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Trigger strategy at CMS.:
Run-3 and HE:LHC

Santiago Folgueras
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TheCMStrigger system

Det.e‘ctor L1 trigger ngh-l_evel Dats
collisions Trigger Analysis
40,000,000 I 100,000 1,000
events/sec events/sec events/sec
<4t O 500 ms
100 GB/s 5 GB/s
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Run 3 at a glimpse 2022 2023 2024 2025

MAMII I AISIOINID] [FIMIAM[ [T AISIOIND I | FMAM ] | J|ASIONID{ ] [FIMAIM] ] [ AISIOINID{I |

A With almost one and half year to go, RuB has already
surpassed Ruf2 luminosity ‘

A Almost 170 pBrecorded —————

v
c
3
w

A New strategieshave been deployed both at L1T and HL™

A Excellent opportunity to extend physics reach and try

new ideas to guide our path in the future 1sofCI\IiS — 2015, 13 TeV, 430"

2016,13 TeV, 416 fb™
e 2017, 13 TeV, 49.8 o'
— 2018, 13 TeV, 67.9 fb™
— 2022, 13.6 TeV, 41.5fb™
w2023, 13.6 TeV, 32.7 fb™
— 2024, 13.6 TeV, 109.3 fb™

A New capabilities to trigger on longived patrticles
A Anomaly detection

A Triggerless readout (scouting)

A Increased GPUs usage
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A Extensive use of ML techniques

[e2]
o
T

Total integrated luminosity (fo™)
FS 8

N
o
T

1L ——E 1 1
N A \
\\\‘\@! O W N poo RN (O

Date (UTC)

o
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ML at HLT

A Tau @HLT A ParticleNetb-jet tagger @HLT. GNMased
A Reconstruction: Hadron plus strip A Jets treated as a permutatiornvariant point cloud
A DeepTauidentification: CNN+DNN based tagger A Performance gain, especially for HH processes

CMS DR023/021

CMS DR024/042 P
1 ETTTT | TTTT | T TTTT FTTT TTTT TTTT TTTT TTTT TT
. ) - : :
y CMS Preliminary 13.6 TeV s - CMS —
Dir, Tri : Tau Leg Perf G B < |
i~t, Trigger: Tau Leg Performante 8 ~ Simulation Préliminary / ar
N < |z, A, —
: ..g — DeepCSV online , 5
>0.8 c 10—1 e ey i ,"‘ : _
8 8 g eepJet online / 2
% w - — ParticleNet online / &
i E - DeepJet offline i o N
Y o6 - 2 = ParticleNet offl // o S
w7 ReEE articleNet oftline o v

o 3 / ST
I+ (% 10_2 E P 2 et - =|
i - £ - / / PR s -
~ 0.4 2 r P A ]
— Run 2022 (34.8 fb™) / / : / |

—— Run 2023 (27.0 1b™) .
10° i &
0.2 p=-(HLT) > 35 GeV e
- T - o ""
=+ Offline Medium WP TaulD Applied B i /

I W

0 1 1 L 1 1 L L L 1 1 L 1 ‘ L 1 L L 1 L 1 L L
20 40 60 80 100 120 140 10—4'||||||||||||||||||||||||||||||||||||||||
Offline p; GeV 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

b jet identification efficiency
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/DP2024042
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3ParticleNetHLT

ML at L1: Anomaly detection CICEDAY¥2AX0 TL

A 7 E A O A 6 O O E A I A X D E U O E A O e 4 I ’ CMS Experiment at the LHC, CERN
oA ~ s A N N e s o 2oA Data recorded: 2023-May-24 01:42:17.826112 GMT
A ) A X A E I A X x EAO X A X A OA Il I I EEI C; W= | Run/Event/LS: 367883 / 374187302/ 159

A Cast a wide, modeihdependent net
A Learn what an average event looks like, pick things that are rare
A Autoencoder, trained on random beam events
A Reconstruction error is a metric for anomalousess

A AXOL1TK CICADA
A Lowevel variables (L1T or Calorimeter objects)

A Outputs an anomaly metric to keep the event or no

\ -
\\ / N
\ / \ / N —~ 7
\ / \ / \ ~ o /
\ \ Ny N
)/ \< \< >/
\ / / \
// \ / \ ow ™ <
\ o
/ —
/ //
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https://cds.cern.ch/record/2876546
https://cds.cern.ch/record/2879816

https://arxiv.ora/abs/2403.161:
https://cds.cern.ch/record/290469:

Triggerless analysis (aka scouting)

A Storing and analysing events at L1 or HLT (x100 smaller event size)

A Crucial for very lowmass bumphunt searches, compressed spectra orthysics

' 101 fb" (1EIi TeV)

%2/ ndf = 68 /60
C N, =496 8.1

[ y— ‘ .
2 ECMS -.-.. Signal 1 — 4 E
~ 60— Background =
P E —— Full fit =

s g 50F + Data R
3 F
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[ =4
®
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531 s5C ;,  PhysRevlett.131.091903
K S it 1 ‘
o OE-HJLJ;HIH{ {h}};;;l”}}[;l;} 14{{11;;{i”{{ii}{{t;m{l%
ah AL { : 505 055 06 065 07 075 08 085 0.9
= y g m,, [GeV]
L1 trigger s |
Dete ctor eve nts | =) | " Y Level-: lrigge: scoutir}g 2024](110.6 Pb", 1%.6 TeV)
8 20001 cMS pY 210 GeV, [n¥| < 0.83, qual 2 12, dyy =0 {
~ : i { Data (1.5de+04) ]
~ 17501~ Pre/lm/nary = Simulation DY -£¢
—>{ .g _ Data fit (p-law3 + pol2 + CB) =
o bR i =l YY" " TN

p(Data) = 90.98 + 0.92 GeV

A L1 scoutingstandard L1 rejects

12501 A, (MC,Data) = -0.36 + 0.4 GeV 1

| eesscmsww
o(Data) = 9.54  0.18 GeV 1

—>
99.75% events. L1 scouting will |+
allow us to have a look at a .
those events L1 Online/offline
A Proof of concept in Run 3 Scouting Analysis . T T
8 Ot S AT ES L] i
T T T T RS T R T Level-1 Data Scouting rack

my, (GeV)
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https://cds.cern.ch/record/2904692/files/DP2024_056.pdf
https://cds.cern.ch/record/2904692/files/DP2024_056.pdf
http://dx.doi.org/10.1103/PhysRevLett.131.091903

Long-lived particle triggers

A Many models predict the existence dbng-ived particles
(LLPs)

A Many Exotic scenarios not envisioned when the trigger
system was being designed!

A LLPs transit layers at later times, timing information

A LLPs decay far from the interaction point and show
displaced signatures

A Dedicated trigger paths exploiting unique features
A Displaced jets in the tracker, calorimeters, or muon systems

A Strategies adopted mainly at HLT for Run 3
A Some ideas already at L1

- ~ ~ Ve Ve ~ -_

A Run 3is the perfect benchm& &£ O OAOAUUG6 EA
LHC

pd

O

I COMCHA workshop | A Corufia (October 2024)




Displaced/delayed jets

A ECALmeasures arrival time of objects with precision of ~2@3 (for
energy deposits >50 GeV). Tau seeding at L1 and trackless jets at HLT

AL oalnrci

\\\\\\\\

A UseHCALtime information at the L1 trigger level to identify delayed
jets (>6ns). Prompt veto applied

LLP

I I N I S S S

£ (N Y S Y B S |

A High multiplicity at themuon systemfor long-ifetimes

-y
=~

HCAL Endcap 4
Signatures: energy deposited in deep calorimeter layers

CMS I CMS simulation 13.6 TeV
/é Trlggered on OCtOb er 81 = 1.27 CMS Simulation Preliminary (13.6 TeV)
fé;/// ‘ 2022 = L HoXX—4b (m =1000 GeV, m =450 GeV, cz=10m) 9 - Hossoam _ ) )
gy =1 [} - = ; :
E 1= o » § 0-95 —:—"'"+* —_— ; 1 }
s 5 OF o Boss 4T '
0.8 + 5 5 07F s
‘ : - -+ 06
a) % g 06 055 - . 'm,;=350 GeV, m =80 GeV, c1=0.5m
3 L i :*: —+— HT seeded delayed jet trigger ’ g - H s T
K ‘ 04 L i —+— HT seeded delayed trackless jet trigger 0'45 e my=125 GeV, m.=50 GeV, ct=3m
N #:#: —+— Tau seeded delayed jet trigger 0.3 E
0.2 B + - —+— Tau seeded delayed trackless jet trigger 0.2 E -
CMS F uparire B 01
Ronveeent. 38 ! Qledotess . . | 1 011 o- ‘ L L L 0 -
N 0 200 400 600 800 1000 G 1200 0 200 400 600 800 1000 Ho[G 16]00
e
Muon (more later) ECAL HI (e "
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First Run 3search displaceddimuonsat 13.6TeV

The CMS collaboration at CERN With a strong Spanish contribution:
presents its latest search for new exotic
particles o
GV Search for long-lived J‘& v :'h\
ZL:SSZISZC;T’!!I\:;?‘(;ln{:i\ir:’uon particles decaying to Muons reconstructed only in the muon detectors "' l'4 — * ‘P'
a pair of muons ? A 4 oy All‘l 3

a2 i F(A

Instituto de Fisica de Lanfahria

I Mugn detectors I” . -
: o o -
The CMS experiment has presented its first search for new physics using data

from Run 3 of the Large Hadron Collider. The new study looks at the possibility Cenvo ds lnmugncioncs
of “"dark photon"” production in the decay of Higgs bosons in the detector. Dark
photons are exotic long-lived particles: “long-lived” because they have an

Energéticas, Medioambierales
y Tecnologicas

1=

average lifetime of more than a tenth of a billionth of a second - a very long
lifetime in terms of particles produced in the LHC — and "exotic” because they

https://cms.cern/news/londived-particleslight-lhctrun-3-data

h :/[home.cern/news/news/physi llaboration-
cernpresentsits{atest-searchnew-exotic-particles

Universidad de
Oviedo

FromA. Escalante @ICTBA&minar



https://home.cern/news/news/physics/cms-collaboration-cern-presents-its-latest-search-new-exotic-particles
https://home.cern/news/news/physics/cms-collaboration-cern-presents-its-latest-search-new-exotic-particles
https://cms.cern/news/long-lived-particles-light-lhc-run-3-data

JHEP 05 (2024) 047

Displaced dimuons at 13.6 TeV. New triggers

A Use the 2022 dataset3g.7 fb) recorded with new LLP triggerswith thresholds down to p(*) > 10 GeV
A Reoptimized L1 triggers, including without beam spot constraint, and new reconstruction algorithms.

A Used,, information at trigger level to control the background rate.

A Factor 24 more signal efficiency

A Despite2.5smallerdataset, comparable 6r better) sensitivityw.r.t. 13TeVresult.

Trigger efficiency

1 (13.6 TeV)
0.9 CMS simulation
0.8 Hoz2z, Run 2 (2018)
0.7

(
m(H) = 125 GeV — Run 3 (2022
m(Z,) = 20 GeV —— Run 3 (2022, L3)
—— Run 3 (2022, L.2)

T IIIIIIIIIIIIIIIII

;ﬁ 1wq—wmq—ﬁm |||||I'I'I| ||||I'I|'I| |||||I'I'I| |||||I'I'I'| llllﬂg
v [ CMS :
T10's  Hozz, 3
<} - m(Z,) = 30 GeV .
510°7? E B(Z_ — pp) = 0.140 =
E F ]
= A3l —
g 10 E =
Q = -
o - N
210
-l
o" E
2 F o~ _ :
8 10—5 = Combined: . Observed: . -
= — Observed [ 68% quantile — 13 TeV (97.6 fb™) 3
- - Expected 95% quantile ~ — 13.6 TeV (36.6f")
10_6 E 1 |||||||I 1 |||||||I 1 ||||||]I L |||||||I Illluﬂ 1 llll.l.l.ll L Illlu|| L llllu|] L Illﬁ
10° 102 107" 1 10 10> 10® 10* 10° 1?6
m
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http://dx.doi.org/10.1007/JHEP05(2024)047

800

Multithreading andGPUs . Bt e
A Multithreading (MT) is key to fully exploit HLT farm i )
Computatlonal power % 400_.................3:0..;.........379F . p—————— s
A inter-event, intra-event, inalgorithm parallelism; E %o Throughput vs #thread /job e
A OOACA T £ OAAOA EAT A1l AbGoe O AAEET A =y (#bieadsinioa) | = it GPUs, withou S
among modules; 100 —s— CcPuony
A lower memory usage ° S e PR
. GPUSno MPS)32threads, 24streams
A CMS HLT farm heterogeneous since 2022 CMs'jZiniaF’US?’zthreads’ s cms pre/,i(inary ) | 13,6 ToV
(AMD CPU + Nvidia T4): o W

A 40% of HLT reconstruction ported to GPU
A Pixel local reconstruction
Pixel tracking and vertexes

ECAL local reconstruction -

To To o

HCAL local reconstruction




[CERNLPCG2019-01]

Towards the HELHC

2021 2022 2023 2024 2025 2026 2027 2028 2029

J[FMAM [ 3[AlS[OIND|3[FIMAM3[3[AISIOIN[DI [ FIMAM]

3 [AISIOINID 3 [FIMAIM 3] A[S[O[NID| 3 [FIMIAIM]3 [3]ASOIND| 3 [FIMAIM3 JAs"[o\NlDJ\F\M\A\M\J\J\AFO\N\DJ\F\MlA\M\J J[AISIOINID{ 3 [FIMAIM] 3] 3[AS[OIN]

[T
A Preparing for the big upgradeof the LHC detectors, | Long Shutdown 3 (153)

starting 2030. PP

=

o]

. 2030 20317 2032 2 33H 2034 2 357 2036 2037 2038 |
A HL_LHC upgrade Offers annprecedented Opportunlty to JFMAMJJA@cﬂfﬂAMJJASONDJFMAMJJA@ONDJFMAMJJAsolN\DJ\F\MAMJJA@ONDJFMAMJJASONDJFMAMJJASO\E\EWMJJASONDJFMAMJJAE@HQ
explore uncharted lands and achieve scientific progress. 0 -

=

Shutdown/Technical stop

A 10 times more data to what we will have by the end of 2??9204%@2041
Run 3 will facilitate a rich physics program. # s

or
Hardware commissioning

A Extend reach of new physics searchesinexplored

{s = 14 TeV, 3000 fb ' per experiment &

O E C;T A O O O A O j y 0 O F] ( 3 # O'O 8 ° mEMS T_T_S_Th;umiﬁ?:mﬁe“mPUMT&V} . |:|ITotaI | ATLAS and CMS
space will be within reach. fu il 200, Prase 2 sancns :%ﬁéﬁﬁy‘ﬁ;‘m&l Hnepon

O O e — Theor neertainty [%

A Improve current understanding of the SM and Higgs wpo e e des mE] 18 00 16 13
sector by improving existing precision measurements il ‘ ED ';W=—
and accessing rare decay¢ ® * ) or production modes  .F R %ﬂ 25 08 08 2
(HH) previously unseen at the LHC. W_ ? ;= m— e

A However, this physics program will have to overcome i e B 15 09 06 15
significant challengesto succeed. o :5% = | D

B A
H

Universidad de
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HL-LHC: challenges

g::: mEzz::der:Oitf; r:Declt-'-:i OzESFg:G 738952 GMT DOSE, 3000 qu
Run./ Event /1.5 283171./.142530805 /254 1 e+07
1e+06
100000
10000 &
<]
1000 8
(]
100
10
1
0 200 400 600 800 1000 1200 1400
CMS FLUKA geometry v.3.7.0.0 Z [cm]
A Expected pileup(PU): ~140 (nominal HLHClumi) A Radiation damage / accumulated dose in detectors
: . and on-board electronics may result in a progressive
A Motivates/requires: .
degradationof the performance.

A Improved granularity wherever possible - _ N
A Novel approaches to istime Pile Up mitigation: Precision A Maintain detector performancein harshconditions:

Timing detectors (30ps) A The complete replacement of the Tracker and Endcap

A A complete renovation of the Trigger and DAQ systems Calorimetersystems
for better selectiveness, despite the high PU. A Major electronics overhaul and consolidation of the

BarrelCalorimetersand Muon systems

Universidad de
Oviedo




ThePhase?2 TriggerUpgrade Strategy

A Benefit from the upgrade of the CMS detector high granularity information and tracking information

A The system allows #hroughput of >+64 Th/susingtop-of-the-ine FPGAsnd ultrafast optical links (25 Gbps).

A Adapt and evolve as needs of experiment change.
A Increased bandwidth to750 kHzat increased latency ok 12.5

A Incorporate sophisticated algorithms and advanced techniqueto extend CMS physics acceptance

— 0 us

TRACKING

Lo i o i T — b5 us
1 small box = 1 FPGA boar
with AMD VU13P FPGA

— 6 us

CALORIMETRY
MUONS

— 7 us

— 8 Us

t<12.5 pus
I COMCHA workshop | A Corufia (October 2024)

Detector hits

Clusters & Tracks

Particles

Event Categorisation
1 bit: keep / discard

Universidad de 14
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ThePhase2 TriggerUpgrade Spanishparticipation

om11Jora2] zo]

TMUX=18

standalone s + all stubs

l l & TMUX=18

Track TMUX=18
Finder

TMUX=18 1 standalone u'sl (pass through)

TMUX=6

I COMCHA workshop | A Corufia (October 2024)

Universidad de Oviedo

Ciemal
Cantro de Investigaciones
Enerpéticas, Medioambientales
¥ Tecnalogicas

Involved in the Phaseé? muon trigger project

A Leading participation at OMTF, BMT Lay#rand
contributing to GMT

A Hardware design BMTL1Ciema) and X20 (Oviedo)
A Exploring COTS for future potential of the system

A Algorithm development: barrel trigger primitive
generation, muon showers, muon track finding,
AEOPI AAAA [ O1 1 08
A Including advanced ML techniques

A Firmware design: algorithm, services, continuous
ET OACOAOEI T 8
A Validation of the designs on prototype boards

A +Operation of existing detectors!




Hardware prototypes and posibleevolutions

A Design philosophy
A Custom ATC/oards. Generic Processing Engin&s /0, FPGA sophisticated algo, arch flexibility

A Design evolution increased 1/O and computing power
A FPGA : larger A2577 pin package, Xilfikex UltrascaleVU13P
A Optics : New denser version of ahoard fly over SamtecFirefly & QSFP
A Processors on board running commerciéihux for flexible configuration and monitoring
upgrades

(11 i | i A FPGA module: featuring a VU13P but exploring the use _«

SERERAECCTNY of Versal devices o

A Optical module: up to 30 QSFP cages (120 links)
compatible with 25G and 10G transceivers

A Power model: offthe-shelf AMDKrig" Systemon-
Module

A X20 board modular design that allows for future

I COMCHA workshop | A Corufia (October 2024)




Algorithms for the Level-1trigger

A Extensive use of tracking to reach near offline performance (sharper efficiency tam curves) + reconstruction of
Primary Vertex.

A Exploit complementarity of different object flavor:
A Standalone objects: robust triggers based on independent suletectors
A Trackmatched objects: tracking used to confirm standalone Muon and Calo objects, significant improvement with simple
design
A Particleflow objects: ultimate performance improvement, combine all information to match offline algorithms, require most
processing time and resources for calculation

ChIS e 5 14 Ta¥, 200 PU _3105 ' 5
_ Phase-2 Srasabisn v, P A — CMElmthhﬂw 200 PU S ' Trigger threshold
Pl ¥ ] B e i .
i o £ 1o | e it 103 '
% J s 2 — EMTF : ] . l+ T+. ++ f
ﬁ:ﬂ_ﬂ. E " — EMTF4++ + _l_l [
= 10 o7 1
5 101 >
as ; e ——— +‘+ | ! + g P
1 05 i::-rn,a-mnw | /] i

D4 - [hapimone MBATE 1

.3}~ e ke
o Dol KEIVETP (L7 6] a 72 lr-"'+ *
0z T |'

=
™
-
=i
(=]

i « PupeiHT (370 Gev)

i = TrackerHT (200 Ge\|
0.z CaloHT (650 Gev) 1 ! I +H |'
' a1 ¥ L'l
0 10 20 30 40 5 IR o paranil
T T p, threshold Fﬁeﬁn b 2 40 &0 B0 100
Gen. H ['-?F"":' e, md o)
— JE— — — =—
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Globalevent reconstruction (Particle-Fow) at Levell

What are the advantages of particle flow?

A Availability of tracks & highgranularity calorimetry
A Implement global eventreco @L1 and pileup mitigation Inputs | PF+Puppi

A Challenge: can we run full PF+PUPPI at L1? YES! I

A Demonstrated a working PF+PUPPI algorithm:

A Hugely reduces the event complexity and allows for a lot of flexibility in ;
. A simpler event with the core
downstream deS|gn « Better resolution physics preserved

A L1 Algorithms looks like offline reconstruction
A PF+PUPPI developed witklivadoHLS (ritten by physicists + engineers

Ease of use — build particle level algorithms

* Reduction in bandwidth and reduction of resources

PF takes in PF is Canweruna o N o
- H arre naca orwar
everything local PF Links local PU AlgO7 HW demostrator APXVUSP  Serenity VUI3P Serenity VU13P
Assemble Particle flow PUPPI is local '\ ) -
Things in combines Can parallelize it = |
local regions everything together by region i i j ¥ oia
Nx @ to Particls ol SLEEE. B e
HGCal Also its the CMS Al
- - default PU algo , "9}‘?
Hcal - -_ . -1 1 ”g'a : R

olie
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FromMLto FPGA

high level synthesis for machine learning

fastmachinelearning.org/hls4ml/

Keras
TensorFlow

PyTorch

L= his 4 ml

compressed
model — HLS ) —
conversion Custom firmware

design
tune conﬁgurohon
preCI5|on
reuse/pipeline
@] K G
TensorFlow Vivado ™ HLS

(Q) @ ONNX ’ COUPLER |
PYTORCH Menior 7

{ib
/////////////mn\
Coming soon

Co-processing kernel

Usual ML
software workflow

\\\\\\\\\\ Ty

WOET

11 Sep. 2023 Fast ML - Sioni Summers 4
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Extensive useof ML algorithms

t=0

Each small box is one
Xilinx Ultrascale+ FPGA

TRACKING

hils 4 ml AConifer

CALORIMETRY

ICLE FLOW

PART

t=125us Vv !

MUONS

— Detector hits

— Clusters & Tracks

— Particles

— Event Categorisation

— 1 bit: keep / discard
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Algorithm into firmware

A Firmware design and integration R
A Algorithm developed mostly in & High Level Synthesis (HLS). Usikgvado
ALS, Vills HLS " |_____FPGAresource consumption <50%_ __
A Many tools available for Machine Learning inference: his4ml, Conifer for BD" _
evaluation
A New fixed-point arithmetic in C++ [taken from Xilinx libraries{ emulator ||
firmware ) ]
A Continuous integration of the firmware in repository
A Verify timing, resources utilization & latency: all using less than 50% resources,
whole system evaluated to 8. O ]
et Latency well below 12.5 O
oS =\ \
GT-EElTE;/: " . a
1 2 3 4 5 timeﬁ(us) 7 8 9 10 11

CL2 GMT EMTF BMT  RCT GT GTT  OMTF
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Our demonstrator

ICTEA 2024 A. ZABI CMS L1 TRIGGER @ HL-LHC

TESTING AND SYSTEM DEMONSTRATION

Phase-2 Level-1 Trigger system demonstration
" Single-board and multiple board tests performed
" Integration centers across the globe: larger scale
integration @ CERN (904). Multiple flavour board
tests.
" Slice test in Muon Barrel Trigger during Run-3.
Installation @P5: DT->BMT—>GMT->GT
Board interconnection: protocol
" Links (asynchronous) operation @ 25.78 Gb/s
" L1 Trigger boards sending packets only once
(no retransmission) = error proof
" Protocols (64/66b or 64/67b) encoding

achieved low error rate, validated recovery
mechanism etc. Building 904 @ CERN

Muon Trigger Slice Test
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Oviedo




