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Introductlon

The CMS experiment

o Description of the CMS trigger system
e |LHC Run 3 conditions

o Run 3 trigger strategies
e HLT Technology

o Usage of GPUs

o Impact on HLT timing
e Standard HLT Streams

o Focus: triggering on LLP
e Parking HLT Streams

o Focus: B physics and HH
e Scouting HLT Streams
e HLT Objects performance
Jets performance
MET performance
Muon performance
E/y objects performance
Tracking performance

o B-tagging performance
e T[riggering on anomalies

@IYEL @Al Q. O,
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The CMS Experiment

e CMS is general purpose detector at
Sub-detectors to identify particles &

the CERN LHC
Particle Flow

e Real time decision to store interesting events (Trigger)

proton - (anti)proton cross sections L T
Key:

109 ool LR RS T AR5 RIS 109 gllzgtrrlon

o F : ; [i—-— Charged Hadron (e.g. Pion)
10 3 o, __.’———————"—' E 10 :_—_::gsgtt;'l Hadron (e.g. Neutron,

% : : 7
1 ! Tevqtron JHC i e
10" | paeee: oy 107

10° ;r / _% 10°

10' T : 4 10*

3 E / ] .

100 F : ~ 10

10 | Ou(E" > Vs/20) ; 110

g 10' F oy / 1 10’
° OF (EF>100Gev) ! . s T

= | 3 _: b through CMS
= | ; = . 34 am2 o1

i : i .5 e Lumi:2-2.4 x10°*cm* s in LHC Run 3
10" F : g 107 . .

L : - e e Maximum 2556 bunches (2352 in CMS currently),
e Lo 1% 1.6-1.8x10™ p/bunch
10 g :;'(E* ;::/‘3 3 e Total collision rate 33 MHz (40MHz Bunch crossings)

s [ o =15 9 iy .
10" f Orone W 110 o b-quark production rate 10 MHz
10° Fo, (M ,=500GeV) / | 3 10° o W boson production rate 4 kHz
T o Top quark production rate 20 Hz

o) i .
Vs (TeV) Higgs boson prod. rate only 1 Hz
O

SUSY rate(m@TeV) below 0.1 Hz
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Trigger and Data Acquisition

e Hardware trigger (L1): 40 MHz — 110 kHz
o simplified readout (no tracker), small latency (3.8us).
e Software trigger (HLT): 110 kHz — ~7.5 kHz.
o full event readout available (~1.2MB/event @ PU ~ 64);
o simplified reco: O(50k) CPUs — 420 ms/event on average

lllllllll.l.l'.I....l. AN NS EEEEEEEENEEEEEEEERNN)
Simplified readout L1 trlgge - Full readout HLT e Data storage
= *" o - il N ‘

] \
IIIIIIIIIIIIIIIIIIIIII' EEEEEEEEEEEEEEEEEEEEEEEEERm
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CMS: Two level triggering system

T Detectors
" Digitizers CERN TierO - data storage
L1 Trigger | 1
hardware-based (~ )\
coarse granularity, LV1 Front end pipelines
only muon systems Standard Prom pt
i S

and calorimeters " _,_+ Data Quick offline reconstruction (48h),

Streams Full event information O(1MB/ev)

Readout buffers

Parking

o Delayed offline reconstruction,
M Switching networks Opportunistic prompt

High Level Trigger Full event information

software-based
(CPU/GPU) HLT Processor farm .
full granularity, Scouting

No offline reconstruction,

entire detecto sec
Reduced event information
O(10kb/ev)

NS ~/

&
-

—
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The Level-1 Trigger: Architecture & Implementation

e Each event processed by Muon and Calo ) (=) [ » ] [] [ - ] [ ]
trigger

o Muon trigger consists of four muon R Gl

detection systems combined early in the ") L=

processing chain of the trigger, in order T |

to improve the efficiency and resolution, j e

but also to reduce trigger rate gl v _

o Calorimeter trigger for reconstructing [] [] [

electrons, photons, tau candidates, jets ' | ' |
and energy sums ‘ ‘ (e |
Muon Trigger

e No inner silicon tracking readout used N—
o planned for Phase 2 upgrades

e Global trigger that combines the various
objects that are formed by the yGMT and
caloL2 triggers JINST 15 P10017

e Set of requirements (including
sophisticated operations as invariant mass
and AR on trigger objects): L1 menu

o maximums 512 requirements in a logical
OR
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https://iopscience.iop.org/article/10.1088/1748-0221/15/10/P10017/pdf

The Level-1 Trigger: Algorithms

e Electrons and photons are reconstructed using
cluster shape and electromagnetic (EM) fraction
to discriminate against jets

o Isolation implemented using LUTs

e Jets reconstructed using sliding window algorithm
that looks for trigger tower seeds with an energy
over given threshold; 9x9 trigger towers are
summed to match offline jets (R = 0.4) after which
the jets are also pileup subtracted and calibrated =it |

e Energy sums are calculated by summing the

jet energies with restrictions to jet energy and

to pseudorapidity (for the H.); for MET: all TTs

over ET(n, PU) summed (in full n)

Muons reconstruction using an extrapolation

based track finding in barrel, pattern based in

overlap/endcap region

o muon p. assignment (both constrained

and unconstrained at vertex) based on Ag
in barrel, patterns in overlap region and

BDT regression used in the end cap

R (cm)
o
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Run 3 conditions

o |LHC:
o Longer fills, maximise

Instantaneous Luminosity fl” 1 021 1

2024-10-08 21:44:22 -- 2024-10-09 14:53:01 [UTC]
25k

inst luminosity via lumi {! Iumi_leve”ng\
leveling :|cms =mrale ! . )
o Larger luminosity: S 7 4
m 2.0E34 — 2.15E34=' e e e
cm?s™ (2024) 4 e
o Large pileup: 46 —~ - :
57 (2024) 5 j
o Largerenergy 13 TeV | Ll |
— 136 TeV ?I:/Ieannumberofinteractiec)mspercrosE(iJr(nJg * o 2.02.4 |
e CMS: o (CMs e e 122.2 b
o Main Phase-l upgrades completed in = £
Run-2 (Pixels, L1 trigger, HCAL g 2023
endcap) 7" 327 fb™
o HCAL barrel: new readout g
o PPS: fully integrated in CMS (CT-PPS)z *41.5 -
o New muon detector (GEM) — 1 O
o GPU at HLT o2 o P R o P33 e oot P e oot 9
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https://cmsoms.cern.ch/cms/fills/report/fullscreen/12652?cms_fill=10211

Run 3 Trigger Strategy

e Main principles:
o Trigger on new objects (more resources to parking b-physics, VBF/S,
hh—4b, LLP)
o Cover more phase space (

)
o Core physics program From EXO-23-007
m promptly reconstructed w/in 48 hrs Run2 Run3
o Data Parking (Delayed Reconstruction) £ e Scoung f |
3 20= : ‘ :
m reconstruction when resources 5 53
are available— promptly in 2022 s—
and 2023, 2024 (!) EE | mmowa ; —
5 3= Parking : i
’ P e
m no offline reconstruction _ 2_J El £l ] : ri l
m only HLT info [~10 kB vs ~1 MB] ; 155 eterineots uieety. |
— analysis done w/ HLT objects & 0 3
calibrations £ i : . 7 i
= 2012 _201 5 2016 201 7 2018 2022 2023
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-23-007

Anatomy of a 2024 Fill

HLT rate

2024-08-25 13:17:02 -- 2024-08-26 05:38:28 [UTC]

7.5k

186¥8€

5k \\
o WWM ) s ) . .
S H I A RN (R HLT Highlights for
5 . : : LHCC 159
> s ?:
‘ g
0 J| | | t |
15:00 18:00 21:00 2024-08-26 03:00

Time [UTC]

« Physics Streams . Data Parking

The standard streams follows the luminosity profile, while the parking one
shows the strategy of optimizing the output bandwidth.
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/HLTPublicLHCC159
https://twiki.cern.ch/twiki/bin/view/CMSPublic/HLTPublicLHCC159

HLT Technology CPU & GPU

e GPUs very powerful in parallel computing, CMS Preliminary 13.6 TeV
o exponential increase! - CMS DP-2023/004 .
e Increasing usage in High Energy Physics !
o especially for Machine Learning. I /
e CMS HLT uses heterogeneous resources CPUs +
GPUs to increase computing power
o CMS is using GPUs in the trigger software
starting from Run 3.
m Big effort at the start of the run in porting

N

10

HCAL energy deposit on GPU [GeV]

Pixel, HCAL, ECAL code on GPU (CUDA); | 10 e
o Particle Flow reconstruction ported to run on HEAL SRaTRdsRRstom L aoY]
GPUs in 2024
m  GPUs require re-writing of HLT code and Al =~ R B
(Alpaka) |
o first step towards an heterogeneous eral!
e More computing power allowed CMS to: P e
o develop more accurate object reconstruction in g =~
HLT \.
m Better resolution — lower rates and higher ¢ o

efficiency h - -

o Lower rates — extend the physics program " -
m Allows to running HLT scouting at much A—
higher rate than Run 2 CMS DP-2024/082
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https://cds.cern.ch/record/2914421
https://cms.cern.ch/iCMS/user/noteinfo?cmsnoteid=CMS%20DP-2023/004

Heterogeneous Reconstruction at HLI

Run 1-2 2022 - 2023
(CPU only) (CPU + CUDA)

v

unpacker unpacker@cpu

unpacker@cuda

|

local reco@cuda

local reco local reco@cpu

v

calibrations@cuda

S calibrations@alpaka

le gacy version

Y

v

CUDA version

calibrations calibrations@cpu

host copy@cuda

almaka e

2024
(Alpaka)

unpacker@alpaka

v

local reco@alpaka

v

Alpaka performance portability library allows a single
source to be built for and run on:

e x86 and ARM CPUs
e NVIDIAand AMD GPUs

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

2017-2021: CUDA code
integrated in CMSSW to
perform pixel, ECAL, HCAL
local reco and pixel tracking on
NVidia GPU
2022: first collisions collected
using an heterogeneous farm
(CPU+GPU)
2022-23: work on the migration
of CUDA code to Alpaka
(portability library)

O Pixel

O ECAL

O  PFRecHit/Cluster of HBHE (new)
2024: deployment of Alpaka at
HLT

O ECAL, PF, and Pixel reco (March)

O  HCAL reco (July)

11.12.2024
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https://github.com/alpaka-group/alpaka/

HLT Timing in 2024

e Currently offloading to GPU ~35% of HLT reco: CMS DP-2024/082
o Heavy usage of tracking due to scouting updates;
m ~50% speedup compared to CPU only

timing of current HLT menu (PU"63)

G G
processing rate. processing rate /
(1 machine) (1 machine) &
400 Hz 603 Hz :

each GPU CPU-only

— GPUs as a way throughput: Nerus x| ©.51 kev/s|+|1.20 kev/s
to reduce power usage Powerdraw:  Neus x|0.10 KW |+[1.04 ki
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https://cds.cern.ch/record/2914421

Standard HLT streams

Quick offline reconstruction (within few days), full event information
Most of HLT paths (hundreds)
e Collect data for a wide range of CMS needs (Physics program +
Alignment and Calibration)
e Physics program:
o Generic HLT paths covering multiple physics analysis needs
(broadly used, well studied, high efficiency)
o Dedicated HLT paths for particular physics analysis that require
special requirements for sufficient stats
o Dedicated HLT paths to catch anomalies to the known physics
signatures

CMS L1 Trigger HLT Storage
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Triggering on long lived partlcles

e Run 3 —look for new physics. Eg. LLP.

e Several displaced-jet HLT triggers to capture
various detector signatures, depending of
LLP’s lifetime (decay length).

o Tracker-based — Reconstruct objects
with non-prompt tracker-tracks seed L1

HT > 450 GeV (or Use L1 HT > 240 GeV [

+ 1)

m HLT jets reconstructed with ' fo
displaced tracks (prompt veto) Run Il A jmﬂ

3 result limits public EXO-23-013
o ECAL-based - Exploit timing of ECAL CMS Simuation 136 TeV

212
that measures arrival within ~200 ps § 1:_ rREn R Gel mn Gel. cton)
seed L1 HT>430 GeV or (L1 Tau T I o
pT>120 GeV and HT>360 GeV) e gie®
m HLT jets (hominal track match to wE & T —
ECAL, or ECAL only) w/ timing > 2 s i#i b
ns 024 e T N
o HCAL-based CMS DP-2023/043 OOZ'LMESOI 200 e00 800 1000 1200
© Muon Sy3tem'based Jets with p,>40 GeV, number of ECAL cells>5, FiT e

[nl<1.48 and jet timing>2 ns.
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-013/index.html
https://cds.cern.ch/record/2865844

Parking HLI streams

e Delayed offline reconstruction (Opportunistically prompt)
o Full event information.... no double copy of files
o for physics analysis that need special triggers with rates that don't fit
in Standard stream bandwidth
e Stream content is flexible and adjusted to actual physics needs
o Current CMS priorities are signatures of LLP, di-Higgs, VBF+X and
VBS+X process, Flavour-Physics

e Novel triggers for Run 3 or standard triggers (Run 2) but with lower
thresholds

- 3.2 1" (13.6 TeV)

RN U L A LS T LIRS L A LU
- CMS 5 utuT 4paa
i .n—mu

Background —

-
o
o

e Exceptionally rich B-Physics
program with low pT muon and
electron triggers

o Various searches for LFU
violation are being considered: g ?
measuring R(D*), searching for 60— =

LFV in tag-side
T e - CMS-EX0-23-007
B! — TR BY — J/pK2 40 053 054 055 056 'o.:?qiu'[(;e'%fs

Events/0.01 GeV

@
o
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https://cds.cern.ch/record/2892672?ln=en

B Physics Trigger

In Run-3 we increased the rate of B-physics triggers using delayed
reconstruction from ~300 Hz to 1.6 kHz (2022).
o New inclusive dimuon trigger in mass range.
e In 2024, single muon parking as well
e New soft di-electron trigger
o Improved soft electron reconstruction
e Single displaced muon active in 2018 and 2022.

— s2ib” (136TeV) s Mass distribution for

B Dcplaced ow mass cruon tigger | NS pairs of W’s oppositely
; Y charged,

1 originating from a

|  common vertex

(inclusive & displaced).

Improved L1 (Kalman)

and HLT (GPU)

S o
&
g,
n

N

o
) N ©
T

Candidates / 5 MeV
)
€
- o

From B parking in 2022: CMS-EXO-23-007
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https://cds.cern.ch/record/2892672?ln=en

HH Triggers

e New b-tagging algorithm based on
graph net (ParticleNet) integrated at
HLT

o Excellent performance both offline
and at HLT

e Large efficiency increase for HH —
4b

e Further increase in 2023 using
delayed reconstruction and new L1
seed

Trigger Efficiency

light-flavour jet misidentification rate

1.6

1.2

0.8
0.6
0.4
0.2

107'E

10°

10°

107

2|

Vs=13.6TeV
1:||lTIIIIIIIIIIITITIIIYIIIIKI( IYITITVII]IIIIIII

- CMS

= Simulation Preliminary

LT

= DeepCSV online
— DeepJet online
= ParticleNet online

llIllll

++++=+ ParticleNet offline

ll 1 llllllll 1

3

CMS DP-2023/021 -

I"l"lllllllll!llllllllllll]llllllllllllllllllllllll
05 055 06 065 07 075 08 08 09 095 1

b jet identification efficiency

ys =13, 13.6 TeV

I]III

IIII

III

IIIII

[ CMS
14 F

Simulation Preliminary Run 3 2023 HH trigger £(HH— 4b) = 82%

HH — 4b with x, =1 Run 3 2022 HH trigger ¢(HH—> 4b) = 68%

Run 2 ¢(HH—> 4b) = 52%

CMS DP-2023/050

—_— Event selection: > 4 jets, p, >30 GeV,n| <25

ooy g e g B e g Db g o el e s B e g8l o B

200 300 400 500 600 700 800 900 1000
mPeeo (GeV)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3ParticleNetHLT
https://cds.cern.ch/record/2868787

Scouting HLT streams

e Improvements in HLT reconstruction (use of GPUs) allowed for
improved scouting strategy in Run 3
o PF algorithm w/ tracker tracks seed by algorithm offloaded to GPUs
o Run 3 scouting rate ~ 30 kHz

First observation of

. 107 CMS 342fb (136 TeV, 2022)
_r] meson decaylng E %I Eventswnthtwomatched mluons AR, 02andp SGeV ! ;a‘
into four muons in = r " [Jottine 3
Run 2 data §10°F Sooutng 3
s TBrerrorpee R R RERRE LS SE & I ]
S F CMS ----- Signal n — 4;1 B g

~ 80" pri 1312023 091903 -+ Background = e Gy YeS) 3
@ =F —— Full fit 3 g =
% 50: + Data = . B ]
s wbE 12/ ndf = 68 / 60 10 = 5
© - C _
© 30F 10°| Di-muon resonance resolution i
20 - | comparable to offline reconstruction! 1

10/ L |

= g) 1.2:- T T — T T T r — T
Or ....... - '.'l'!".'f‘,';'l'I'f LLLL b AcRE ot o 0 B R | e e i EP S s . § 1.1§— —
= 5F ﬁ} y E S B O NN W ey A e :
S C 3 e 09F —
. OE‘“HIHIH{ h}}qr l l} { }t{ t;t{{{ii }r 1§t hﬁlg g 0.85' Ly ) Y =

e S 1 10
©""05 055 06 065 07 075 08 085 09 my, [GeV]

m,, [GeV] ) Pry
CMS-EX0-23-007 " CMS-EX0O-23-007
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https://doi.org/10.48550/arXiv.2403.16134
https://doi.org/10.48550/arXiv.2403.16134

L1T Scouting (40 MHz Scouting)

Standard way

e |dea: Store trigger-less data with
limited resolution before L1 decision.

e L1 trigger data Scouting is being

- developed for high-lumi LHC.

Cotortor et rigger e Ademonstrator has been operational

since the start of Run 3.

I

L1 scouting way Level- 1 trlgger scoutlng 2024 (1 10.6 pb ! 13 6 TeV)

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

2000:— CMS pT210GeV |nu|<oaa qual>12 ey =0

¢+ Data (1.54e+04)
B Simulation DY - ¢
g Data fit (p-law3 + pol2 + CB)
1500 == pol2+CB Resonant fit component
L CB Norm = 16556.05 + 959.51

Picture courtesy: Sabrina Giorgetti 1 onlinelofﬂine

Scouting Analysis Preliminary

Counts / 2 GeV
3
3
1

p(Data) = 90.98 + 0.92 GeV

e Standard L1 rejects 99.75% events. =r clow) 554 018600
o L1 scouting will allow CMS to
have a look at those events.
e Tremendous capability. Enables
studies of otherwise inaccessible
region of phase space.
o Next step: Properly identify all
potential signatures unreachable . T T TINIO0T:
through standard trigger and let Myy (GeV)

L1 scout those events. CMS DP -2024/056

Data/Fit

11.12.2024 M. Musich - Description and performance of the current CMS trigger 20


https://cds.cern.ch/record/2904692/files/DP2024_056.pdf

Jets at HLT performance

e Good jet performance in Run-3
e New boosted algorithm at HLT:
o “trimmed mass” — “soft-drop mass”

CMS Preliminary 34 fb' (13.6 TeV) CMS Preliminary ~ 35.2 o' (2022), 27.2 fo™ (2023), 13.6 TeV
> 5 : : 3 : : > L3N] LT I I N T T A T T O O (AL I A S T T TN T T T [
e .. : : 1.0 ’ . PP S
g 12__OOS|n’e(reco)|<50 """""""""""" g : M@a@s@%“ 5 — &
E = : s = E ”‘3.

o S : \T | &
T oo 0.8 | :

B ; i 0.6~ -

(4 1 -] EUUURRUUNN SVUURORROU: SANVRRUOOTES VOO T SOOI SO - :u
g f - 0.4} ' ~
0.4\ e = i

- : Online requirements: 1

- f : P : - Two jets with pr>270 GeV 1

B : : i : i i | and mass > 30 GeV

[0 ) T—— "' ,,,,,,,,,,,,,,,,,, e o ol p_ll'_”et 240 GeV 0.2 I |

i » ; ;. i et U 4+ Run2022 |

: ? o~ TPy 2180GeV Run2023
B T T R R R 6.0 emmmlal s 2 Lo e Ll s st s e bl
jet GeV 0 250 500 750 1000 1250 1500

Py (Feca)i(Geal) Leading offline AK8 jet pr [GeV]

CMS DP-2023/054 CMS DP-2023/094
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/L1TJetsEtSum2023
https://twiki.cern.ch/twiki/bin/view/CMSPublic/DP2023094

MET at HLT performance

e Improved pileup subtraction at L1 trigger
e Smaller rate at fixed trigger efficiency
e Excellent stability as a function of time

. ,CMS Preiiminary 2024 (13.6 Tev) HLT Highlights for
? ~ Online requirements (HLT) —4— Offline p?i(‘:im > 180 GeV LHCC 159
-8 VAP Priyy™ 12068V o —$— Offine p} w2208V ¢ Time evolution of L1+HLT Efficiency
= [ HT e,y > 120 GeV —+— Offine pT" > 240 GeV of the lowest unprescaled
=T =k wiRNOY TN T N A T MET/MHT(NoMu) trigger during.
': - g g ’ . e The efficiency is measured for
L S T e I i : 5 different working points of offline
+ 09 I — — * AAAAAAAAAAAAA » o s oo b PUPPI Type1 MET(NoMu) selection
j— - for capturing information from both
T N turn-on and plateau.
08 e ............................. b - ‘ ............ ° Stable performance iS Shown in a”
= N S : cases. The efficiency is measured on
Y LT, WP T S | S— — events with real MET by the
T orthogonal method using the Muon
- dataset.
0.61'”11'['1"'11“"""l'l"l""

26/06 11/07 26/07 10/08
Date
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/HLTPublicLHCC159
https://twiki.cern.ch/twiki/bin/view/CMSPublic/HLTPublicLHCC159

Muons performance at HLI

e Excellent muon efficiency both at L1 and HLT.
e ML technique used to select seeds in HLT muon reconstruction
o speed up of +16% in the full HLT reconstruction.

_ CMS Preliminary 18 fb™' (13.6 TeV) . 5 CMS Preliminary 13.6 TeV
> -
‘é 1_ % E Isolated muon with p_> 24 GeV metfine| < 2.4
2 | esestttspnmampemmint ettt e ¢ © 1.4~ Good quality L1 muon with p;‘ > 22 GeV
I N e B 0 [ —% Run2022Data(35fb")
B = e - H 1.2~ —& Run2023 Data (27 fo")
0.8 A T r
L & 2 1 *
. " L :‘f $
- . 0.8
0.6 C
< L
L a mi<2.4 0.6 L
0.4 w p,L1 . 3 04:_
i +pit'> 22 GeV, Tight L1 quality -
| - o b L1 y ; 0.2 —
i ~+pit'> 15 GeV, Medium L1 quality -
0.2—= i +p$ e GeV; Loose t:1-quality . 1.L,(D):*' L
~ S 1.04F
L . +pit'>3 GeV, Any L1 quality 3 1e2F
| e < 5 . . . .
0 w,h [ [ L1 L1 L1 ggg ; |d‘
0 10 20 30 40 50 60 09455 40 80 80 100 120 140 160 180 200
pT (Probe Reco p) [GeV] Offline muon p_[GeV]
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Level1MuonTriggerPerformance2023
https://twiki.cern.ch/twiki/bin/view/CMSPublic/DP2024005

Electromagnetic objects performance

e \ery good performance of e/y objects

imi 18 fo~! (13.6 TeV

- CMS Preliminary 81~ (136 TeV)  , CMS Preliminary 27.2 o', 2023 (13.6 TeV)
g 1.0_— _-__?_ &>)~ < T T T T T T ]
o | 0 B i
= O B 7
L : E 1.0 — ]
0.8_— 1 |: | e _._i v
B 93— T
L o8} ?e® —
i + = o.' -
0.6|- . =T o i
: ’ — 06| g ]
0'4f ] 0al— ® _
< offine B - HLT_Ele30_WPTight_Gsf ]
In® /|;2-5 l L 4 20230.00<|n|<1.44
+ Er">30GeV 0.2 2023 1.57<|n|<2.00

+ E7VY>34GeV | - - 4 20232.00<|n|<2.50

+ EIVY540Gev | 00le—aaaaa an® L | |

o e 10 20 30 40 50 100 200 300 400
102 _ 10° Offline electron Pt [GeV]
E%’ offline [GeV]
CMS DP-2023/055 CMS DP-2024/041
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https://twiki.cern.ch/twiki/bin/viewauth/CMSPublic/EgTau2023Performance
https://twiki.cern.ch/twiki/bin/view/CMSPublic/DP2024041

Tau peformance at HLI

e New Tau reconstruction at HLT based on Convolutional Neural Network

(DeepTau)
o Faster reconstruction and better performance.

e In 2024 transitioned to novel PNet Tau model
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https://cds.cern.ch/record/2859462?ln=en
https://cds.cern.ch/record/2859462?ln=en

Tracking and Vertexing performance at HLT

e Tracking based on single iteration in 2022 and 2023.
o Pixel tracking and vertexing running on GPUs

e In 2024 additional tracking iteration (“doublet recovery”) included to
cope with pixel detector failures localized in n,@
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http://cds.cern.ch/record/2890676

e ML is an essential and
versatile tool that we use
o to improve existing
approaches
o to enable new
approaches

https://cms.cern/news/cms-releases-

open-data-machine-learning
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https://cms.cern/news/cms-releases-open-data-machine-learning
https://cms.cern/news/cms-releases-open-data-machine-learning

The unknown-unknown territory: how to approach it? |

e Use of ML to learn the features of

e If we knew the exact signature typical standard model events
we are looking for, we'd build a e Then, pick events that are not
trigger for it! typical, using autoencoder (AE)

e In absence of that, what else e Train AE on typical events
can we do? (“ZeroBias” data) and use

reconstruction error (loss) as a
metric for anomalous-ness
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Anomaly detector @L1 trigger in CMS
R¥AXOLITL CICADA

Anomaly eXtraction Online Level-1 Calorimeter Image Convolutional
Trigger alLgorithm Anomaly Detection Algorithm
Inputs: Inputs:
e pT, n, ¢ of Jets(x10), ely (x4), e Low-level information (from
e | (x4),and MET (from Calo Calo layer-1) in image format.
layer-2 and Global Muon Ref-
Trigger el

https://cds.cern.ch/record/2879816

Ref:
https://cds.cern.ch/record/2876546

ML@L1 trigger becoming important. Tools for ML@QFPGA

his' 4 ml
developed.

e Neural Nets —» HLS4ML (documentation) /\
~Conifer

e Boosted Decision Trees — Conifer (github, paper)
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https://cds.cern.ch/record/2876546
https://cds.cern.ch/record/2879816
https://fastmachinelearning.org/hls4ml/
https://github.com/thesps/conifer
https://iopscience.iop.org/article/10.1088/1748-0221/15/05/P05026

w CMS Experiment at the LHC, CERN

' Data recorded: 2023-May-24 01:42:17.826112 GMT SU EP?

é Run / Event / LS: 367883 / 374187302 / 159 Emerging jet?

Or just normal QCD

Example of CMS event selected by AXOL1TL not selected by any other CMS
trigger. Features at L1T

o 12jets, 11 w/ pT >20 GeV
o 1u,plT>3GeV
e Large number of primary vertices (75)
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Machine Learning at the HLI

e Tau @ HLT ParticleNet b-jet tagger@HLT
o Reconstruction: Hadron plus GNN-based.
strip o Jets treat_ed asa |
o |dentification: CNN+DNN permutation-invariant point
based tagger (DeepTau) cloud.

e Performance gain, specially for
HH(4b), HH(2b27) and HHH(6b)
; CMS Preliminary 13.6 TeV processes, compared to Run 2
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/DP2024042
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3ParticleNetHLT

Conclusions

e Many improvements have been implemented in the CMS trigger after
Run-2 both at L1 and HLT trigger
o Trigger for long-lived particle (eg. ECAL and HCAL timing)
o GPU at HLT — more powerful scouting
o Large rate for flavour physics and HH (delayed reconstruction)
e The Run-3 data confirm the good performance of the L1 and HLT
e 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.
o Many more news will come with Phase-2 upgrades and HL-LHC
(>2030)
e Onset of a New Era for CMS Trigger:
o Leveraging mature technologies with advanced Machine Learning
for anomaly detection and increasingly powerful classification tools,
driving innovation in data processing.
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BACKUP
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Migration to Alpaka

e alpaka is a portability library. Same code able to run on
o multiple hardware vendors (eg. AMD GPU, Intel GPU)
o multiple kinds of accelerators (eg. GPU, FPGA)

e Pixel and ECAL and HCAL code migrated from CUDA to Alpaka in 2024.
o Part of the Particle Flow recently ported directly to Alpaka from

CPU-only.
al~aka

= = = = = === - o5 0C|V|$ Prellm/nary 2024 (13.6 TeV
2 | g ‘ i HLT@AIpaka-GPU
I raw data 3 raw data S 3 ¥ HLT@Alpaka-GPU with PF@Alpaka-CPU
E . o ) 5 6805 i # HLT@Alpaka-GPU with PF@Legacy-CPU
l ! . _8' | Measurement at 128 threads with MPS disabled
i unpacker@cpu ' unpacker@cuda ] I c unpacker@alpaka 2660[- % i <PU>=625
(@) o [
| ‘ » c I ]
[ 0 y = 640
| & local reco@cuda . local reco@alpaka L i - : 2024 (13.6 TeV)
ok C + 2 L - 107
e | belreoditn | X ¢ 620[- 5] CMS Preliminary o 0
I st . g -~ 108 8
Q | = I S 400 -~ 4 2
> calibrations@cuda | O calibrations@alpakal < o
1< | 2 600 Full Machin £ 10° 5
a [ [ -CPU:2X AMD EPYC 7763 64-Core Processor (64 cores, 12 o =
‘ | : [ -GPU: 2 X NVIDIA Tesla T4 (1 GPUol b) < 300 ] 2
|81 2 pTTTTTTTETITT sgolbtvc o o 1 i 10t E
[ calibrations@cpu host copy@cuda 1automatic host copy hv =
* | FRRRR—— 8 p00|- R 10°
I 3 . : L>).1-05 T T T 2 P
I o
‘ | © L # ) o I 102
I | . 8’1 00 . 1 i s 100 __,-" ,
| I - FY . Iy o
[e] L -
! __________________ .; % 0.85% 1‘6 — 32 - 6|4 - 0" 100 - CZI“JU 300 700 50 0
uster Energy from Legacy [GeV]
Early Run 3: 2022 & 2023 Run 3: =2 2024 @ Number of Threads per Job (Jobs x

11.12.2024 M. Musich - Description and performance of the current CMS trigger 34



