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CMS trigger system: Run3 CNFN

Istituto Nazionale di Fisica Nucleare

A LHC bunch crossing happens with 25ns gap
A Rate of collision 40MHz
A Not feasible to store all the events

A CMS utilizes two level trigger system to select interesting events
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//:C Level-1 (L1) Trigger: High Level Trigger (HLT): Disk Storage:
Hardware_based’ using Software based, full detector Offline
custom electronics (FPGAS), read-out, offline like reconstruction
0n|y calorimeter and muon reconstruction. Latency 1s
detectors are used. Latency
3.2us
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CMS trigger system: plan for Phase-2 @,;?\,
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Same as Run-3

Thanks to the NGT scouting (See Novel ideas,
Triggering discoveries in high energy Physics)

| NGT Scouting @750 kHz > @ @ ﬁ

—| [standard HLT @10 kHz > a u .
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//:C Level-1 (L1) Trigger: High Level Trigger (HLT): Disk Storage:
Hardware-based, using Offline
custom electronics (FPGASs), reconstruction

Tracker, calorimeter and

muon detectors will be used. Same concept as Run-3
Latency 12.5us
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https://nextgentriggers.web.cern.ch/
https://indico.cern.ch/event/1539488/contributions/6478491/
https://indico.cern.ch/event/1361472/contributions/6260821/

CMS detector: Phase-2 CNFN

Istituto Nazionale di Fisica Nucleare

Tracker: —— Muon detector o

Tt < e (d Upgrade of electronics in CSC,
RPC, DT

(d New RPC, GEM chambers with
extended |n| upto 2.8

O Increased~gra
1 Less material
d Extended |n| <4

Barrel Calorimeter:
 Single crystal information at L
better matching of tracks and
shower, improved isolation
(d Replacement of backend

electronics for both EB and HB

MIP Timing Detector:

 Timing information of charged
tracks with 30-40 PS precision

[ BTL:crystal scintillator+SiPM

[ ETL: Low Gain Avalanche
Diodes

Endcap Calorimeter:
[ CE-E: Pb absorber+Silicon sensor
([ CE-H: Stainless Steel+scintillator
3D showers, timing information

New detector and increased granularity will
increase the Phase-2 event size significantly !
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https://cds.cern.ch/record/2283189/files/CMS-TDR-016.pdf
https://cds.cern.ch/record/2272264/files/CMS-TDR-014.pdf
https://cds.cern.ch/record/2283187/files/CMS-TDR-015.pdf
https://cds.cern.ch/record/2293646/files/CMS-TDR-019.pdf
https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf
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Reduce the event size without losing physics performance:

store more events with limited bandwidth
~80GB/s

Phase-2

N
- | NGT Scouting @750 kHz > Bl
—| [standard HLT @10 kHz > a u
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Detector contribution to the event size at HLT: Run3 @

d  Event size ~ 1.2 MB at pile-up ~ 60
1 Main contribution comes from the silicon strip tracker detector

Pixel
35%
Muons
2%
HCAL 5
3%
40 NGT workshop
ECAL .
4% 1204 kB/Event
663
' | Strips

55%

d Our attempt is to reduce the size of Strip detector data
[ without losing physics performance significantly — Lossy compression
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https://indico.cern.ch/event/1421629/contributions/6136900/

Strip detecor in CMS Tracker @ CMS

[ Total active area of strip detector around 200m?
d ~ 9.6 M read-out channels in total

A Silicon strip modules:
A p-on-n sensors, 320/500 um thickness
A 512/728 strips per module (4-6 APV25 chips)

01 02 03 04 05 06 07 1 1.5

l//////////////
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Strip Cluster AN

Istituto Nazior icleare

A Strip cluster is a set of consecutive strips satisfying some thresholds to avoid the detector
noise.
A At the HLT step, raw information about the individual strip cluster is stored:
A Index position of the first strip belonging to the cluster, stored as 16 bit integer.
A The analog-to-digital counter (ADC) value for each strip within a cluster, stored as 8
bit integer.

First 16 bit
strip
index

ADC 8*4= 32 bit
value

Total 48 bit

First strip index
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Strip Cluster collection (NN

A A strip-cluster collection is a set of clusters that belongs to a particular detector module.

A The following information about the strip cluster collection is stored:
4 Aunique identification number of a detector module (detld) containing at least one cluster

369120277, 369120278, 369120281, 369120282... large number!

A DM DM, DM,

DMi: ith detector
module

L.: Length of DM. in

terms of number of

silicon strips present
Ly Lo

\4

L3

» & »
7 K< >

< LY

A The position of the first cluster within the cluster collection for each detector module
d 0,3,5,............ 290244, 290262, 290271..... large number!
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Measures taken to reduce the strip cluster size in Heavy lon analysis: Hl raw’ C‘\ CMS

A The event size in HI collision is higher than pp collision
A~ 6% higher in compressed event size

A Explored unique approach to reduce the size of strip cluster in Run-3: approximated raw’,
CERN-CMS-DP-2024-007
A Store size of the cluster: 8 bit integer
A Store average charge (total ADC value / size): 8 bit integer
A Store barycenter position, ADC-weighted strip index center: 16 bit integer

Barycenter position: 16 bit
Y i*Yadc_ i/ > adc_i

Average charge: 8 bit Reduced event size by ~ 50%
Yadc i/ i

size 8 bit

Total bit 32 bit
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https://cds.cern.ch/record/2891493
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Can we reduce the strip cluster size further?
CMS DP-2025/031
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https://cds.cern.ch/record/2936314

Use fewer bits to encode barycenter and average charge information: raw’ ﬂ:?\l

Istituto Nazionale di Fisica Nucleare

A Currently in HI, the barycenter information is stored with 10% precision

std :: round( barycenter’s value x|10)

A Generalize the things in such a way that any bit configurations can be used
to store barycenter/average charge (variable) information using the following
formula:

pow(2,maximum bit) - 1

N

std :: round( variable’s value x ——— ,
variable’s maximum value

Resolution of variable is controlled by|these terms
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Apply tight charge cut on strip cluster A

Istituto Nazionale di Fisica Nucleare

A Apply tight charge cut on strip cluster at the HLT level
A ADC value per cm of detector module > 1945.
A strip clusters failing this cut, are not not saved at the HLT output
A Reduce the contribution coming from pile-up

A This cut reduces the
size of strip cluster
collection significantly
without affecting track

reconstruction.

PbPb PP

CMS Preliminary PbPb collisions, 2024 (5.36 TeV) CMS Preliminary pp collisions, 2024 (13.6 TeV)
e raw'ichargecut ,.‘16' Y Marvrantalr avarans cdharaaY | | | Lt 116 8)
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size of approx cluster collection in Byte size of approx cluster collection in Byte
(0] H o) .
3% reduction 13% reduction
< <
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Can we do better than this?

Saswati Nandan Raw Data Reduction in the CMS Experiment for Run-3 and Phase-2



. - CMS
Save difference of barycenter position: v2 <Rl

A Save difference of actual barycenter position
283, 1363, 3487, 4200, 4657 ......... — 283,1080, 2124,713,457 ......
X
A Consider length of the detector modules in terms of number of total strips present in the detld
A Remove the variable containing the position of first cluster

d  0,3,5,............ 290244, 290262, 290271..... x
& DM, (DMO_bc3 K4 o be 531 bfl\)/lo DM - DM
(DMo_bc2 DMo_bc1) 5 (Lo +|L4 + DMy_bcy - Lo - DM4_bcy) DM bC Jth
(|.0+|3v|1 _bey- DMo_bc3) < 07 271750 }1— 2 barycenter
(DMo_b°1)
position in ith
detector
module
Lo >

Y

A
\
A
\
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Save difference of detld: version-2 (v2) @

A Instead of saving detld, save difference of detld
d 369120277, 369120278, 369120281, 369120282 ... — 369120277,1, 3,1,1.....

X

A
DMy DM;- DM, DM, - DM
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Compressed, barycenter vs difference of barycenter distribution @ CMS

Istituto Nazionale di Fisica Nucleare

CMS Preliminary PbPb collisions, 2024 (5.36 TeV) CMS Preliminary PbPb collisions, 2024 (5.36 TeV)
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A4 Barycenter distribution becomes sharply falling for v2 — reduces entropy of the variable.
A4 Less bits to represent for more frequent values while more bits for larger values with less frequency.
A Compression algorithm becomes more efficient.
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Resolution of barycenter position: v2 @ CMS

Istituto Nazionale di Fisica Nucleare

A Matching of the barycenter position between raw and v2 is good.

CMS Preliminary PbPb collisions, 2024 (5.36 TeV)

CMS Preliminary  pp collisions, 2024 (13.6 TeV)

T Mean=0.00 B Mean=0.00
107 = 3 i
: Std Dev=0.0023 107" = Std Dev=0.0023
ke] - ko) E
Qo o | [
> 10 2 102
g ¢ I
= L _ i B
£ aeal g o
E 10 = g 10° &
z g = & z - ol
107 3 N R 10 & i3 e
105 . 0 o e L 107° |, ! *'
-01  -0.05 0 0.05 0.1 01  -0.05 0 0.05 0.1

A barycenter(v2,raw)/barycenter A barycenter(v2,raw)/barycenter

Absolute delta in the barycenter position is below 0.05 strips.
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Effect on track reconstruction: v2

(A  Tracks are reconstructed with raw clusters and clusters with v2 and selected with
O  normalized ¥ <2, |Ap; / p;| < 0.10, total number of hits in tracker > 11

(A  Tracks between raw and v2 are matched with the closest AR, with maximum AR < 0.5

Istituto Nazionale di Fisica Nucleare

AR = /(An)?

A Good matching is observed

CMS Preliminary PbPb collisions, 2024 (5.36 TeV) CMS Preliminary  pp collisions, 2024 (13.6 TeV)
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Comparison among different bit configurations and methods

<R
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x10-2 PbPb collisions, 2024 (5.36 TeV) x1073 pp collisions, 2024 (13.6 TeV)
CMS Preliminary e raw' CMS Preliminary e raw'
412, 4) e Hlraw' 6.51 aza e Hlraw'
o V2 e V2
v 124 Y 6.0
E é12,6) E 612, 6)
-~ +J
12,8 5.5 :
by §12,8) oy $12,8)
2 1.01 =
Pr <1GeV ¢ T g 2 > s
IS = ’ $14,4)
; é14,6) $15. 4) :r: 451 4t Q) 415, 4)
2 0384 415.5) §14,8) 2 414, 8)
s 24458 S 401 415, 6) ——3r e > ©
E) 4§15, 6) M g &
5 5 615, 6)
0.61 415.8) é15, 6)¢14, 8) 3.51 415.8) 414, 8)
(158)
(15¢8) 3.01
-20 -15 -10 -5 0 5 10 -15 -10 -5 0 5

A(size)/size in %

A(size)/size in %
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The configuration for barycenter, and average charge (15,6) in v2 gives reduction in strip cluster
collection’s size > 10% with respect to current method, while keeping similar performance in track
reconstruction.

CMS DP-2025/031
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https://cds.cern.ch/record/2936314

Detector contribution to the event size at HLT: Phase-2 @
HLT TDR et [

LCTilgger [ Strip cluster will be binary completely

Pixel
17.1% 11 11 11
Strip
8.42 in MB 1R0%
ECal Barrel
HaCal 55 Barrl O It might be still useful to save the
— o difference of barycenter position
_ o in phase-2 as well.
[ Maximum contribution comes from
HGCal followed by Pixel. @ Size of HGCal can be reduced
following the same method as strip
detector.
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https://cds.cern.ch/record/2759072
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. CMS
Conclusion CNFR

H
H

3

CMS is approaching to the High-Luminosity Phase-2 scenario.
Event size is the main bottleneck to store interesting events at the HLT with limited bandwidth.

In Run-3 HI collision, the raw strip cluster was replaced by approximate raw’ strip cluster

which reduced the event size by around factor 2.

Attempt is made to reduce the strip cluster size further by extending the approximate raw’

cluster method

[ Strip cluster collection’s size is reduced significantly by applying tight charge cut on
strip cluster, using fewer bits to save the difference of barycenter position, and average
charge.
A Total reduction is ~16% for HI and ~23% for pp.

A This method will be implemented for next HI collision run and, in Phase-2, the plan is to
use the method in both pp and HI collisions.

A Same method can be propagated to other sub-detectors like HGCal for Phase-2.
A Work is ongoing!

Stay tuned !!!!
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Back up

Saswati Nandan Raw Data Reduction in the CMS Experiment for Run-3 and Phase-2



CMS

Istituto Nazior icleare

CERN-EP-2025-036

Sub- Layer No.of Pitch Sub- Ring No. of Pitchrange
detector APV25s [um] detector APV25s [pm]
TIB 1,2 6 80 TID 1 6 80.5-119
TIB 3,4 4 120 TEC 1 6 81-112
TOB 1-4 4 183 TID/TEC 2 6 113-143
TOB 5,6 6 122 TID/TEC 3 4 123-158
TEC 4 4 113-139
TEC 5 6 126-156
TEC 6 4 163-205
TEC 7 4 140-172

Saswati Nandan Raw Data Reduction in the CMS Experiment for Run-3 and Phase-2 1


https://cds.cern.ch/record/2936261/
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CMS

2009, JINST, 4 P05004

1. Cluster reconstruction. The cluster reconstruction groups adjacent strips whose associated
charges pass a set of thresholds. The thresholds depend on the noise levels characterizing the
strips of the cluster. Clusters are reconstructed by searching for a seed strip with a signal-
to-noise ratio (S/N) greater than 3. Neighboring strips are attached to the cluster if their
signal-to-noise ratio exceeds 2. The total signal size of the cluster must exceed five times the
quadratic sum of the individual strip noises. The cluster reconstruction algorithm is referred
to as 3-Threshold algorithm. The signal of a cluster is based on the sum of the ADC counts
of all associated strips. In the most recent reconstruction pass a correction for the variations
in the electronic gain was applied. These corrections had been derived from the height of
digital synchronization signals [2].
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https://cds.cern.ch/record/1161239/files/jinst9_05_p05004.pdf
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Resolution of barycenter position: raw INFN
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Effect on track reconstruction

p; > 1GeV

Normalized yield

CMS Preliminary PbPb collisions, 2024 (5.36 TeV)
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pp collisions, 2024 (13.6 TeV)
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Compressed, barycenter vs difference of barycenter distribution @ CMS

Istituto Nazionale di Fisica Nucleare

CMS Preliminary ~ pp collisions, 2024 (13.6 TeV) CMS Preliminary ~ pp collisions, 2024 (13.6 TeV)
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Comparison among different bit configurations and methods @?\1

Istituto Nazionale di Fisica Nucleare

p;>1GeV

%103 PbPb collisions, 2024 (5.36 TeV) X103 pp collisions, 2024 (13.6 TeV)
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CMS
HLT TDR INFN
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Table 3.2: CMS Phase-2 detector readout and ATCA back-end (BE) electronics characteristics and event size summary. Two scenarios for
HL-LHC are considered: Run-4 with peak (PU) = 140 and a L1 rate of 500 kHz, and Run-5 with peak (PU) = 200 and a L1 rate of 750 kHz.
Columns 11-12 denote the average throughput (Thru) per sub-system back-end board and back-end crate for the ultimate scenario of Run-5.
Sub-system Back-end Back-end BE BE Front-end Subevt Subevt Thru Thru Avthru  Avthru Notes
platform FPGA boards crates  IpGBT links” size (MB)  size (MB) (Tb/s) (Tb/s) per per
(PUy=140  PU=200 PU=140 (PU)=200 BEboard BE crate
500 kHz 750kHz ~ (Gb/s)  (Gb/s)

Inner Tracker Apollo  2xVU13P 28 4 1260 1.01 144 403 8.64 309 2160
Outer Tracker - PS. Serenity 1xVU13P 108 9 5592 0.50 072 201 4.31 40 479 ()
Outer Tracker - 2S. Serenity 1xVU13P 108 9 7608 0.30 0.43 1.21 2.58 24 287 (b
Track Finder TPG Apollo 2xVU13P 180 18 0.01 0.01  0.04 0.06 1 1

MIP Timing Det. - BTL  Serenity =~ 2xKU15P 8 2 864 0.17 024 067 1.44 180 720

MIP Timing Det. - ETL  Serenity =~ 2xKU15P 14 2 1600 0.31 044 123 2.64 189 1320
ECAL Barrel BCP 1xVU13P 108 12 9792 0.42 0.60  1.68 3.60 33 300
HCAL Barrel BCP 1xVU13P 18 2 other 0.24 024  0.96 1.44 80 720
HCAL HO BCP 1xVU13P 9 1 legacy 0.03 0.03 012 0.18 20 180
HCAL HF BCP 1xVU13P 9 1 other 0.06 0.06 024 0.36 40 360
HGCAL Serenity =~ 2xKU15P 84 12 8000 2.10 3.00 840 18.00 214 1500
HGCAL TPG Stagel Serenity 2xVU7P 72 8 9000 0.11 015 042 0.90 13 113
HGCAL TPG Stage2 Serenity 2xVU9P 54 6 0.04 0.05 0.14 0.30 6 50
Muon DT BMT 1xVU13P 84 8 2400 0.11 015 042 0.90 11 113
Muon CSC APX 1xVU13P 10 2 other 0.33 047 132 2.82 282 1410
Muon GEM - GE1/1 APX 1xVU13P 8 1 GBTX 0.002 0.003 0.01 0.02 2 18
Muon GEM - GE2/1 APX 1xVU13P 8 1 GBTX 0.001  0.002  0.01 0.01 1 9
Muon GEM - MEO APX 1xVU13P 18 2 1728 0.08 012 034 0.72 40 360
Muon RPC Serenity UltraScale+ 18 3 other 0.01 0.01  0.03 0.07 3 22
Level-1 Trigger various UltraScale+ 280 28 0.26 026  1.04 1.56 6 60 (9
Total >1226 >130 50k 6.08 842 243 50.5

“Count of links based on IpGBT-VL+ (see Appendix A), “Other” links include the use of VL(+) components with radiation-tolerant FPGA at the front-end.
bThe Outer Tracker uses the same links to multiplex trigger and DAQ data. The proportion of trigger data is expected to be roughly 80%.
‘The Level-1 trigger comprises 5 sub-systems using the APX, BMT, X20 and Serenity platforms.
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https://cds.cern.ch/record/2759072

LHC/HL-LHC plan (Nl |8

Istituto Nazionale di Fisica Nucleare

A

LHC / HL-LHC Plan

HiLumi

LARGE HADRON COLLIDER

LHC HL-LHC

EYETS 13.6 TeV LS3 13.6 - 14 TeV
13 TeV ———— €1
Dlodes Consolidation
splice consolidation cryolimit LIU Installation - - HL-LHC
7Tev  BTeV_ button collimators itaracton Civil Eng. P1-P5 ot be: fackation mit installation
R2E project regions ng. pi am
EIEEEIEIESENEZENEIES IIIIIII@
ATLAS - CMS ./_————-—-4
Sp— (PE——p— LA Cls  nominal Lumi
nominal Lumi _2XnominalLumi ALICE - LHCh } 2 Xl i |
75% nominal Lumi i

30" [ 190 1" | 500 b s 2000 1
luminosity IRV

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY < PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS CORES
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https://project-hl-lhc-industry.web.cern.ch/content/project-schedule

HL-LHC schedule

2021 2022 2023 2024

J[FIMAIM] 3] 3]A[S[ON]D] 3] FIM AIM] 3] 3]A[S|O[N[D| 3] FIMIAIM] 3] 3] Al S[OIN]D| 3] FIM[AM] 3| 3] AlS|OIN[D)

Run 3
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Shutdown/Technical stop
Protons physics
Commissioning with beam

Hardware commissioning
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