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INFN

PISA
CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0m Pixel ( 100x150 pm) ~16m* ~66M channels
Overall length ~ :28.7m Microstrips (80x180 um) ~200m* ~9.6M channels
Magnetic field 38T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~ 18,0004

MUON CHAMBERS

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers L

Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers -t

PRESHOWER <-\ ‘‘‘‘‘ B
Silicon strips ~16m* ~ 137,000 channels \\\“
Shlfcon -
FORWARD CALORIMETER Tﬁ’@@[k;@[?
Steel + Quartz fibres ~2,000 Channels S
D 4
Electromagnetic
Calorimeter i
Hadren ~/,

CRYSTAL Calorimeter S@[@@“ ﬁmdw@ﬁﬁm@

FLECTROMAGNETIC Solenoid Iron return interspersed

CALORIMETER (ECAL)

76,000 scitillig PAWO, crystl with muen chambers
HADRON CALORIMETER (HCAL) Muon Electron Cha rged hadron (e.g. pion)
Brass + Plastic scintillator ~7,000 channels

- ==.Neutral hadron (e.g. neutron) «c--. Photon
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(NFN Trigger and data acquisition

 Hardware trigger (L1): 40 MHz - 110 kHz

- simplified readout (no tracker), small latency (<4us).
* Software trigger (HLT): 110 kHz - ~5 kHz.

- full event readout available (~1.2MB/event);

- simplified reco: 51.2k CPUs - 465ms/event on average.
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" Simplified readout L1 trigger 7 - Full readout HLT o Data storage
. 40 MHz [ O AL 5kHz | gl

. ( e (~500 ms)i

|

. 6 GB/s -
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INFN Run-3 hews

e LHC: ) R
~ Longer fill (lumi leveling) - g‘“‘““*‘““z‘“\
- Larger luminosity: 2.0E34 - 2.15E34 cm?s™* (2023) D X
- Large pileup: 56 -~ 62 (2023)
- Larger energy 13 TeV - 13.6 TeV , _‘; B S T N N —
« CMS:

- Main Phase-l upgrades completed in Run-2
(Pixels, L1 trigger, HCAL endcap)

e =
- HCAL barrel: new readout S \
- PPS: fully integrated in CMS (CT-PPS) -
- New muon detector (GEM) = e
- GPU at HLT

S. Donato (INFN Pisa) CMS Trigger 7
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https://indico.cern.ch/event/1219913/contributions/5132246/

CNFN Graphics Processing Unit (GPU)

Moore's Law and the Future of GPUs

* GPUs very powerful in parallel computing,

- exponential increase!

A Nvidia
AMD (or AT, acquired by AMD in 2006)

* Increasing usage in High Energy Physics

- especially for Machine Learning.

* CMS is using GPUs in the trigger software
starting from Run 3.

e Big effort in porting Pixel, HCAL, ECAL code :_
on GPU (CUDA);
- first step towards an heterogeneous era.
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CNFN Software trigger and GPU

CPU only CPU + GPU

imi 13.6 TeV
CMS Preliminary e CMS Preliminary 13.6 TeV

690.1ms 397.8ms

CPU: 2x AMD EPYC “"Milan" 7763 (64 cores/CPU, 2 threads/core) )
GPU: 2x NVIDIA T4 x 200 machines

S. Donato (INFN Pisa) CMS Trigger 9


https://cds.cern.ch/record/2851656

(NN GPU

e (Offload to GPU: DSOO_CMSPreﬁmEnary 13.6 Tev .
- HCAL, ECAL, Pixel local reconstruction S o
- Pixel tracking E ok r L2000
« Current model: Eof ==
. : 2 1000
- Two different modules running on CPU = 1000
and GPU LI
O DI PR RN T | O VR N T YA L NN T TR T (o TN PR TRNNOY YN | N T RO TR 0
* Monitor of possible CPU/GPU difference O 190 mer i vacks rnming h reonsiucton on GRU
* Next step:
- Portability library (Alpaka):
same code running on both
CPU and GPU.
S. Donato (INFN Pisa) CMS Trigger 10


https://cds.cern.ch/record/2851656

INFN

PISA

Trigger menus

To be published on
HighLevelTriggerRunllIResults
L1TriggerDPGResults

* About 300 L1 trigger and 600 HLT criteria to select physics events

HLT

L1 tri g g er CMS Preliminary (2022, 13.6 TeV)
1134
HIG - 396
p+ e/ 3.0% B2G 215 i
Multi e/~ ._ 3.2% %2
e/v + Jets or Energy sums| 5.5% SUS T 844
7 + por e/ or Jets or Energy sums ¢ i . 6.3% 35
Single | ] 7.0% 809
¥ e TOP 156
#t + Jets or Energy sums | T1% 4
Single or Multi ) i i ) ) 1 ‘ 11.0% 731
C > = o SMP 155
Multi gt | _ 11.2% 26
Energy Sums [ 12.6% 586
——— Tt - ) 83
Single or Multi Jets | : 15.9% EX0 301
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Figure 130: Fractions of the 100 kHz rate allocation for single- and multi-object triggers and 230
cross triggers in the baseline Run 3 menu, calculated using pileup only Run 3 MC. ” 862
Objects 265
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/HighLevelTriggerRunIIIResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/L1TriggerDPGResults

IN!;N

Rates (2022)

L1 trigger rate

2022-11-15 10:32:01 - 2022-11-15 22:24:38 [UTC]

HLT rate
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+ Rate before deadtime - L1A rate

~100 kHz L1T

+ Physics Streams -+ Data Parking

~2 kHz in prompt reconstruction
~3 kHz in delayed reconstruction
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https://indico.cern.ch/event/1219913/contributions/5132246/

CNFN Long-lived particle

ECAL timing CSC cluster
* In Run-3 new triggers \ _ oA

targeting long-lived particle /<
S|gnatures: T\
- ECAL delayed signal Nl |
| s bl
_ _ Electromagnaetic Z 7 | i
- Particle shower in Calorimeter 77/ IR
&ﬂ@@ﬂu’@m\\ ¢
muon chambers Calorimeter Superconducting
Solenoid Iren return yoke interspersed 47 [|[]]
witth muen chambers "

* In Run-2 LLP were searched
using displaced tracks

Electron Charged hadron (e.g. pion)

- Muon

- ==.Neutral hadron (e.g. neutron) ----. Photon

S. Donato (INFN Pisa) CMS Trigger 13



' " " CMS-DP-2022-062
I N EAN L O n g - I IVe d p artl C I e E?QE;:L){\%%?E;Z;:EUMIIResuIts
ca esults

ECAL timing (HLT) CSC cluster (L1)

. A Fraction of LLP flagged L1 jets Foi
Eff ECAL Efficiency vs number of CSC
iciency vs ECAL timing for different HCAL timing offset signals ir):a CSC cluster

CMS Preliminary 9.7 b (2023) + 3.1 fb ' (2022) 4185 pb' (13.6 TeV)
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https://cms.cern.ch/iCMS/jsp/db_notes/notestable1.jsp?CMSNoteID=CMS%20DP-2022/062
https://twiki.cern.ch/twiki/bin/view/CMSPublic/HighLevelTriggerRunIIIResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/HcalDPGResults

I N EAN S CO Uti n g LHCC2023Mar %’

LHCC2023Jun [y

15.4 b (13.8 TeV)

e Scouting consists in saving B s
only the HLT-reconstructed Z(ppy) peak

the physics objects.

 In Run-3 scouting have been o f
extended to all physics
objects (muons, electrons, oo
photons, jets, pixel tracks) = 2600 e ey e sz
83000_ o /5=136TeV,L=076f" B compoiiat
- ~7 kB/event 2 2500 "\ — dinaumponers
2 2000 — v
* In Run-3, we are able to run 1500 mesret | Jlpsi(ee) peak
the scouting reco at 30 kHz! oot /\
- 30% of L1 rate b e o

15 2 25 3 35 4 45 5 55
M(ef, e;) [GeV]
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https://indico.cern.ch/event/1284315/contributions/5396303
https://indico.cern.ch/event/1254283/contributions/5269111/

B-physics trigger

CMS-DP-2018-055
LHCC2022Sep

<

* In Run-3 we increased the rate of
B-physics triggers using delayed

reconstruction from ~300 Hz to 1.6 kHz.
* New inclusive dimuon trigger in mass

range.

* New soft dielectron trigger

- Improved soft electron reconstruction
* Single displaced muon active in 2018

and 2022.
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https://indico.cern.ch/event/1192325/#102-cms-status-report
https://twiki.cern.ch/twiki/bin/view/CMSPublic/HLTDiMuon2017and2018

INFEN H H trl g g er Phys. Rev. D 101, 056019 (2020)
| ~ PISA Highlf)gvelTriggerRunlIIResuIts
* New b-tagger based on graph net BT

(ParticleNet) integrated at HLT - oM

* EXxcellent performance
both offline and at HLT

—— DeepCSV online : | d 7
10" E_ SR —— S A SR S B el o ........... _E
I — ParticleNet online A
B s DeepJet offline

light-flavour jet misidentification rate

ys = 13, 13.6 TeV

1.6

C>; . CMS
QC) 1 4 ™ Simulation Preliminary Rt 32023 NI b er e J) = A2 &
-(_) . HH — 4b with K-’\ =1 = Run 3 2022 HH trigger :{HH— 4b) = 68% L
E 1.2 :— ———— Run2 e{HH= 4b) = 52%
o 1 :_ e e e e e e e e e e e -I’II-' |||||||||| il s ks Il M Mol o
% n : 107 05 0|55 Glﬁ OES 0|7 0;’5 0|8 0t|35 0|9 0|95 1
? 0.8 - = b jet identification efficiency
ol E — —

0.6 |- — . . .

F_— * Large efficiency increase for HH - 4b
04
02 —— Event selection: = 4 jets with p._>30 GeV and |y < 2.5 (] Further Increase In 2023 USIng delayed
T 1 ] 1 OO T ] [ e ol [ oo E T e (e

O_Héod 300 400 500 600 700 800 900 1000 reconstruction and new L1 Seed
mReco (GeV)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/HighLevelTriggerRunIIIResults
https://doi.org/10.1103/PhysRevD.101.056019

INFN Jet

. CMS-DP-2023-013 P

* Good jet performance in Run-3

CMS Preliminary ~ 34.3 fb-', 2022 (13.6 TeV)
R | (A I A | O TR L N (RS T A )

. - |
010l ui
* New boosted algoritm at HLT S'1.0f ey
S :
T T “ “ = . &
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https://cds.cern.ch/record/2855342
https://cds.cern.ch/record/2853675

will appear in
L1TriggerDPGResults [#§

INFN Missing transverse energy oy

* Improved pileup subtraction at L1 trigger

 Smaller rate at fixed trigger efficiency CMS Preliminary 343", 2022 (13.6 TeV)
?14— ¢ pre-HCAL update |
:g j ¢ post-HCAL update
CMS Simulation 13 TeV T .- HLT MET trigger $ 2018D 1
50 L  efficiency wrt 2018 |
5 | wf*?*’*"“fl i o= 1.0 jsse—ccoryy]
- 4 . o} il
»—o— - j °® i
0.8/ bt sl . L
- + i <5.0 - . -
| L + 2018 L1 MET = 127 GeV = |
0.6— o it ok = Run3 L1 MET > 98 GeV 0.8_— = 8
B SIS ; s
04_— o ! - 04 ]
i o L1 MET trigger aal o PYSS_ > 120 GeV |
& T effICIe_ncy wrt : « HPSS_ 5120 GeV ]
o2 l 2018 (fixed rate) oo ag® N
- Qo7 102 10°
0 botuted T o i IR I T IR B Offline p'ss _ , [GeV]
0 50 100 150 200 250 300 350 400
E™* (GeV)
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https://cds.cern.ch/record/2856238
https://twiki.cern.ch/twiki/bin/view/CMSPublic/L1TriggerDPGResults

IN EAN M u O N CMS-DP-2023-017 |
* Excellent muon efficiency both at L1 and HLT.

* ML technique used to select seeds in HLT muon reconstruction
— speed up of +16% in the full HLT reconstruction.

CMS Preliminar: 34 b (13.6 TeV
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| i L e s —gtho o iy s ] B
- AR S SRR T o e PP ossE . 3 s+ 2 .
0.6 ! C i - - e
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02| Lip }SGBV | E e
i . _— 0.65(— o Dt i oo gt ki
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ol f]'lllﬁlﬂm;_l par i i i 085"":' S S I S ot o b b b b b Lo e
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https://cds.cern.ch/record/2856239
https://cds.cern.ch/record/2853675

INFN Electrons and photons ..o

PISA CMS-DP-2023/008 P

L1 Electron/photon efficiency HLT electron response
CMS Preliminary 34 fo-1 (13.6 TeV) 5 .
58.7 b (13 TeV) 2018 - 34.3 b (13.6 TeV) 2022
gl v rrere S D) HLT electron response I T e
el — " . . c Ji
2 (simulation) S [ Preiminary A
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0.8 % 0.12 _ Corrected: (i, o) = (0.990, 0.034) - i .."'. ]
=] Raw: (i, o) = (0.949, 0.046) ‘ I "
: > 01
0.6[- T © - - 06 |- . o
S 0.08 -_ZBGeV<pT < 200 GeV e ST ]
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e . 0.06 A | .
I |r|e,orl||nel < 25 . : & : 04 -_ = _
+ E{"“'>30GeV & Tight Isolation 0.04 [ 0.00<Ini <144
0.2 + EFY!>36Gev 02| o— 2018 (legacy truction) |
I ely, L1 0.02 !
ET,Y %38 GV DR - i L —&—— 2022 (prompt reconstruction)
_ EZY'" 5 30 GeV & Tight Isolation C i
: B i i i 0 ; & i 4 aaqil . L
E2 0 [GeV] Ereco/g9e" Offiine electron p_(GeV)
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https://cds.cern.ch/record/2855389?ln=en
https://cds.cern.ch/record/2853676

IN!;N

Tau

L

* New Tau reconstruction at HLT based on Convolutional Neural

Network

— Faster reconstruction and better performance.

CMS Preliminary
| | 5 '

34 1b-' (13.6 TeV)
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https://cds.cern.ch/record/2859462?ln=en
https://cds.cern.ch/record/2859462?ln=en
https://cds.cern.ch/record/2853676

INFN Tracking and b-tagging  oeze

sk Run3TrackingHLT &

* Tracking based on single iteration.
— Pixel tracking running on GPU
* Good b-tagging performance
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https://cds.cern.ch/record/2860207
https://cds.cern.ch/record/2856240

INFN Conclusions

* Many improvements have been implemented in the CMS trigger after
Run-2 both at L1 and HLT trigger

- Trigger for long-lived particle (eg. ECAL and HCAL timing)
- GPU at HLT - more powerful scouting
- Large rate for BPH and HH (delayed reconstruction)

* The first Run-3 data confirm the good performance of the L1 and HLT

* Thanks to the new triggers Run-3 is not just “a copy of Run-2"
but it is an opportunity to look for New Physics in new final states.

- Many more news will come with Phase-2 upgrades and HL-LHC (>2029)
e Stay tuned!
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INFN LLP — ECAL timing

will appear in
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PISA will appear in

HighLevelTriggerRunllIResults
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INFN Higgs
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PISA HighLevelTriggerRunlliResults
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INFN L1 trigger
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Figure 130: Fractions of the 100 kHz rate allocation for single- and multi-object triggers and
cross triggers in the baseline Run 3 menu, calculated using pileup only Run 3 MC.
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Figure 126: Displaced (blue) and prompt (black) kBMTF trigger efficiencies compared to the
prompt BMTF (red) trigger efficiency with respect to muon track dy, obtained using a sample
of cosmic ray muons from 2018 data. The efficiencies are measured using muon candidates
with p; > 10 GeV. The prompt kBMTF improves BMTF efficiencies up to ~ 90% for up to
50cm displacements, while displaced kBMTF retains efficiencies above 80% for up to 90em
displacements.
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Figure 127: OMTF trigger efficiencies for displaced and prompt algorithms with respect to
muon track d vy obtained using a displaced muon gun sample. The efficiency curves are plotted
for different values of the pr estimate from the prompt algorithm (red, yellow, and blue), for
the displaced algorithm (green), and also for the combination (black). The prompt algorithm
underestimates the py of displaced tracks, causing most of the tracks to have py < 10GeV. The
displaced algorithm can recover these tracks and improve the efficiencies to be ~ 80% for up
to 200 cm displacements.
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Figure 128: EMTF trigger efficiencies for prompt and displaced algorithms for L1 pp > 10GeV
with respect to muon track dy, obtained using a displaced muon gun sample. The solid stars
show displaced NN performance while hollow squares show the prompt BDT performance.
The different colors show different y regions: 1.2 < || < 1.6 (black), 1.6 < || < 2.1 (red), and
2.1 < |y| < 2.5 (blue). The displaced algorithm shows efficiencies above 80% for 1.2 < |i| < 1.6
for up to 100cm displacements, while efficiencies for 1.6 < |y| < 21and 2.1 < |y| < 25 at
60 cm displacement are around 20% and 5% respectively.
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Figure 125: Comparison of the L1 MET efficiency using 2018 pileup mitigation (circles) and
Run 3 pileup mitigation (squares) for thresholds that provide 4.3 kHz, in Z— up events.
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