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Introduction
 LHC Run 2 completed in 2018 - start of Long Shutdown (LS2)

— Upgrade of LHC and main experiments

* LHC operation restarted in 2022 with Run 3
— Proton-proton collision energy - 13.6 TeV

LHC

— Target: collect above the total luminosity collected previously (nearly 170 fb1)
— Increased average instantaneous luminosity (and pileup) from Run 2 (~ 2*1034
cm?/s)
e After 2025 - LS3 and High-Luminosity LHC
— Phase-2 CMS upgrades
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https://cmslumi.web.cern.ch/publicplots/multiYear/int_lumi_cumulative_pp_2.png

Run 3 CMS detector upgrades in a nutshell

CMS DETECTOR LS2 UPGRADES

Phase-1 (LS1 = Run 2 =>LS2) highlights: e &\ PIXEL TRACKER

Replaced with an entirely new one

All-new innermost barrel pixel layer,
in addition to maintenance and repair
work and other upgrades.

compatible with the future tracker

o I n n e r (Si I ico n P ixe I ) Tra C ke r upgrade for HL-LHC, improving the

vacuum and reducing activation.

replacement, L1-Trigger and HCAL
upgrade

New generation of detectors
for monitoring LHC beam
conditions and luminosity.

Phase-2 upgrades

*  Upgrade programme for the HL-LHC PPS

new Totem T2 track
det, Roman Pot

(discussed Iater...) upgrade

i ; \ -~ CATHODE STRIP

2l CHAMBERS (CSC)

\ Read-out electronics upgraded
on all the 180 CSC muon

\ chambers allowing performance

\ to be maintained in HL-LHC

\ conditions.

Many upgrade and refurbishment tasks
performed in in LS2

§ problems, saving valuable
&/ time for physics during
collisions and extending
the magnet lifetime.

installed in the endcap-muon
system to provide precise muon
tracking despite higher particle
rates of HL-LHC.
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% | Run3 [ Long Shutdown 3 (LS3)J installed to reduce noise in the event of powering @ An entire new station of detectors

I e i

calorimeter.

Shutdown/Technical stop

Protons physics

Tons

Commissioning with beam

Hardware commissioning/magnet training



Inner Tracker Phase-1 upgrad
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* Layer 1 replaced due to radiation ageing (collected

120 fblin Run 2)
8.+ Upgraded on-detector electronics for the first layer:

— Fixed issues with readout synchronization, noise
shielding and radiation resistance

BPIX L1
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HCAL Phase-1 upgrade
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https://inspirehep.net/literature/1193237

e GEM advantages

— High-rate
adequate

recognition and radiation

tolerance

e Staged Phase-2 upgrade

* GE/1ringin

installed in LS2

— First of the
to Phase-2

)

capability,
pattern

&

endcap was

upgrades on the road

* Detector electronics ready for
high-rate and radiation conditions

* Integration with the Muon L1-
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Muon system — Cathode Strip Chamber (CSC)

* Detector electronics replaced for the inner CSC rings

— Ready for Phase-2 (opportunity in LS2) -

* Latency (12.5 ps) and L1 rate (750 kHz) T LY. / == =0 IIa
« Improved radiation hardness / tolerance ' 1 i

— Upgraded for 180 chambers A

1.6 < |n|. < 2.4

plane
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Precision Proton Spectrometer
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CMS CENTRAL DETECTOR

* Designed for measuring scattered protons in forward regions of CMS in
standard LHC running
* pp->pXp processes (X = high ET jets, gg, ZZ, W...)
* Tracking detectors: LHC magnets used to measure proton momentum
* Timing detectors (disentangling pileup)

Exploratory Strips +
phase Diamonds
2015 I 2016 I
* Run3: Data recorded with oLINT~15 b1
. tracking RPs inserted 39% OF THE DATA
* New tracker system in Run 3: RECORDED BY CMS

* 3Dsilicon pixel sensors - movable to distribute radiation damage
* Timing system
* upgraded electronics and double diamond sensors (< 30ps resolution)

Strips + Pixels +
Diamonds + UFSD

Pixels + Single and
double diamonds

e L ae L

Liyr™40 fb Linr™60 fb-
88% OF THE DATA 93% OF THE DATA
RECORDED BY CMS RECORDED BY CMS



Run 3 requirements for Trigger and Data Acquisition (DAQ)

Requirements similar to Run 2

Rl R JRe3

L1 accept rate
Event size *

HLT output rate
(pp)

HLT computing
power (MHSO06)

HLT output
bandwidth

100 kHz
1 MB

up to 1 kHz

~0.21

2 GB/s

100 kHz
1.4 MB

O(1) kHz

~0.72

3-6GB/s

* raw, uncompressed size, estimate at pileup 56
**Increased mostly due to upgraded HCAL and GEM in Run 3

100 kHz or above
1.6 MB **

O(5) kHz prompt and
parking

0.65 (+ GPUs)

8 (pp) — 15 (HI) GB/s

— Increased trigger-accept rate for heavy-ion (PbPb) run

CMS

160 GB/s

15 GB/s

|

Detectors

L1
Muons

Calorimeters

«—

FE
pipelines

Readout
buffers

>

Switching
network

< i

farms

Processor

[
)

v

40 MHz

100 kHz
(nominal)

O(kHz)




DAQ Data Concentrator in Run 3

readout of L1-Trigger accepted (100 kHz) event fragments from

GTP ] = detector electronics (sources)
Timing, Trigger and Control (TTC) front-end distribution system .
> 1 t o * 10 - 100 Gbit network to transport data to the surface
TCDS I‘;l Il FED L Detector Front-End Drivers ( ~ 760 FEDs ) FEDs
mstallatlons
J ! i} Trigger Throttling System (TTS) b .

* monolithic Juniper QFX10016
chassis switch up to 100 Gb/s
Ethernet link speed

* Replaces 40 Gbit Ethernet
(multi-switch) network fro,
Rim 2

~ 510 Front-End Readout Optical Link (FEROL) Compact PCI
32 FEROL-40 MicroTCA

Patch panels

H H 185m OM3  Data to Surface ~ (2 x) 660 x 10 GbE links (6.6 Tbs)

10 GbE

10aoe T

gg?(ﬂ)g ggg [N FED Builder. Data Concentration Network

T 1 I \\
57 RU/BU servers @ ;ﬂ ;ﬂ @ @ 57 RU/BU AMD EPYC Rome 7502P (32 cores) CPU, 512 GB RAM
L]

84 x100 GbE l;r T ol ol ol Core Event Builder |j J Zen2 AMD ‘Rome’
Event network Chassis based Ethernet switch architecture (32 co re)
142 x100 GbE [N Event Back Bone ] 3 x 100 Gb Ethernet
(2x Mellanox ConnectX-6)

2" Gen EPYC

RU/BU ®

Filter Farm N Té’;; 25&’5&2@ } 12PB| Lustre Storage
m Head Noc
ﬁ- - 0 ’% Filter farm HLT nodes (25 GbE -ToR) OSS | |MDS | [Tleac TYodes

200 servers: dual AMD Milan 7633 SS S 4 x100 GbE

(64 cores) CPU, 256GB RAM, 2 x T4 GPUs
Central Data
Recording

DAQ3 diagram

|
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[1100 GbE| ||
|I I .
Readout PCs — RU/BUs!
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DAQ Event Building in Run 3

* Building complete events from scattered readout

 Run 3: 100 Gbit Ethernet with remote DMA (RoCE v2) — replaces
Infiniband network (Run 2)

— Using 2" chassis based switch (Juniper) = serving also HLT and Storage and
Transfer System (Event Backbone Network)

* Folded event-building:
— Advantage - bidirectional use of network links
— More demanding on individual PC CPU and I/O performance

800 400

o - Overall performance with traffic generated in EVB - }:
(fr_),’ 700F Dashed line is Event Rate at EVM VS Event Size —350 E
é- - m 1EVM+49 RUs +50BUs ] i
§> 600:_,-».,—‘””“”‘*’1\ —:300 §
£ o ] ©
> = — c
] - . o
\ T 400 ) —200 @
o - _
= o -
E@ 300[— —150
— \\“\1 E
200 * : —{100
. . Ethernet (RDMA) 100 Ts0 Fully cabled Run 3 EvB and Event
Folded EVB illustration r | :
N T E R T A Backbone switch
500 1000 1500 2000 2500

Event Size (kB)

L1-Trigger and HLT - see Dener S. Lemos talk



O p e ra t i O n S i n 2 O 2 2 CMS Integrated Luminosity, pp, 2022, Vs = 13.6 TeV

« July 5t to November 28t" — Run 3 proton-proton physics run at sqrt(s)=13.6 TeV ~ [ = tcomedfos
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High-Luminosity LHC (Phase-2)

». LARGE HADRON COLLIDER

LHC / HL-LHC Plan ( HiL UM

® Peak luminosity ==Integrated luminosity
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upgrade
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Aim: collection of large amount of collision data, up to 4000 fb!
* Physics motivation: SM, Higgs coupling, SUSY, DM searches...

140 PU event

* New paradigms for HEP experiments to fully exploit HL-LHC display
luminosity
* Upgraded as well as fully new designed detectors to cope with :
increased occupancy and radiation £ (PU) Vertex Density [L/ yelar
 detector electronics, Trigger and DAQ upgrades to handle Baseline 5-10%*cm™2s™! 140 0.8/ mm 250fb™ 1
increased event size and L1-trigger rate Ultimate 7.5-10**cm™2s™' 200 1.2/ mm > 300fb




L1-Trigger
https://cds.cern.ch/record/2714892

* Tracks in L1-Trigger at 40 MHz
* Particle Flow selection

* 750 kHz L1 output

* 40 MHz data scouting

Technical Design Report

CERN Eurcpran Orpmicaton e o Research  comscomssm

Calorimeter Endcap

https://cds.cern.ch/record/2293646

* 3D showers and precise timing
* Si, Scint+SiPM in Pb/W-SS

The Phase-2 Upgrade of the
CMS Endcap Calorimeter

Technical Design Report

Tracker

https://cds.cern.ch/record/2272264

* Design for tracking in L1-Trigger
* Extended coverage ton = 3.8

Technical Design Report

* Si-Strip and Pixels increased granularity

CMS HL-LHC Upgrades

DAQ & High-Level Trigger

https://cds.cern.ch/record/2759072
+ Full optical readout

- Heterogenous architecture

. 60 TB/s event network

« 7.5 kHz HLT output

Barrel Calorimeters

https://cds.cern.ch/record/2283187
* ECAL single crystal granularity at L1 trigger

with precise timing for e/y at 30 GeV

* ECAL and HCAL new Back-End boards

Muon systems
https://cds.cern.ch/record/2283189
* DT & CSC new FE/BE readout

RPC back-end electronics

New GEM/RPC1.6<n<24
Extended coverage ton =3

Beam Radiation Instr. and Luminosity
http://cds.cern.ch/record/2759074
* Beam abort & timing
* Beam-induced background
* Bunch-by-bunch luminosity:
1% offline, 2% online
* Neutron and mixed-field radiation
monitors

MIP Timing Detector
https://cds.cern.ch/record/2667167
Precision timing with:
* Barrel layer: Crystals + SiPMs
* Endcap layer:
Low Gain Avalanche Diodes

A MIP Timing Detector
for the CMS Phase-2 Upgrade
Technical Design Report

CERN Euopean Orgnzaion for ucear Rsearh  cameuscamrans
rganisation surpssnne pour 3 recherch nuckare giatd

The Phase-2 Upgrade of the
CMS Barrel 5alor1melers
Technical Design Report

The Phase-2 Upgrade of the
'CMS Muon Detectors

TECHNICAL DESIGN REPORT



https://cds.cern.ch/record/2272264/files/CMS-TDR-014.pdf
https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2283187
http://cds.cern.ch/record/2759074
https://cds.cern.ch/record/2667167
https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2759072

Inner and Outer Tracker Phase-2 upgrade
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Level-1 Trigger Phase-2 upgrade

Calorimeter trigger Muon trigger Track trigger
| |
750 kHz L1-accept (readout) rate from the detector from the Detector Backend systems

40 MHz collision rate

P

* 12 us latency budget for decision on event accept or discard

e New Track-trigger for the Outer tracker (OT)

— Separation of high and low transverse momentum Globach;alorimeter
charged tracks, pr > 2 GeV, in Tracker pT modules (trig. i
primitive filtering in PS and 2S)

— FPGA-based parallelized track-finding: O(15k) stubs per External Triggers
PU 200 event [

Correlator Trigger

Local

Global Track

Trgger Global

PF

(a) “StUbM\ pass fail
LTI

I+4mm[ Oﬁ
y EERERERL

*-.
z X  <100um

Global Trigger GT

Phase-2 trigger project
* High-precision calorimetry, vertex finding, displaced

muons :
* 40 MHz L1-scouting system

e Readout of trigger-primitives and trigger data,
storing for analysis
* Demonstration system in Run 3

Particle flow in Correlator Trigger

— application of an algorithm building a global event
description in firmware




MIP Timing Detector - MTD

* Timing detector located between tracker and calorimeters
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0 N N HH — bbyy ( 200 Pileup Distribution ) 60
2 0.4, &£ b Timing (p_>2 GeV) Only
S LYSO:Ce crystal  FE ASICs spacers, tabs for modﬂ;uppor‘t 1 1‘? 100 5 - ::':‘rr::n on g _ ~——— Bamel Timing Only
Gain = 0.35p —_ er:«»Endcia'n'ynng § 50;. Endcap Timing Only
Timing resolution ~ 30 ps LT Tm—— “g’» : —
w 025_&na~&r-§:a¢<'w.ng 2% ; 40._
*  Completely new capability to CMS 5 o
. . . . . g
— precise measurement of production time of MIP particles > disentangle PU e g of
. . s 2f
interactions (beam-spot spread ~ 180 ps) oF < |
. . v . .. 0.05] g 10
— Improved performance of b-jet indentification and missing pt measurement f g
B B g TR

| 1
GD 02040608 1 12141618 2 2224

Yisgps

— Enhanced capability of searches for long-lived particles



High Granularity Calorimeter - HGCAL

* Radiation-tolerant imaging Endcap calorimeter n (250 GeV) cEHS)
— Replaces existing Pre-shower, ECAL and HCAL (due to end-of-life radiation, trigger latency...) v 0y -;o\.‘,l)'f-';&-";i:“
— 5D (spatial, energy, precision-timing) measurement of shower shape .. M (R
- . . CE-E R A
— participates in triggering ARV RO
— 6.5 million channels : silicon cells (0.5-1cm2) and tiles (4-32 cm) — readout by SiPMs e i
 nanay s

87 Si module tile

Diagram of HGCAL

Scintillator

* B
{ absorber :
active
“m elements

screen 4




ECAL Barrel Phase-2 upgrade

Refurbishment of existing barrel supermodules

— PbWOS3 crystals — long lifetime in radiation
conditions

New on-detector electronics and readout
— Single-crystal trigger-primitive generation

— Increased buffers for larger 12us L1-accept latency
and 750 kHz readout rate

— improved timing and noise filtering, and re-
optimized APD pulse shaping

L1 Trigger

10 GB/s
Data, Feature extraction DAQ
Trigger primitive
 —— —_ >

formation
Suppress isolated
anomalous deposits

Clock
Control

Trigger primitive, feature extraction done
off detector using powerful FPGA

Figure 1.4: Block diagram describing the upgrade EB electronics architecture.

0

S(Phase2)/ S (Phaset)

Expected fraction of initial crystal

, light output (50 GeV photon)

1+

08

— 300/1b
1000fb
— 3000/fb

— 4500/%b

APDs Pre-Amplifier ADC

Master I[pGBT ASIC
Control (2.5Gbps)
Readout (10Gbps)

3 x Readout IpGBT
Readout (10Gbps)

Versatile link plus
0O Control link

Readout links

Figure 1.5: Schematic of the upgrade EB electronics architecture.

15
ml

Refurbished ECAL barrel

supermodule

spare

November 2022 electron test beam
Pedestal mean, RMS and pulse shape as
expected and consistent over all channels



Muon system Phase-2 upgrades

n 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11

° Existing 1, , RPC detector upgrade electronics 0 843 786° 734° 67.7° 625 57.5° 528"  484° 443 404° 36.8° —
—  For HL-LHC high-rate readout, latency requirements and improved E aEd R S S P e eI e sty
performance x© | | ] / : : : / .ﬁ:ﬁi 1 13 20
—  the DT readout electronics upgrade (ongoing slice test) — improved time i Wheel 0 :;i:*:
resolution

MEO | 14 27.7°

— the legacy RPC system readout electronics upgrade - adding better time
estimation, providing a sub-bunch-crossing time window of 1.56 ns

* New detectors in the forward region

— Improved geometrical acceptance for muons

* New GEM detectors
— MEO - 6-layer triple-GEM detectos at |n|=2.4- 2.

EEUSEVond MmEsLqamm tasemieane

— GE 1/1-2layers installed in LS2
— GE 2/2 - demonstrator installed in LS2

o] s \
N A

GE2/1 demonstrator

* Improved Resistive Plate Chambers (iRPC)

— Redesigned for high background in HL-LHC conditions at high-n
— Improved hit rate and time and spatial resolution
— Demonstrator installed in LS2

- v A \
R ! 3 3 NS
A 3 ~ e ) S . BN,
7 ¢ e A
) ’ S 1 ik 3 g | -
= S > h ol . (S =\



Phase 2 Readout and DAQ interface

Front end radiation-hard electronics

- %G 5 paTA [—2- g%
S —=—d | g N N 3o
3 D Y ) = DATA |0 = N
o e = SO 3 | f
g’ - “’E = g S I 4 7”:‘ DATA [— 8%
f B :
e % g e | g
[ — L] : Biden
12 x Daq & Trigger Concentrator (DTC) Daq & TTC Hub (DTH)
40 MHz trigger .
p?,m,t, riee 0000 +  DAQ and Trigger Hub (DTH)
imitiv >
FEgpiicallinks — Custom ATCA board for high-bandwidth
750 kHZ fUII' readout QSFP for comExpress
event readout PAQIinks Controller
*  2x Xilinx FPGA and HBM memory o
(~ 8 MB/ event) \ — Input: Firefly 100 Gbps inputs (4x or 8x)  connector -
kets fi
|pGBT — Output: 100 Gb/s Ethernet (4xor 8x)to | S=SEESES Firefly optics
ATCA modular DAQ data concentrator - data-to-surface -
electronics — Precise clock distribution
— installed in ATCA crate with detector- ‘ T
backend electronics J converters
_ -
| v2 prototype of the DTH-400

board




Phase-2 evolution of CMS DAQ

1
CMS -200 PU Detector Front-Ends (FE) Q
Detectors Trigger Processors Tridaer and detector data. 00 x 1-10 Gbps GBT links. >
gger and detector data. ~ 50,000 x 1-10 Gbps GBT links ‘
40 MHz Global Trigger De‘ecwr‘ ‘ = : 9 THTTTT1 12 Detector , e LR RN RN AR AR J_‘H DUC‘ H‘ *';’ ~
L1 —JrTT— - = Back-Ends % ék‘)r:(gjg?ar MLKJGDS data links Bagk-Er?c;s O
Muons § oz TCDS/EVM  [5751 - IDTH Detector | DTH g
Calorimeters / |1 g =7 H° T a4 180 cbe — R ATCA | |
t
Tracks = " I I Busy DTH il |
750 kHZ CLK/L1A °F w U)
o a
-
3P - . Data to Surface (D2S) 200m fibers |
8.4 MB evt size _§£ 1000x100 Gbs data links ||||||||||| |
2 Ia M Data to Surface. Data Concentration Network
200 x 400 GbE ports
z ~ 200 x 400 Gbs switch I/N RoCE Event Builder E :I
% E ~ 200 Tbs bandwidth Event network Chassis based Ethernet switch 5
8 &8 ~ 400 x 400 Gbs switch | M Event Back Bone ] @
- 1 — 11 T I
Top of the Rack _(ToR) { ] [ ~ 10 PB local storage Cluster Merge &
7.5 kHz 1 HLTswitches (M HLTToR - 50 GBs access | Storage Trar?sfer
51 ca/s (7 golleal [e)  [sfe L
;m* m4 RA4 M4 RAM Central Data CDR
Gpul|| GPU GPU Gprul|| GPU Recording

* DAQ Phase-2 reaquirements compared to Run 3 ) _—
~ N . Orbit building
— 7.5x L1 rate, ~4x event size 30x readout bandwidth « In place of the event-building
* Aiming to achieve by scaling up current DAQ architecture, taking e 11 kHz orbit rate in DAQ

advantage of hardware evolution * Events from an orbit will be built in HLT nodes

— 400 Gbps Ethernet (or equivalent) and new gen. computers for 1/0



Phase 2 HLT requirements

Strategy:
e La rge chaIIenge Technology evolution of CPUs (cost reduction)
. _ - * Coprocessors (GPUs)
— Estimated 50x computing power increase (for * Assuming similar price/performance evolution
Run-5) with current approach * Goal: adapt up to 80% HLT code (processing
* Due to high pileup, L1-rate and increased time) to GPU algorithms
requirements reconstructing upgraded and new * Algorithmic improvements, optimizations and quality
detectors (mainly Tracker and HGCAL) improvements in development
CHF/HS06 Price/performance evolution of installed CPU servers (CERN)
HDD ->SSD | 2GB->3GB/core memo ry
= / INTEL - AMD price war, low RAM prices
f 1.62."‘....5 =
120% RAM price increa: .5 .& B .m
2:00 1.20 o
improvement factor/year
Bernd Panzer-Steindel, CERN IT Last 5 year average improvement factor = 1.25 Measurement of Phase_z event reconstruction time

on MC-simulated events



Conclusion

* Extensive upgrade program in LS2 was completed
— Upgraded and refurbished systems were commissioned in first half of 2022
— Successful first year of Run 3 with 37.5 fb! recorded by CMS
— 34 fb! certified for the physics analysis
— Overall efficient operation of LHC and CMS in this period

 HL-LHC upgrade program
— Large R&D effort in progress withing the CMS Collaboration on the upgrade
— Advancing from final engineering and prototyping into production phase

— Software reconstruction development in preparation for running with new and upgraded
detectors



BACKUP




Compact Muon Solenoid (CMS)

* ~ 30 MHz collision rate for proton bunches (25 ns spacing = 40 MHz)
Compact Muon Solenoid  2-stage filtering of collision records: Level 1 (hardware) and Level 2
software

BARREL

I I I 1
Oom im 2m 3m

ENDCAPS
= Electron

= Charged Hadron (e.g. Pion)

= — - Neutral Hadron (e.g. Neutron)
=== Photon

Width: 21 m .
Diameter: 15 m Tansesedce Pixel and Strip Tracker, Jill
Weight: 15000 t ECAL, HCAL Muon detectors: DT,

Magnetic field: 3.8 T (solenoid) CSC, RPC, GEM




2018 (Run 2) pileup distribution 2022 (Run 3) pileup distribution

3000 3000
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S 2500 Yy 412500 S 1000} Online 11000
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https://cmslumi.web.cern.ch/publicplots/2022/pileup_pp_2022_
https://cern.ch/cmslumi/publicplots/2018/pileup_pp_2018 800 80000_Normtag.png
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Level-1 Trigger in Run 3

* Phase-1 Trigger upgrade —in use since Run 2 (2016)
— New electronics (LTCA standard)
— Improved performance at increased pileup and luminosity
— Full-granularity of calorimeter exploited

— Combining muon detector information early in the chain (improving
efficiency and rate reduction)

— Supporting more sophisticated algorithms

v haigt j C
UGT $1F04-32

“~._ ECAL

®

n HCAL

[l Seed Tower
. First Neighbours

Second Neighbours B Isolation region

[llustration of L1 calorimeter clustering and
hadronic isolation region

* L1-scouting
* Reading L1-trigger data at the full bunch-crossing rate (passively) from
the L1 system

*  OQutput saved to storage for analysis
*  Physics at the bunch-crossing rate = search for rare processes & difficult to
trigger signatures at L1-Trigger resolution

* A demonstration system in Run 3 for the Phase-2 upgrade

Calorimeter Trigger
ECAL [ HCAL ] [ HCAL ]
HB/HE uHTR HF uHTR
1
M

Muon Trigger

)

600

-z endcap
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Core Event Building
« Scattered detector readout > complete-event payloads = Chassis-based Ethernet switch (Juniper)
— Single switch for readout ( 672 x 10 Gb/s inputs) to

* Run 3 DAQ evolution — folded event-building (EvB) RU/BU PCs
— Event Building network — 100 Gb/s Ethernet

links
* 0O(50) links to RU/BU PCs

( — Event Backbone network
' * 100 Gb/s EVB € = 25 GB/s Ethernet links
D@ X I:[@ : >< : * Serving HLT, Storage filesystem and data transfer

from P5 to CERN computing center (Tier-0)

* Advantage: bidirectional use of network links
* But more demanding on individual PC CPU and I/O performance

150

100%

100 50

HCA
Ah 0 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 0
TCP/IP 500 1000 1500 2000 2500

300

KERNEL

- - Y SRS
RDMA over InfiniBand or 200

Ethernet

- -
Infiniband Ethernet (RDMA)
Linear EVB (Run 2) Folded EVB (Run 3)
g 800'Overall performance with traffic generated in EVB 1*° E
. m C . x
NeW In Run 3: 100 Gb/s QS’ 700} Dashed line is Event Rate at EVM VS Event Size —350 g
Ethernet with remote DMA 2 b " TEMrasRUs+s0BUS T
5 ' ) 1 2
(ROCE V2) ﬁ 500 * —{250 ECT
& = 5
: T 400 200 @
] lg E

T I|IIII|IIIIIIIII|IIII|IIIJ||

HARDWARE

D 4

i R Event Size (kB) Fully cabled Run 3 EvB switch




Beam Radiation Instrumentation andLuminosity (BRIL)

BRIL

Run 3 data sources

* Beam and radiation monitoring and protection

. . Phr 11 adiation
e Performs luminosity measurement Phase 0 & Phase I o I
: - - EREES systems e
e real-time for immediate feedback to LHC and _— Y ey
. . . . Z I\ =
detector operations, and for ‘offline’ analysis (BCMIF_S) HF Lumi [ PLT REMUS
i - Pi [\ -
* Using detectors - Pixel tracker, HF, Muon — . o
system (R}%fﬁ?mé})fgz) Monitor (BHM) W Trigger Primitatives Radmons
*  Using deficated luminometers - PLT and perx | "N [P @ mur |[0MH | RSB Sice
BCMlF onitors g
* Pixel Luminosity Telescope (PLT) - e Fast Beam Conditions Monitor (BCM1F)
— 8silicon pixel detectors located at each end of CMS — Fast particle counter

— refurbished for Run 3 due to radiation damage — Redesigned in Run3 : all silicon detector

* Improved stability, radiation tolerance and linear response
— Located 1.8m from IP at radius of ¥ 6 cm

BCMF1
guadrant_-

A
o
4 L
7
¥




Start of the Run 3

* Intense period of commissioning with cosmics and first beams
circulating in the LHC
e First sqrt(s) 900 GeV collisions — May 27 2022.

* July 5t 2022. —start of 13.6 TeV Run 3 proton- =
proton physics run (media day)

CMS Experiment at the LHC, CERN N
Data recorded: 2022-Jul-05 14:48:56.743936 GMT
Run / Event/ LS: 355100 / 51596902 / 53



BRIL: 15 technical systems for HL-LHC

40 MHz scouting Neutron Monitors _
Muon Barrel (MB) L1 muons, tracks, Gas filled proportional 'II;racker E?SES)F:)P'Xel
L1 trigger primitives calorimeter objects chambers etector I : :
clusters & coincidences * Bunch by bunch Ium|n05|ty
Oiiter Tracker NP — Target: 1% precision for analysis,
2% online

Layer 6k (OTbL6) Calorimeter (HF) (2% )

L1 EracKiSEDs ) y4a hit towers & XE;

Beam Halo Monitors (BHM) [ i e FBCM

h kov Light & PMT I I . .
Cherenkov Light & I _ il i — Dedicated luminometer
; — Sipad diodes
— H — sub-BX timing and radiation
i Il i resistance

S y ! X = — Adapting Phase-2 inner tracker
BRTA ] REM.US electronics

(z=+/-160 m) I ——1| ambient dose

Timing 1 equivalent rate

LHC Radmons

TID, SEU rates,

1 MeV N. eq fluence Beams Conditions Monitor for

Losses (BCML1,2)

TEPX Disk 4 Ring 1 (D4R1) lonisation current in pCVD

Fast Beam Condition . "
. diamond and sapphire sensors
clusters & coincidences Monitor (FBCM) PP

Neutron Spectrometer
SiPMs & Bonners spheres

hits on Si pads



High Level Trigger refresh and performance

* Full-event reconstruction and filtering in the HLT

— New generation of Server CPUs replacing end-of-life Run 2 nodes Nvidia CPU - GPU offloading

— Increased level of multi-threading in Run 3 = improved memory usage TeslaTé for HLT reconstruction

— Initially implemented for:
Pixel, HCAL, ECAL

e Achieved ~=40%

®m  CPU only

CPU+GPU per HLT sef\’er ®  with GPUs, without MPS

®  with GPUs, with MPS

— Various algorithmic improvements and taking advantage of detector upgrades
— Heterogeneous computing: GPU coprocessors (pilot for Phase-2)
— Output to a distributed LustreFS filesystem and transfer to Tier-0

2022 HLT Farm

5 o0.CMS Preliminary
CPU and 2 x AMD Milan 7763 20x || RU/BU T
memory (64 cores @2.45 GHz) =[]
256 GB RAM | aoas | s kNFSv4 input output
B =T
GPU 2x Nvidia Tesla T4 5 = RoCE Event Builder
f e o : -
é [|><1 Event Ba:t:k Bone é
# servers 200 : Q—] g
= Onhe: 100€->25 Gb/s <
# cores 25600 ol swntch' Ethernet
kHS2006 645 |
benchmark ‘ H LT
gg'\cjlsd ) Se rvers

':""'M ' NCPU-()n |y ) 16 32 48 64 80

CPU threads per job



Compact Muon Solenoid

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 ym?) ~1 m*> ~66M channels
Overall length :28.7m Microstrips (80-180 ym) ~200 m* ~9.6M channels
Magneticfield :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

' FORWARD CALORIMETER
~ Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbBWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels




Muon system — Gas Electron Multiplier Chambers (GEM)

e GEM detectors

— High-rate capability, adequate pattern
recognition = more efficient muon
reconstruction

Drift cathode |

— radiation resistance
Readout PCB

— Important for phase-2 (5 kHz /cm? hit rate)

Amplifier




BACKUP: CMS Readout in Run 2 and Run 3

* Phase-1 (Run 2) upgrade readout
system remains in use in Run 3

PP TP TrTreerreeTrecroy i FreTeTeTTT©TY

— Run-1 era detector hardware: still in
UTCA electronics use interfaced through the old FRL
(PCI-X) carts

_ FED Fragments 2..8 kB

e TCDS - timing and clock
Optical SLINK- istributi
express distribution system

100 kHz readout 6 Gb/s - 10 Gb/s — Introduced in Run 2 and
< fundamentally unchanged in Run 3

Frontend-
Readout
Optical
Link
* Run3:
FEROL e 759 FED fragments = ~ 510 readout cards
* 6-10Gb/s SLinkExpress inputs (FEROLs)
* 10 Gb/s simplified TCP/IP output (Ethernet) * added GEM detector readout and 8 new
implemented in FPGA HCAL channels
* High-throughput FEROL40 uTCA card — used with e Upgrade of VME-PCs - control subdetector
Pixel upgrade crates



Run 2 and Run 3 - FEROL TCP/IP

Old-FED New-FED New-FED
10 Gbs 4 Gbs

Slink | |

4 Gbs

200/400 M X d

O

FEROL
FrontEnd
Readout

Optical Link

2 x 10 GbE

P&I-x
FRL

FrontEnd Readout Link (Go back to start)
| Simplified unidirectional TCP/IP
implemented in FPGA

10 Gb/s simplified TCP/IP Point to point link performance: 9.7 Gb/s for fragments > 1 kB
from an FPGA 1400 - . ‘ . , : [ : | i
H 1.25 GBytes/s 10.0 Gbit/s
48 x 10 Gb/S N v B e Gt " sttt T gy g — éog_go
j - Data concentration: '
/000 — - 8.00
‘ b 10/40 Gb/s Ethernet .
switch 800 - T S
6x40Gb/sout | 3 " 3
£ 600 - . g
= 2 J400 £
= 400 - .
10GE Maximum «eoeeis ~ 200
200 |- 100kHz R
MOL/FEROL —e—
C6100 TCP —e—
0 : : ' : ‘ - ‘ I ‘ 0.00
16 64 256 1024 4096 16384 65536

Fragment Size [Bytes]



File-based Filter Farm

* Asynchronous service-based approach

— HLT daemon service (Python 3) based on filesystem events
* Spaws and controls CMSSW processes running HLT reconstruction and selection
— Merging
* 1stlevel: aggregation of HLT output on FU shipping to an output RAM disk buffer on RU/BU (overall ~ kHz)
* In total, 3 merging levels (per-FU, per RU/BU (appliance) and global) to get the data fully aggregated in
single location

— Dedicated elasticsearch based monitoring system

H T Data and control flow in F3

* New functionality in Run 3:

DynamIC aSSIgnment of FU RUBU | event-building merger service, m— ‘f’,}Zts"ybs‘f;?ﬁ
\ ' merged
Groups to RU/BU nodes it oo
— Flexibility in case of HW issues and (e.g. =
replacing RU/BU with hot-spares), nstan | | detect =
run start raw file output
prevents monitoring collection =
~—>  hitd Bt i g
input ramdisk output ramdisk sp:_m_n
r»aw . processes
300 7 G et L (unstart) Accepted
outpu
. . . GB read raw data GB processes (streams)
Cconsidered a suitable design for the fes S colleton
Phase-2 upgrade S J local disk
move output
files to output L T
partition




Muon system — Gas Electron Multiplied Chambers (GEM)

* New on-detector/readout
electronics

L1 muon candidate p:"' [GeV/c] L1 muon candidate 1
128 channels

10° CMS Slmulatlon Prellmlnary CMS Simulation Preliminary
— . PR - —_ [T — —— — 1
N E i - L1 smgle muon tngger E N B i " ]
E i | (final 2012 configuration) 7 E 30f L1 Selections (L1 muon candidate p 20 GeVic): -
sl . M CSC >2 stubs (anywhere) ';' | —— CSC >2 stubs (anywhere) B
% 10 == | NN CSC >2 stubs (one in ME1/b) % 25[ — CSC 22 stubs (one in ME1/) .
- C . IR GEM:CSC integrated trigger - = [ ——— GEM+CSC integrated trigger with >2 stubs 3
5 L ) with 22 stubs . [ Z | ‘ R
™ = = T [ i
¥ ] = :
e C . 15— =
10— - :
3 E - L=4*10*cm?s"
Z 164<|!’||<214 - 10—
jLiL= 4'1034 cm’ 2g1 i
£ E|
g 7 5
10 i i il i I A i
2 3 4 5 678910 20 30 4050 10
o 1__.%..“:’: B S e e o =% — — — v —
VFAT3 -‘g 3 | _ =¢= | % 1 ?-WM-&H * ; ;
10" 3 Imﬁx 14 | A Y
[ V% 10 o(GEM+CSC)/L1 single muon trigger | W o] e S NN S A F i +*‘f+ R
Unit » [ 2(GEM+CSC)/CSC =2 stubs {one in ME1/b) . B ! i
I >_.| l>_.| 102 (GEM+CSC)/CSC >2 slubstne n ME1/b
e NELE SRAM? | (e S L = 0 10° 10° =592 13 16 T.'a zz 22 24
reamp Shaper CFD r .I[ s

[ 1 [l

Control Logic + Data Formatter

|+ .
CBM Unit e [ Comm
(Calibration, Bias & }— Port
— —
Moritoring) ADC Slow Control (Registers & logic)




/O nodes — “RUBU"”s

Zen2 AMD architecture 10 GbE ports
8 x 4-core CCDs chiplets (16 MB L3 cache) b FED Builder
Interconnect: I/O, memory 700 GBE ports

2" Gen EPYC

e % [ (2x) Mellanox

o0 | 6o o 6o (NVidia) ConnectX-6
_
14nm !
1/0 Die
oo | & © b RoCE Event Builder
| o | o :“?_'?J
Bi ai gi gi ||><| Event Back Bone
nodes (up to 57 in production): Py z |
— 32 Core AMD Epyc 7502P processor (single-socket) osemps|| orage g[w Alepolihe
S|S ey e
— 512 GB RAM DDR4 - 8 channels = B EE B
* application and data buffering
— Experimenting with single-socket systems for phase-2 upgrade CDR

— 2 x Mellanox ConnectX-6 Dual-100 GB/s NICs (PCle Gen4)

» Utilising 3 x 100 GB/s Ethernet links: for data-concentrator, EVB,
Event-Backbone networks

* New for Run 3 EVB:RoCE v2 (RDMA over Converged Ethernet)

— Possible with a monolythic switch and more cost effective
than Infiniband — interest in technology for Phase-2

* Genb5 PCle cards feasible for Phase-2



New technology - RoCE

* RDMA

— Direct memory access between servers
(userspace applications) without involving
host CPUs — acceleration provided by host
NICs

— Part of Infiniband standard

— Used in Run 2 DAQ:
* Via Infiniband Verbs software implementation
*  RoCE — RDMA over Converged Ethernet

— Encapsulation of IB (RDMA) over the
Ethernet

— Same software API

— Requirement: loss-less non-blocking
Ethernet

* Possible with a chassis-based switch

USER

KERNEL

RDMA over InfiniBand or
Ethernet

TCP/IP k—J

RACK 1 RACK 2

HARDWARE

e Adopted for Run 3 DAQ — RoCE v2

— Cost effective and easier to manage than
IB

— reused Run 2 IB software implementation
with a minor adaptation




High Level Trigger

RU/BU T HLT farm connected via a high-performance network
== * Run 3: Top-of-Rack switches (5 racks * approx. 40
200 GB 20068 NFS4 inputToutput HLT nodes) — total 200 nodes
RAM disk RAM disk — Per rack: 8 x 100 Gb/s uplinks to the Event Backbone
fa . network
& RoCE Event Builder ] — In total 200 nodes HLT nodes with 25 Gb/s Ethernet
LI connectivity
=t
[;><1 Event Back Bone ]
E—gs = File Based Filter Farm (F3)
100€->25 Gb/s * Concept introduced in Run 2, kept for Run 3
['X‘ Rgoc‘?fémghj Ethernet  Input, output (event data and metadata), monitoring

and logging flow using files (filesystem)
— Network filesystem (NFS) v4 over standard TCP/IP as

transport protocol
FU. *  Reduced coupling between DAQ and HLT software platforms
$ ' — HLT uses standard CMS offline software (DAQ-specific code
60 GB implemented as modules)
RAM disk

RAM disks (Linux tmpfs) used as data buffers

* Buffer on RU/BUs storing completed events from EVB and HLT output
e 300 GB + 100 GB per RUBU, 60 GB per FU — several minutes of data buffer
* Each RU/BU ramdisk NFS-mounted by 3-4 FU nodes (HLT Appliance)

* From run 3 —using 2 MB huge pages (Linux kernel feature)
* Necessary for memory I/O performance matching 100 Gb/s link speed



CMS storage and transfer

Lustre global filesystem

PBPSE <M DDN SFA400NVX * Write buffer for HLT output aggregated from
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Inner Tracker Phase-2 upgrade
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* Inner layer of the Phase-2 Outer Barrel Tracker
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CMS Simulation

Tracker phase 2 upgrade
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Figure 1.7: Left: Working principle of the double gap RPCs in CMS [23]. Right: RPC endcap
chambers RE1/2 and RE1/3 after installation. The iron yoke is shown in red.



Early results at 13.6 TeV
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e Result: 0=887"% _(stat+sys)1t55(lumi) pb
e Consistent with SM prediction: 9212° . pb




