU HL-LHC (2031/No R&D Improvements) fractions
2022 Estimates

Other: 2%
GEN: 9%

RECO: 35% DIGI: 9%

‘ Analysis: 4%

SIM: 15%

RECOSim: 26%

15



Breakdown of CPU usage in CMS

ML inference
Several ongoing efforts to enable

e To keep up with t software to run on GPU

| CMS Public
should be carried Total CPU HL-LHC (2031/No R&D Impro

2022 Estimates
tasks on accelerat

ements) fractions

Other: 2%
GEN: 9%

_— Mad4GPU

RECO: 35% DIGI: 9%

e CPU time s split

o Event gener Analysis 4%

o Simulation
O CMS event r FastSim (ML based)
——"‘ FullSim e.g. AdePT / Celeritas

o Reduced da S,M o

Tracking

Vertexing —

ECAL/HCAL local reconstruction

Clustering & PF RECOSim: 26%

Electron seeding

Charis Kleio Koraka GPU code & workflows - October 29" 2024 3



00 m

600 ms

500 ms

400 ms

average processing tme per event

300 ms
200 ms
100 ms

Oms

Run 1-2
(CPU only)

le gacy version
, &
&
o

. CMS Preliminary

638 ms/ev

B

CPU-only

2022 - 23

GPU reconstruction

e GPU development for Run 3 driven by HLT
ﬂ o~ * 35% improvement in trigger latency

with GPUs

(CPU + CUDA)

CUDA version

Matthew Nguyen (LLR)

Partce Flow

m Full track and verlex
E/Gamma

B JetsMET

B Taus

B Muons

 Mostly implemented in “local” reconstruction

- Pixel local reco, tracking & vertex reco

B non-event procassng

- ECAL & HCAL local reco & clustering

o [nitially in CUDA, now migrated to Alpaka

( raw data ) @)
O
unp a

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

ich Is dominated by *

CMS Status

—

HLT reconstruction is differen

Alpaka performance portability library allows

a single source to be built for and run on:
x86 and ARM CPUs

NVIDIA and AMD GPUs

o experimental support for Intel GPUs (and FPGAS)
not yet enabled in CMSSW

' from offline reconstruction,

NIgh-

evel” reco, e.q., full tracking



-or Phase-2 endcap will be replaced wit
High Granularity Calorimeter — 6M channels!

Matthew Nguyen (LLR)

Reconstruction on GPUs: Calorimeters

)

h Lo Single GPU vs Full HLT Node (10 threads/job)

m GPU (128 threads/block)

| I GPU (512 threads/block)
801 m CPU (1 job)
m CPU (4 jobs) I

—
—
~—

~—
(89

Speedup

Throughput [ev/s]

. Single GPU vs Full HLT Node (10 threads/job)

m GPU (512 threads/block) / CPU (4 jobs)

vvvvvvvvvvvvvvvvvvvvvvvv

A new clustering framework (TICL) was designed to run on GPUs

CLUE https://inspirehep.net/literature/1777434 OMS Siuiation
TICL: httpSi//CdS-Cem.Gh/record/2&9740 E iéLuesé o
| | E 1500|- Separation distance = 4cm
Algorithms are under continuous development 5
Currently consuming only 5% of reco time
— HGCAL reco will not be dominant

TICLv3

TICLv4

CMS Status

e o e
50 70

I T TR T TR S
140 200
Pileup <Npy>
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https://inspirehep.net/literature/1777434
https://cds.cern.ch/record/2839740

Reconstruction on GPUs: Tracking

Track finding & propagation thru the outer layers is the most time consuming part of reconstruction
Current “Combinatorial Kalman Filter” is by sequential by nature, not suitable for GPUs

Phase-2 outer tracker will have doublet layers

zzzzz

Figure 1: A qualitative representation of the expected Phase-2 CMS tracker geometry [3].

Can be used to seed tracking in outer layers,
an approach that can be offloaded to GPUs

pixel LS (pLS) Inner Tracker

(a) LS (b) T3 (c) T5 (d) pT3 (e) pT5H

Figure 2: A qualitative representation of the different objects created by the LST algorithm [10].

Matthew Nguyen (LLR)

‘Line Segment Tracking” gives comparable physics performance,
and also extends capabilities for highly displaced tracks

LST. https://arxiv.org/abs/2407.18231
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Figure 3: The tracking efficiency is shown for Base CKF (blue), LST with CKF on Legacy Triplet (red),
LST with CKF on LST Quads (orange) and LST with CKF on LST Quads+Triplets (purple) as a function
of the simulated track pr (left) and ryertex (right) [10].

Code is now being integrated into CMSSW
Final computing performance still TBD

Many other ongoing R&D ettorts, e.g., ML based reconstruction
CMS Status 19
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CMS (full) simulation
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event simulation is shown for 500 events on single threaded jobs. Main improvements are connected with the Geant4 migration from 10.4 to 10.7 (CMSSW 11_3 X), to 11.1.1 (CMSSW 13 1 _X) and to
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12 4 X) and the usage of LTO (Link time optimization) build method (CMSSW 13 _0_X). Some slowdowns relate to addition of more detailed geometries. The last two points CMSSW 14 0 Xand 14_1 X
are used in 2024 data taking and MC production for Run-3. During the period of nearly 5 years between the versions 11 _0_X and 14 1 X the CPU time has improved for the ttbar process by 35 %.
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https://twiki.cern.ch/twiki/bin/edit/CMSPublic/TeV?topicparent=CMSPublic.CMSOfflineComputingResults;nowysiwyg=1
https://twiki.cern.ch/twiki/bin/edit/CMSPublic/CentOS?topicparent=CMSPublic.CMSOfflineComputingResults;nowysiwyg=1
https://twiki.cern.ch/twiki/bin/edit/CMSPublic/AlmaLinux?topicparent=CMSPublic.CMSOfflineComputingResults;nowysiwyg=1

Simulation developments

HGCAL Simulation with ML

e Full simulation twice as slow as current calorimeter

e Testing CaloDiffusion model to generate showers in HGCAL

Amram, Pedro, PRD108 (2023), 072014

e Preliminary results: Good agreement in several variables
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e CMS FastSim: simplified geometry, fast particle propagation, fast tracking,

e Apply ML to FastSim to improve agreement with FullSim

4

analytical interaction models

Prototype in place for Run 3 production

CMS Status

Use same scale factors for both simulations giving 10x speed-up in simulation

21


https://inspirehep.net/literature/2686318

FlashSim

FlashSim: end-to-end framework using Normalizing Flow

¢ Trained on Geant4 FullSim

e writes directly to nanoAOD
e 30 — 3000x faster than FastSim
e 300 — 30000x faster than FullSim

DP Note 2023-003
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Analysis Dataset

conventional

Reconstruction
algorithms

Promising development for Run 4
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https://cds.cern.ch/record/2858890/files/NOTE2023_003.pdf

Event generation on GPUs

—vent generation expected to use 10-20% of CPU resources without

Dominated by calculation of higher order matrix elements
MadGraph, most-widely used FW in CMS, developed Madgraph4GPU

R&

Testing Maggraph4GPU in CMS gen FW:
https://cds.cern.ch/record/29145847In=en
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Substantial speed-up both in “gridpack” (matrix element) and event generation
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https://cds.cern.ch/record/2914584?ln=en

Phase-2 Disk projections
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AO

NnanoAOD Adoption

D: &~ 500 kb/ev = miniAO

D &~ 50 kb/ev = nanocAOD =~ 1-2 kb/ev

Distribution of used Tiers (2019), Total Entries: 57 Distribution of used Tiers (2020), Total Entries: 96 Distribution of used Tiers (2021), Total Entries: 75

naraAOD

Distribution of used Tiers (2022), Total Entries: 41

mnlAOD

Distribution of data tiers 2024 (total entries: 22)

Majority of analyses now using nanoAOD — important milestone for Phase-2 preparation

Matthew Nguyen (LLR)
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Analysis facllities

Supported by CMS Common Analysis Tools group

In addition to CERN interactive logon services such as the LXPLUS service (Linux Public Logon

User Service) and the SWAN (Service for Web based ANalysis) platform, other CMS institutions . o
Coffea-Casa Analysis Facility

also provide access to computing resources by providing so-called Analysis Facilities to users
with a CERN account that is associated with CMS. These are summarised here.

B

Coffea-Casa is a prototype analysis facility, which provides services for "low latency columnar
e Purdue Analysis Facility analysis", enabling rapid processing of data in a column-wise fashion. This provides an
interactive experience and quick "initial results" while scaling to the full scale of datasets.

e Coffea Casa

¢ INFN Analysis Facility

A prototype for interactive analysis

e ; ) o ° ° ! JupyterHub
= ! (shared :
: o Q o ' between : E s
» 8 ' users) : HTCondor workers
' A

____________________________________________

|| Grid/ cluster site resources

This project is a prototype for a data analysis system, CMS compliant. The main targets are:

Remote data

1. Reducing analysis "time to insight" (training time for newcomers included) with an I‘ Data flow GECHES Kubernetes resources
interactive and user-friendly Ul o Per-user resources Coffea-Casa
Non-data Communication Shared resources between users

2. Single and easily accessible hub to reduce the complexity and maintenance of multiple and

slightly overlapping solutions

3. Increasing the system delivered throughput (evts/s)

Matthew Nguyen (LLR) CMS Status 26
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Concluding remarks

eRun 3 is now In full swing, surpassing Run 2

»CMS Is continuing to utilize computing resources intensively but efficiently

ePhase-2 preparations continue to ramp up

e Baseline GPU strategy being extended to oftline reconstruction

o Offline & computing CDR with details on Phase-2 strategy coming this year

e This will be my last Journées LCG-France representing CMS. It's been

great working with you all!

Matthew Nguyen (LLR) CMS Status



