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hsnae——e e \ecw HLT developments for the LHC Run 3
o improved tracking, ParticleNet triggers
o triggers targeting Long-lived particles

o heterogenous triggering: CPUs + GPUs

 HLT performance from the most recent data
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CMS, : .

* CMS: a general-purpose detector at the CERN LHC -_..

EEEEEEEE
Charged Hadron (e.g. Pion)
Neutral Hat

* Real-time decision to save physics-relevant events

* Efficient and clean decision -> Trigger universality
* Rate & Time constraints: DAQ bandwidth & buffer

Detectors

Digitizere * The Trigger System of CMS Experiment is organized in two tiers/levels:

Front end pipelines

o Level-1 Trigger: hardware based on custom-made electronics, with

110 kHz
1 Readout buff . . . .
— only the muon system and calorimeters being active in the readout
P Switching networks
o High-Level Trigger (HLT): filtering events using software running on
~ | Processor farms
a computing farm based on commercial CPUs (and now also GPUs)
7 kHz
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" CMs High Level Trigger (HLT): Design and PUrROSCININNN

* High Level Trigger designed to reduce event rate from ~100 kHz to ~1(7) kHz in LHC Run 2(3)

o the output rate from offline computing data processing constrains and storage capacities
o uses offline reconstruction algorithms and code, but is optimized for running much faster
o total 30,000 CPU cores used in the High Level Trigger system at the end of the LHC Run 2

o hundreds of HLT paths constructed, targeting very broad range of (new) event topologies

PARKING data taking:
LHC Level 1 trigger (L1) High Level trigger (HLT) / a few thousand evt/s

delayed data availability
DAQ
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Standard data taking: 1000 evt/s

\ SCOUTING data taking:

10000 evt/s (or higher)
reduced format of data

Offline




CMS

CMS HLT Menus, Rates

* The HLT selects data for storage through the application of a
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|
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HLT path L1 thresholds [GeV] HLT thresholds [GeV] Rate [Hz]

trigger “menu”, which is a collection of individual HLT paths  smmm s ER
Double muon (isolated) 15,7 17,8 32
* Run2 HLT menus typically had ~600 paths for p-p data taking “"’(())

* HLT rates attributed to each CMS physics group (2018 menu) i . 0 o ”

barrel only (|| < 1.48)

. . . D-ouble photon 25,12 30, 18 32
* CPUtime (@ HLT) for different parts of event reconstruction = - 16
Single jet 180 500 16

Single jet with substructure 180 400 32

* HLT rate consumption by physics group (in standard physics)  utiessinbusen mom a0 s

jets > 70,55,40,40  jets > 75,60, 45,40

I Total transverse momentum 360 1050 16
CMS (2018, 13 TeV) me's Taus Missing transverse momentum 100 120 49
Exotica o e $ Tracking CMS (2018, 13 TeV)
: = 14 Particle 3 53 e: Objects
Higgs - Flow g & 7
& 'S ¥ : " i
B Physics o' - & g Data Set Overlap Higgs
194 o
. 6.6% 12.4%
SUSsY o 186 S > Top
. 760
SM Physics 8 176 - '8 tagging
572 o s B2G | g4% B Physics
B2G " » 9 ety Total HLT Rate:
- Muons e & ey Reg,, E/Gamma 1640 Hz
@ %, Tog,
Top | W g =18x10% cm?s! e 3 4 -
3 s,
. % s Calibrations
Objects = 10 z % ECAL
ai mm Total rate / 4 susy
Calibrations 166 Shared rate X ‘%
1 EEm Pure rate L1T e
Jets/ ~
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Rate [Hz] Exotica Finst=1.8x10% cm 257!
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‘> CMS High Level Trigger: Tra
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2018 (13 TeV)
T I T

* Charged particle tracks in the HLT are reconstructed 2018 (13 TeV)

L T T T T 11717 I T
[ Simulation i
r June 2018 conditions

L |:| High P, quadruplets- + Low P, quadruplets B
r - + Triplets in jets - + Doublet recovery

L ' I I
[ Simulation
- June 2018 conditions

o |:| High P, quadruplets- + Low P, quadruplets
- - + Triplets in jets - + Doublet recovery
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from the hits in the pixel & strip tracker using Kalman

—y
o
—y
N

—— Efficiency with design pixel detector

filter, using initial estimates of the track parameters

r — Efficiency with design pixel detector

o
o)

HLT tracking efficiency
HLT tracking efficiency

Q
o]
T

obtained from hits in the pixel detectors (i.e. “seeds”)

0.6 0.6;
* The tracking efficiency and misID are obtained from 0.4 0.4
0 2:_ t:levelonts.2d5°U>=500 4 GeV 0 2:_ tf events
. . . = 1rﬂ(’k<.,waw='. e =L track track
simulated tt events with the mean pileup (PU) of 50 : | " : i <25, By >0 GeV
. S N 20'18'(1?11761\!') . | l | ‘ | l r2018‘(13lTeV) 10—1 1 . 10 102 20 30 40 50 60 70
© . CMS June 2018 conditions ] @ . CMS June 2018 conditions i simulated track p, [GeV] Noy
5 - Simuiation 4 Default tracking 5 - Simulation . Default tracking
= With doublet iteration = With doublet iteration . L. .
g v _ With design pixel g withdesignpixet | ® The tracking efficiency was plotted as a function
= Coa®, detector g detector E
he, o ]
S S of p;, number of PU interactions (N,), n, and ¢
107'F "5 _t 107'F _
F . wﬁ_ o Lo ]
I ; j 1 ¢ Thetracking misidentification rate as a function of
tt event tracks <PU> = 50 i
1 0_2 - 4 1 0_2 - tt event tracks -
E E ] P Npy, 11, and ¢ ---> found to be steady versus PU
Track P, [GeV] Ny
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e Tracking algorithms are deployed to identify
and reconstruct muons measured in the muon

detectors in combination with pixel and strips

* The combined L1+HLT muon trigger eff. of an
isolated single-muon trigger with respect to

offline-reconstructed muons is presented --->

CMS  36.31b'(2016), 38.0 tb (2017), 59.7 fb' (2018) (13 TeV,

CMS 363 (2016), 38.0 b (2017), 59.7 fb" (2018) (13 TeV)

§ 1'2i Isolated single-p trigger with pT(u) > 24 GeV g 1l2i Non-isolated single-u trigger with pT(u) > 50 GeV
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CMS High Level Trigger:

Muo
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CMS 36.3 fb' (2016), 38.0 b (2017), 59.7 fb™' (2018) (13 TeV)
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* The efficiency of the isolated single-muon trigger with p;

>24 GeV (left) and the non-isolated p; >50 GeV (right) as

a function of muon p-, n, Nvix for years 2016, 2017, 2018

(efficiencies versus 17, Nvtx presented in the backup slides)
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> CMS High Level Trigger: e/y r

* The HLT electron and photon identification begins
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cms 136 fb™' (13 TeV cmMs =~ 136 fbo” (13 TeV
c:f 1.6;* Single-electron trigger | *: E 1.6;* Single-electron trigger ‘ .
with the regional reconstruction of the deposited § 14 206 >27Gey H § raf 20186 >27GeV) E
E E 2017 (p >32GeV) 1 & [ =2017 (pT > 32 GeV) .
E 1'25_ 2018 (p}'T > 32 GeV) E ,; 12 2018 (! > 32 GeV) E
energy of ECAL crystals around the L1 candidates T 1z 1 U
o 08— e -1 5 o8 ;*Eﬁﬂi
* In Run2, the signals in the ECAL crystals are o E I ;
cra: . . 02 - : 0.0<Inl<1.44 0.2} :' 157<Inl<2.0 -
reconstructed by fitting the signal pulse with | . =T - M
: . . S g TR 1S o
template functions to mitigate the out-of-time PU 8 os- 4 8 osf 4 o :
30 40 50 100 200 300 30 40 50 100 200 300
P, [GeV] p, [GeV]
. . . cmMs = 136 b (13 TeV
* The signal amplitudes are then corrected by per-crystal correction g e Shglesiockon tagee E
2 - p' > e _
. . . o & ::7 +2017(p£'”>32 GeV) E
factors and per-channel calibration techniques (radiation damage) é | e s e 1 SCmatched
f 0.8 W—‘—:—_‘.:‘E’E’EE
- : : : osf T . -
* The L1+HLT efficiency of the single-electron triggers with respect oaf 1 topixel track
02 T 20<in<25
to offline-reconstructed electron as a function of the electron p; ¢ 127 ——— -> fit with GSF
and N,,, and shown for the different 7 regions of the supercluster = oot . o —
p, [Ge
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CMS High Level Trigger: jets, e
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* Jetsarereconstructed atthe HLT cws  wmwiuaten _ oms  ismigaTeyy _ cMs  1a8m'(3Tey)
using the anti-kT algo (can or PF) 2 1.4« PFletp >500 GeV (363107, 2016) 1 & 1.4 = PF H, >900 GeV (36.3 fb", 2016) 4 2 14 wprp™s170Gev 363107 2016)
. . . . :8 12i+PFiel P, > 500 GeV (41-5fbi'. 2017) -g 12:, -+ PF H, > 1050 GeV (41.5fb:*, 2017) ] :g 12:_ = PF p:f55>250 GeV (41.5fb:‘, 2017).” ]
Wlth 04 cone size (08, Wlde Jets) % . : +PF|elEpT>SOOGeV(59.7fb,2:018) % . —-—PFIE-|T>1050GeV(59.75fb,2018) | % . ~PFp] >200.Ge\f(59.7.'fb,2018) i
. ; 15_ :.:_.______ 2 ; 15_ ........ ........ _._*W E 15_. SRR .'::_..; 2 E
° The effICIenCy for the unprescaled : 0.8; -] i 0_8:_ .......... ...................... _: 1 ST S— o]
. . . D ooa - E . , 1 Deb St E
singlePFjet trigger (and H;) as a f- "j_ . - i T | B e T A B R
. . . 0.4 0.4 : : 0.4~ o 5 5 5 .
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02 b E I S e a— 1 0z A
* The efficiency of the pT._... triggers &6 """%6" s00_ 's00 1000  Or=**3s™Joo0 1500 2000 2300 B350 00 600 800 1000
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o Cms__ 597f7(13TeV) _ CMS __ 507fb" (13 TeV)
fé 14j_ PFp:iss>200GeV B R g 14:_ PF[S??SS>2OOGEV 1 ] ) ]
é 125~ Coractod F > 200 GV ] § WP Sl Mgt 1« Atthe HLT, online jet energy corrections can be propagated
© i © i T
B | v = | - ; mi i
T . £ | " to the calculation of the p; similar to that performed offline
+ 0.8 * ] + 0.8 -
: [ )] E— L _ : 0.6:— ................ = ]
o4 1 o4 i 1 ¢ Hereis also a comparison of the performance of nominal
0_2:_ ....... - - 0_2:_.... ; .* N
U PP S U ROUE [ SV /., NS SRS I U and corrected pT, ... at the HLT for the 2018 data-taking
Offline corrected PF p™* [GeV] Offline corrected PF p™ [GeV]
T T
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* During the 2016 data-taking,
CSVv2 was the recommended
algorithm for b-tag at the HLT

* DeepCSV tagger as deployed
at the HLT at the start of the
2017 year data-taking period

* DeepCSV: better by 5—-15%

CMS 17.7 1b”' (13 TeV, 2018
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- CMS High Level Trigger: b-t
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30.2 fb™" (2017, 18 TeV) 30.2 fb™' (2017, 13 TeV)
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» The performance is assessed for events consistent with the tt process

CMS 59.7 fo™' (13 TeV, 2018
1
0.8 e l
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CMS 59.7 fb™' (13 TeV, 2018

. pl>40GeV

—I— Cone-based t, reco, [17.7 fb’ 1

+ HPS-based t, reco, [42.0 fb]

N ix

Tau leptons have a short lifetime
and decay before the beam-pipe

Hadron-plus-strip algo at the HLT

pT resolution, L1 + HLT efficiency of
cone and HPS based reconstruction
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Improv-ed.tracki.ng based Graph Neural Network (GNN)
on optimized pixel track ParticleNet triggers for b-tag,
reconstruction (Patatrack) heavy flavor and tau tagging

New dedicated triggers (displaced
muons/taus/jets/photons) for the
Long Lived Particle (LLP) searches

New high-rate VBF and HH->4b (4jets,1 b-tag)
paths and dedicated B Physics di-muon and
single muon paths in the data parking stream

Scouting rate allocation increased

to ~30 kHz with an event size of Heterogeneous reconstruction (CPU +GPU
~12 kB ( vs ~1MB for Raw Event)
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> CMS High Level Trigger:
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* ParticleNet AK4 b-tagging and AK8 bb-tagging algos,
based on graph neural networks (GNN), for HLT jets
were trained for the very first time in 2022 using MC

* New triggers integrated in CMS HLT at start of Run 3,
including HH->4b, HH->2b27 and HHH->6b including
both for the resolved and high-p; (boosted) topologies

* A new Parking stream "4j + 2 bjet" deployed in 2023

109 17, 2024 (13 6 TeV)
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Time evolution of the ParticleNet@HLT b-tagging efficiency as a function of the
average ParticleNet b-tag score of the two leading b-tag jets (with p; > 30 GeV)

Each bin corresponds to one-month intervals spanning the 2024 p-p data-taking

Stable performance of this HLT trigger found throughout the data-taking period

M. Dordevic (VINS, UB)

BPU12, 8 - 12 July 2025, Bucharest, Romania

13



Triggering on Long-li

51 fb" (13.6 TeV)
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e (CSC high multiplicity triggers: presence of a high - : j Bpmen
number of hits in CSC muons to search for LLPs 1 4 | § “r
+ E b
0.6 2 04f—
* Relies on a dedicated implementation both at of i L
the Level 1 (L1) and the High Level Trigger (HLT) | - Ef | B
: 100 200 300 400 raﬁal; C\usfgorSize(CTOAg) 0 10 20 30 40 50 B
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CMS High Level Trigger: D

<\
‘«‘ A}
CMS DP —-2025/025
* Eventsreconstructed at the HLT selected based 20232024 (136TeV)  CMS Preliminary 2024 (13.6 TeV)
. . o, § ? CMS Preliminary % | : H g:g:g: I;Ii‘;ezloziﬁjstr\'gger (vtx-unconstrained reco) |
on the kinematic quantities of the reconstructed ¢.:[ | U -
.g E | : pino-vix) 2 £, H1s Hz) > 0.7, track ¥ of <
objects, but with looser energy and momentum w5 W e
10° é— Selected runs at 2E34 PS col 0.6; - ]
* The online reconstructed objects are then stored | 2024 since era ) \ o4 :
E ——— 2024 (start) \. | L
. . . . C re BPix \“’*-a".‘ 0.2 [ |
directly to disk to be used in the physics analyses  wl oo ; 7
: P 132 : N T RS- B E—
2024 (13.6 TeV) m,, [GeV] Subleading scouting muon pt [GeV]
— 0.03
@, [ CMSPreliminary ) i
T At the start of 2024, the HLT scouting underwent large improvements,
2 F . Barel (Novixreco) enhancing its sensitivity to the low-momentum and displaced objects
PEE L B acreoey
B o Endcap (Vix reco)
"R — Full HLT tracking with standard PF reconstruction was implemented
0.01
C WM‘@& . . . .
0005 et —— Standard muon HLT reconstruction with vtx constraints were introduced
e in a new scouting single-mu path: higher efficiency, improved resolution
o
10 20 30 40 50 60 70 80 20 100

Scouting muon P, [GeV]
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CMS

. . CMS DP - 2024/082
* New HLT farm in service for Run 3 (July 5th, 2022) ¢ !

e The throughput measurements (2024) performed

over 120,000 events with an average PU of 63.8

645.8 ms

Part of the HLT code

rewritten using the

Alpaka performance
portability library &

CMS Preliminary 13.6 TeV
638 ms/ev

700 ms

600 ms

ECAL
m HCAL
421 ms/ev ™ Pixel track and vertex
W Particle Flow
B Full track and vertex

b * Corresponds to a speed up of 55.6% + 0.2%

W Taus
B Muons
other

= nomevent processing e 35.7% + 0.1% of the HLT offloaded to GPUs

500 ms

400 ms

\

300 ms

average processing time per event

200 ms

100 ms

0ms
CPU-only with GPUs
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CMS,

 The CMS Trigger System is robust, flexible and proven in Run 2 and Run 3

o able to deal with large number of events to fulfill the CMS physics goals
* Excellent performance in Run2: sharp turn-ons, small pileup dependence
* |ntegrated new technologies, also improved/innovated trigger algorithms
* Additional improvements for the Run3, such as new tracking (Patatracks),
new GNN-based ParticleNet triggers for b-tagging, heavy flavour and tau,

also new triggers for Long-lived particle searches and improved Scouting

THANK YOU!
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‘> CMS High Level Trigger:

2018 (13 TeV) 2018 (13 TeV) ° 2018 (13 TeV) © 2018 (13 TeV)

T T I M T T 1 L e T T T L L ' T T 1]

2 1.4~ CMS — & 1.4 CMS 4 © . CMS June 2018 conditions i © . CMS June 2018 conditions ]

5 [ Simulation ] 5 | Simulation ] g L Simulation a Default tracking i g | Simulation a Default tracking J

8 | o[ Uune 2018 conditions 4 &8 {p[ Wune2018conditions 1 = > With doublet iteration = ©  With doublet iteration

s - [ High P, quadrupletsill] + Low p, quadruplets - 5 i [ ] High P, quadruplets[ll] + Low P, quadruplets | O = With design pixel = 8 1= With design pixel =

g’ 1 o B + Triplets in jets  [Jl] + Doublet recovery 1 E’ o I + Triplets injets  [Jl] + Doublet recovery ] b= E detector ] b= - detector ]

36 - —— Efficiency with design pixel detector B J‘S - —— Efficiency with design pixel detector A -g r b 8 - b

g & 1 8 13 & - 1

= 08 T ] hat 08? ] = =" IEEg® ,iiﬁn,. g = I 1

; | ; ] -1 mww ' Ew ’ wwﬂm; _ _1iin"'iniEiigﬂﬁBﬂSEEEQWEHEQEEB'n!'H:

0.6 107 “ E 107 .

F 2 F ] o ]

L . @ 3 r ]

0.4 4 < I ] : ;
0.2~ tt events <PU> = 50 - 0.2 Hf events <PU> = 50 ] ) tt event tracks <PU> = 50 ) tt event tracks <PU> = 50

i e < 2.5, pI*™ > 0.9 GeV ] “m <25, pi** > 0.9 Ge 1 10°F E 107°F E

C | 1 | L | ! | L | i Ll L | L | L | L | 1 | 1 I E | N | L | L | n | ] Cl 1 i 1 | 1 | L | 1 | L 17

-2 -1 0 1 2 -3 -2 - 0 1 2 3 -2 -1 0 1 2 -3 -2 - 0 1 2 3

simulated track m simulated track ¢ Track n Track ¢
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CMS High Level Trigger: Muo
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‘> CMS High Level Trigger:
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~_— CMS High Level Trigger: jet
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CMS High Level Trigger
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Performance of Par

109.1 b, 2024 (13 6 TeV)
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CMS

Element
AlCa

B tagging
CTPPS
DOM
E/Gamma
ECAL
Framework
HCAL

HLT

o
Jets/MET
L1T

Muons
Particle Flow
Pixels

Taus
Tracking
Vertices
event setup
idle

other

total

Heterogeneous rec

C\)\) oﬂ\\’

&

Time

645.8 ms

56ms
1.8 ms
0.0ms
13ms
53.5ms
48.4 ms
0.0ms
48.3 ms
51ms
38ms
142 ms
6.4 ms
854 ms
46.1 ms
138.5 ms
7.7ms
82.6 ms
4.4ms
0.1ms
0.2ms
92.4 ms

Fraction

100.0 %

0.9%
0.3%
0.0%
0.2%
8.3%
75%
0.0%
75%
0.8%
0.6 %
2.2%
10%
13.2%
71%
21.5%
12%
12.8%
0.7%
0.0%
0.0%
14.3%

CMS DP —2024/082

Element
AlCa

B tagging
CTPPS
DM
E/Gamma
ECAL
Framework
HCAL

HLT

o
Jets/MET
L1T

Muons
Particle Flow
Pixels

Taus
Tracking
Vertices
event setup
idle

other

total

5 GPY

'

Time

415.1 ms

6.0ms
19ms
0.0 ms
1.6 ms
589 ms
124 ms
00ms
58ms
6.0ms
42ms
156 ms
7.2ms
934 ms
332ms
34.7ms
86ms
912 ms
4.7 ms
0.1ms
0.1ms
29.6 ms

Fraction
1.4%
0.5%
0.0%
0.4%
142 %
3.0%
0.0 %
1.4%
14%
1.0%
38%
1.7%
22.5%
8.0%
84%
2.1%
22.0%
11%
0.0%
0.0%
7.1%

100.0 %
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