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The CMS Experiment at the LHC
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Outline of this presentation

% The LHC “Big Data”

% Triggering at the LHC

s The CMS Triggering system and its Upgrade

** Next Generation Triggers: its vision for the HL-LHC
% NGT @ L1: “A Machine Learning Revolution”

% NGT @ HLT: “Scouting at Full Rate”

<+ Conclusions & Outlook

Disclaimer

This deck of slides is heavily indebted to E. Vernazza’s excellent
seminar on the same topic at UZH, and S. Giorgetti and B. Alves talk
at the 3 NGT “All-hands” meeting
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The LHC Big Data
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What Physics are we looking for?

Cross section o / pb

1012 = ll|1ll Lr
1011 uOInel 80 mb Total ! -E
: e
L I: E
5 : i i -
1010 r'’-’-'ﬁ("-'-'-'-'.'-'-’-’-.'..'-'-'ﬁ‘'-’-‘-’-’-’-"-'-"-'-’-’-'-'-'5'-'-j'-'-'-'-’-'-"-"-'-"-'-'-'-'-'-’-’i-l
Obb/cc~01,1 mbh_—"" g8
10° I: =
i :
108 i .
107 F II‘l‘iIl‘l“ll‘l"‘l\llIi‘lll‘lliIlllll\‘ill‘ll‘il‘l“
6 OEWK < 100 nb W [JHEP 1110 (2011} 13 : 'HE
10 f r
. 1 Z [HEP 1110 (2011) 132 1, 2, Y] of
L o
10° i i 4
: tt E
104 H =
[ C
I 9
103 ggH e
M L
102 E VBFH _:
H t_'tH [CERN-2017-002-M; 1, £. 1] :
1 5 o
10! E ok
| ; tH ooy
100§ : HH  eiiosie s 3
[normalization; shape] o
t = JHEP 07 (2014) 079 =
107 s s
_Comput. Phys. Commun. 185 i
(2014) 2771-2797, -
10_2 JHEP 1606 (2016) 060 ._.:
. ¥ : CC-BY Ihc-xsecs.org E

10- _3 ; 3 :

107 10! 102 103

Center-of-mass Vs / TeV

- —————— ALICE ~

ALICE

 Study of quark-gluon plasma (QGP)
- Heavy ion collisions
- Quantum Chromodynamics

 LHCDb
* Precision flavour physics
- CP violation
- heavy hadrons decays

y

CMS

ATLAS

CMS & ATLAS ~

 Electroweak and Higgs sector
- SM precision measurements
experiveNT = Search for new physics
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Triggering physics at the LHC

'LHC

13 TeV

EX
7-8TeV

s 4 July 2012 ———
Higgs boson discovery by
CMS and ATLAS Collaborations

Trigger built as a compromise
- technological limitations
- theory motivating new physics

2019 2020 2021

Ls2 13.6 TeV

~ LHC Run 2

Precision measurement of the
SM and nggs propertles

-

F 125,38 GeV wZ e
37.5% -~
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Force carriers
 miitia @
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Particle mass (GeV)
Trigger acceptance enhanced for
new physics (new hardware)

- Data Scouting

at O(100-1000) GeV

_ ~

- Data Parking
_

- HL-LHC ~
Major detector upgrade
for High-Luminosity LHC

LHC Run 3

HL-LHC

2027 2028 2029

Ls3 13.6 - 14 TeV

Major upgrade of trigger systems
to exploit higher luminosity

- from 60 to 200 PU interactions

- enable same physics program
_ ~

Shaping the Future of CMS Event selection with Next Generation Triggers




The Original CMS Trigger system

L 0 Pilep L1T H LT data

compression
EYElE P

- | | disk and tape storage
= | (T MOkHz Frores HLT Standard \\_.4 .. Q . Offline '
= L _’ _> l ~10 kHz > www Reconstruction
| - |

2 ~1.4 MiB/ev

it ~11MiB/ev  ~0.6 PiB/day

~230 GiB/S ~154 GIB/S ~10.4 GiB/S (assuming 16 hours / day uptime)
4us ~0.5s/ev

€2¢0-9¢0¢-dd-SINO-NJ3D
¥20-9¢0¢-dd-SINO-Nd3D

e CMS two-tiered trigger design: optimized tradeoff between technological limitations and
physics exploration

e Enables efficient selection of rare physics events while reducing the overwhelming event
rate: 98% events rejected at Level-1 Trigger (L1T), 99% rejected at High-Level Trigger (HLT).
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The CMS Trigger original design

LHC N l Level- 1 Trlgger . lngh -Level Trigger |- nnOffling
collision rate E> @> (HLT) S khiz processing

60 PU *

CMS

Full reconstruction
with full readout

"
Partial reconstruction |« J' Fast reconstruction |
with limited readout with full readout | <= .-

r'—l l
L1 decision @ @ HLT decision @ @ Permanent storage @@

* LHC Run-3 conditions
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The CMS Trigger original design (L1)

' LHC '~ ‘ Level-1 Trigger ' High-Level Trigger | — Offling
collision rate Ez> (L1) @:> (HLT) S kHz processing

60 PU *
CMS

Partial reconstruction |«
with limited readout

Fast reconstruction
with full readout | 2

Full reconstruction
with full readout

” 'ﬂ-'ﬂ:_;

|r"

!
L1 decision @ ® HLT decision @ @ Permanent storage @@

L1: Hardware-based
* ASICs, FPGAs = [ [y
« Latency 3.8 ps ’
* Maximum rate ~100 kHz T

» Hard constraint for rate dictated by
- readout pipeline size
- link throughput

* LHC Run-3 conditions
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The CMS Trigger original design (HLT)

LHC ~ Level-1 Trigger
' collision rate 'Ez>' (L1) |
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Partial reconstruction |«
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: L1: Hardware-based

.+ ASICs, FPGAs

L. Latency 3.8 ps

* Maximum rate ~100 kHz

» Hard constraint for rate dictated by

- readout pipeline size
- link throughput
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Full reconstruction
with full readout

HLT: Software-based
» CPUs, GPUs

* Latency of ~500 ms

* Throughput ~20 GB/s

.« Soft constraint for throughput dictated by
- temporary raw data buffer size at P5
- Computing farm capacity, storage cost

.
---------------------------

* LHC Run-3 conditions

Shaping the Future of CMS Event selection with Next Generation Triggers



Extending the CMS Trigger system

Credit to E. Fontanesi

¥ e ~7.6 kHz, ~8.0 GB/s
T —>
=|— [ )
2— Level 1

—_— . —
2 Trigger
1 99 — Prompt offline
cl— :
(=] o 110 kHz = Full detector reconstruction °
2l A information and
8 =g online resolution

—’ .

— ms Scouting data stream: No offline

@ ~38 kHz, ~ 0.8 GB/s reconstruction
v

| Data reconstructed and stored on disk |

These strategies leverage on heterogeneous computing @ HLT
o Flexible systems with CPUs and GPUs for timing speed-ups
o Bring lower cost and lower power consumption

The new streams enlarged the acceptance for low mass
resonances (di-y, di-jets), B-physics, VBF, Long-Lived particles
and HH production

e Extend the acceptance with novel data streams
reconstruction

Parking: increase the processed data size and delay
its reconstruction for when resources are available.

Scouting: select data lowering trigger thresholds and
run an online analysis with reduced event information.

CMS 37 fb~' (13 TeV) .
N \ \ \ \ : \ \ CMS Preliminary 62.4 1!, (13.6 TeV)
g1_o— ooooooooooooo *ererey > 107E 0 T T T T T T ]
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& S High pr ScenarioA: my =2 GeV, my=0.67 GeV, cta= 1cm
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= S o + Data
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06 + Data o 10
Threshold for
standard trigger 10%E 3
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wop ]
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Lower trigger thresholds: from 1050 to 410 GeV Enhanced searches for displaced dimuon
in H; enhancing hadronic final state searches. resonances at low mass.

CMS-EX0-23-007, CMS-PAS-EXO-24-016

Shaping the Future of CMS Event selection with Next Generation Triggers

ext Generation Triggers



https://indico.cern.ch/event/1694188/attachments/3290980/5885393/PresentedTalk-June9_CERNSeminar_CMS-scouting_EF.pdf
https://arxiv.org/pdf/2403.16134
https://cds.cern.ch/record/2938078?ln=en

The CMS Upgrade for the HL-LHC

* The High-Luminosity LHC will pose several challenges for the CMS detector
> More simultaneous collisions: ~200 PU

» High radiation levels: O(100) Mrad

~ Sub-detector upgrades ~

» Granularity and Timing
to separate different interaction
vertices

» Radiation hardness

to sustain unprecedented dose
h» i

s Trigger upgrades —

» Faster Processing
to fit within available latency

» Higher Computational Power
to reconstruct all particles

Trigger System

- L1 output @750 kHz
# - HLT output @10 kHz

Tracker

- Radiation tolerant

] Muon System
- Tracks in L1 trigger | :

- New electronics
./ - Coverage GEM/RPC

[ //‘ / ¢ L
MIP Timing Detector
- Timing for PU mitigation

Barrel Calorimeters

- New electronics
- New HCAL scintillators

~

b - Barrel: Crystals + SiPM

- Endcap: Avalanche diodes

High Granularity Calorimeter
- Radiation hardness

- Timing information

- Coverage upto 1.5<|n| < 3.0




Towards an upgraded trigger

LHC —:~ > l Level- 1 Trlgger | lngh Level Trigger | - Offline
collision rate 40 MH @ (HLT) A KHz wprocessing

200 PU *

-

CMS

Partial reconstruction |« Fast reconstruction
with limited readout o RS with full readout | :_f.-". o

Full reconstruction
with full readout

A
= = ™
% Main Goal : Maintain same physics
acceptance moving from 60 to 200 PU
@i’j More powerful trigger ... .,
L1 ... for smarter decisions! ° Q
threshold HLT .~ —
© 1  threshold Selected L
\j\'{\ i SR i HLT
B > SR— : O .
Energy [GeV]
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Towards an upgraded trigger

LHC = Level-1 Trigger
collision rate | =22 MHZ:> l (L1) '

>

200 PU * -
, , ™
Partial reconstruction |- -
with limited readout | = ="'
-y
A
% HL-LHC L4
o threshold
1 HLT
threshold
S
Selected
data
Energy [GeV]
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X neration Triggers

T High-Level Trigger ST Offllng |
(HLT) processing

CMS

Full reconstruction
with full readout

Fast reconstruction
with full readout [ <22 7"

Main Goal : Maintain same physics
acceptance moving from 60 to 200 PU

@_‘3 More powerful trigger ... il

... for smarter decisions! °

----------------------------------




Towards an upgraded trigger

LHC — Level-1 Trigger High-Level Trigger | — Offling
collision rate |=22 MHZ:> l (L1) ' i kHz>' (HLT) Ll processing

200 PU * - = "
Partial reconstruction |« -"_"&_ Fast reconstruction ['"IJ:,S-"",.- Full reconstruction CMS
with limited readout | s =%, with full readout |- <=2 with full readout
-y .
& O U ey e
£ |HLLHe L1 : » More powerful FPGAs
= threshold . 7.5x more resources
: ] HLT : » Increased input stream
threshold . from 2 Tb/s to 63 Tb/s input
\v : - higher detector granularity
Selected . -tracks for the first time at L1
data : » More time to make the decision
. extended latency from 3.8 to 12.5 ps
> Increased output rate
R from 110 kHz to 750 kHz output




Towards an upgraded trigger

LHC —:~ > l Level-1 Trigger ' 'High-LeveI Trigger |- Offling
collision rate 40 MHz (L1) il kHz> (HLT) i processing

200 PU *

Partial reconstruction .. -':"& Fast reconstruction Full reconstruction CMS
with limited readout | =% with full readout | = with full readout
-, " -
i e,
£ |HL-LHC L1 : » More processing power
:>_,’ threshold 40x increase in processing demand
e HLT proportional farm size scaling not possible
threshold » More heterogenous computing
\. . from 30 up to 50 (80) % of code execution
: offloaded to GPUs in Run 4 (Run 5)
Selected ) )
data » Fast/smart reconstruction algorithms
- Patatrack Pixel tracking
- Line Segment Tracking (LST)
- The lterative CLustering (TICL)
. : - Trimmed tracking :
Energy [GeV] R T TR TG AR TR ?
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The CMS Trigger system for the HL-LHC

CMS is upgrading the L1T and HLT to enable the same physics program we are doing now:
from ~62 to 200 pile-up interactions at the HL-LHC!

v

HL-LHC @ 200 Ie-up L1T H LT data

compression
-3 P

: 0 —
~30 MHz - 750 kHz - gmerees HLT Standard . R AR—AN— Offline
B _n T ——> B> E S e
JI== — 15 kHz | Raw | aw | gaw | Reconstruction

disk and tape storage

Phase-2

= IE ~8 MiB/ev & 0
'"1 ~5.6 MiB/fev ~4.5PiB/day
“’7.2TiB/S ~5.7 TiB/S ~82 G"B/s (assuming 16 hours / day uptime)
12.5us ~1s/ev
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The dark side of the phase space

What if New Physics is hidden behind the bulk of background events
that are thrown away due to the trigger selections?

A

% HL-LHC L1
o threshold
- HLT
Physics? threshold
New i ]
Physics? Selected
data
>
Energy [GeV]
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The dark side of the phase space

What if New Physics is hidden behind the bulk of background events
that are thrown away due to the trigger selections?

A
HL-LHC L1
threshold

erge

Mo HLT
Physics? threshold Simplified Extended

g dark sectors dark sectors

Events

New
Physics? Selected

data

Dark sector
models in
CMS searches

Energy [GeV] > We could be losing 100% of signal !
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: - 7 Next Generation Tri iggers
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The Next Generation Trigger Project

* The Next-Generation Trigger (NGT) project was launched to redesign the real-time data processing

* extend physics reach beyond the original trigger architecture
* Five years project (2024-2028) supported by an external donation

Theory & IT departments
WP1(19M$):

Infrastructure,
Algorithms and
Theory

Enhancing the
ATLAS Trigger
and Data
Acquisition

CMS Collaboration
WP3(13M$):

Rethinking the
CMS Real Time
Data Processing

éducatibn
Programmes
and Outreach



https://nextgentriggers.web.cern.ch/
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i'Nex|Gen
The Next Generation Trigger Project

* The Next-Generation Trigger (NGT) project was launched to redesign the real-time data processing

* extend physics reach beyond the original trigger architecture
* Five years project (2024-2028) supported by an external donation

..................................................................... CMS Co"aboration S e
Task 3.1.1 Task 3.1.2 ~~ Task 3.2 Task 3.3 Task 3.4
-ti T ) . :
'_'. Real tlme- Optimized data 'ow.ards a Reduction of the Optimal :
T | Reconstruction structures distributed RAW data size Calibrations :
Revolution (R?3) architecture |
\ v :
Task 3.5 Task 3.7 Task 3.7
Enhancing Practical L1T anomaly :

", |L1T Scouting for real-time Al detection & data

HL-LHC for LAT compression
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NGT Vision for the Phase-2 CMS Trigger System

L1 Scouting
Demonstrator

LLLL L [ 1 1T

/W Nex!Gen

~30 MHz
) Offline
LHC @ 60 Pile-up 1T —> P> Reconstruction
: I: /:/ é/—( \ 8 X ~10 kHz O6P'B/d
37 ~30 MHz[=5L e P4 ~1.1 MiB/ev - ! ay
: L E —> = g - data /
5 o HLT ~70dGB/S
: JT N ‘777 compression HLT Standard —Jp Offline Reconstruction
U UL B . bm RAW
m ~230 GiB/s ‘ disk (m( /)( '( rage
4us > = .m \_/
110 kHz ¢ 'TA r ) ) -
~1.4 MiB/ev — HLT Scouting —} Offline Reconstruction
~154 GiB/s ~28 kHz
~0.5 s/ev ~30 KiB/ev
~08 G/B/S (assuming 16 hours / day uptime)
L1 Scouting
~30 MHz O
. Offline
HL-LHC @ 200 Pile-up 1T —> P =P Reconstruction

~15 kHz
~5.6 MiB/ev

] data ~ i
compression LIB/S} —} Offline Reconstruction
lml HLT Standard
~7.2TiB/s

=l
d/sk and tape storage
oy -—> 7
-9MS 750 kHz w
~8 M:B/ev

Phase-2

NGT Scouting g - Offline R .
W = S ¢ J— Offline Reconstruction
N e e e

~120 KiB/ev  ~.4 5 piB / day
~86 GIB/S (assuming 16 hours / day uptime)
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NGT @ L1
“A Machine Learning
Revolution”

®
<
A

N
/// )

|—
| —|




Expanding the L1 Physics Acceptance

~40 MHz >' Leve"(1L1T)”gger '750 kHz >

T
Partial reconstruction |« .
with limited readout . ="

=
A
% HL-LHC L4
it i eih s S T——— e NexTGen
Ph'::ivgs? %ﬁold EEnhanced L1 filtering e TR o
- - » Improved signal acceptance across all paths
Phr;:ivc‘:ls? Selected * Access to exclusive and complex final states
it R A S R i S R A :
>
Energy [GeV]
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The Upgraded L1 Architecture

* The L1 system introduces a substantial increase in complexity to cope with HL-LHC conditions
* Higher latency (12.5 ps) + more powerful FPGAs (7.5x more resources)
.................................... FTCCT TP LECICEEI L LR TP PPT IR — .

3
. Calorimeter trigger

: Detector Backend systems

» More granular information
- Extended muon coverage to |n| < 2.8
: - Shower shapes from HGCAL
Global Calorimeter Global Track [
Trigger 8 > Tracking for the first time at L1

Trigger
- Stubs from OQOuter Tracker with
In| < 2.4 and pt > 2 GeV

[
|

Correlator Trigger

1.6-4.0 mm

Global Trigger

Phase-2 trigger project _
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The Upgraded L1 Architecture

* The L1 system introduces a substantial increase in complexity to cope with HL-LHC conditions
* Higher latency (12.5 us) + more powerful FPGAs (7.5x more resources)

Calorimeter trigger Muon trigger Track trigger

~ More complex architecture

Detector Backend systems

BC HGCAL

——

GEM | iRPC

PC | CSC
'-‘h
Barrel

OMTF EMTF
Layer-1 I
BMTF

" Global Muon Trigger

» |ntroduction of Correlator Layer

- Particle Flow reconstruction logic
linking track and calorimeter deposit
Global Track

....... Trigger - Better pile-up rejection with PUPPI
(PileUp-Per-Particle-ldentification)

PF Jet PUPPI Jet

Global Calorimeter
Trigger

LR R R AR R R R R LA R N LR PN

External Triggers
Particle Flow Layer 1

PPS Particle Flow Layer 2

BPTX

BRIL

Global Trigger

Phase-2 trigger project

[CMS-TDR-021]
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The Upgraded L1 Architecture

* The L1 system introduces a substantial increase in complexity to cope with HL-LHC conditions
* Higher latency (12.5 us) + more powerful FPGAs (7.5x more resources)

Calorimeter trigger Muon trigger Track trigger

~ Machine-Learning

» Sophisticated ML-based algorithms
- Custom firmware design for FPGAs
- Synthesise NN/BDTs to fit within the

Global Calorimeter
Trigger

Global Track

i ot available resources

his 4 ml /,\. Conifer

External Triggers

|
[

Correlator Trigger

..... Global Trigger
L

AR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R RN R R R RN RN RN

Phase-2 trigger project Am—— —J

CMS-TDR-021]
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Real-time Machine Learning at L1

* Enable offline-level intelligence at L1: object identification,

flavour taaaindga. enerayv rearessiol
Nnavour tagging, energy regressio
I IS :

~ Object Identification
» Reconstruct electrons matching ECAL clusters + tracks
» Challenge: distinguish from 1, y, pile-up
» Baseline approach: Elliptic ID
- Tracks with pt> 10 GeV
- Tight n-¢ elliptical matching to clusters
* New approach: Composite ID
- Tracks with pt> 10 GeV
- Looser n-¢ elliptical matching to clusters
- ML model to classify track-cluster pairs

L1 SingleElectron pr threshold lowered by
more than 10 GeV for a fixed 18 kHz rate

CMS Phase 2 Slmulatlon Prellmlnary PU 200 (14 TeV)
T T | T T T

- flat -pr electrons |r|“| <1 479

—
(=)
T T

Efficiency @ 18kHz

o
fod)
—T

Tk-matched electron
-v-- | (Elliptic ID)

pt' > 31.5 GeV
Tk-matched electron i
—a— (Composite ID LooseWP)
pt' > 31.5 GeV .
Tk-matched electron
—u— | (Composite ID TightWP)
pk' > 20.5 GeV

T

0.6

S YOS | L YO VU
[860-F202-da-SIND]

1 1 L L 1 L L l 1 1 L
40 60 80 100
E
pEEN [GeV]
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Real-time Machine Learning at L1

* Enable offline-level intelligence at L1: object identification, flavour tagging, energy regression

~ Flavour Tagging ~

> Deploy first ultrafast ML-based multi-class jet tagging algorithm at L1
» Jets from Seeded Cone algorithm with radius 0.4 (SC4), based on PUPPI candidates
CMS Phase 2 Simulation Preliminary PU 200 (14 TeV) CMS Phase 2 Simulation Prelimina; PU 200 (14 TeV
D 10 T T T TR Ui E s S NN EEEEEEEERNEEN ", A-"wmﬂ%mm
3 : E;QU::JCOZ:)SO — Ih (:3223:332 : H H H H " -g w3 ::: "CMSSW Emulator @ 14 kHz, fe=0.41 (L1 HT > 220 GeV, [ 4b > 2.32] |
E., — b(Alg((:-o.SZ) : o Erl‘;cuon (AUC = 0.98) : Unlfled dlscrlmlnator : T 0- : Mull?class@m kHz, [E:?Sa (L1 H1/' >—2‘20 (;er£4b>0455)'[ T
£ L = gluon (AUC =0.85)  —— Muon (AUC = 1.00) 1 ® ) ) - — e 0 . s .05 1 £ s o S0 5 0 8 e =
— 1 : - b/c/light jets T .
] CsepsrEsEEEEEREEEENEEEEEEEEEEES @ : ; * 1) T‘ } | . .
I M;H*f*‘ L1 li{_
06. ‘ + { ‘t * + *? { {* { # |
2 ‘.-..... ...... ....-.........l.. 04- +*+++ *+ * * * {} +||"’ 2] g
103 4@ . P e [ H 1P
: {2 : Evaluationon HH—4b : | , 18
1% - : | H Old b-jet tagger | { &
S o/ S
15 :- 15% improvement : °f X 18
|8 : insignal efficiency : 1 18
LA B ¥ ¥ ) sl Ll Ll s
Signal Efficiency HT" [GeV

— ~
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Real-time Machine Learning at L1

* Enable offline-level intelligence at L1: object identification, flavour tagging, energy regression

Energy Regression
(~ ke
» Exploit low-level cluster features in ML models to improve low-pt electron resolution
o 1.4CMSPhase:2 Simulation Prelminay _RU200(14TeV)  « BDT trained targeting response pr Gen/ pr Calo to 1
O i 1 .
< | 0.0<[n|<1.479 ; - 7 features: ID score, track quality, shower shape, ...
A t2r 1 - Evaluation on Dark Photon sample Z’—ee
1.0:- ponss mwww Wﬁm - Regression highly improves resolution and scale
onl [ ] J &6 CMS Phase-2 Simulation Preliminary PU 200 (14 TeV)
-1 T 2 L B my=5GeV T B mp-10GeV T W my-15Gev T BN my-20GeV ¥ HEE my-30Gev 3
- 110 §1.25F After regression—— After regression :_ After regression After regression = 1~ After regression— 10
L ! ] 5) (m) C I o T o 1=
0.6 - No regression | ¢ 1.00:— == —+ —+ + =%
i Median | % F 115
| 5/95% Quantiles | [[J  0.75F g = + + =l
i . Regressed T 050F F F F = o ERS
0.4 Median ] F S = S : . L
I 5/95% Quantiles | & 0.25F + + + N F =l
LIER R SN SRR S N i I z;ﬁzzﬂ;; i 1<
0 20 40 60 80 100 :
: ; 10 15 10 20 20 30
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Triggerless Analysis with L1 Scouting

40 MHz Level-1 Trigger 750 KHz
(L1)
3

. , A,
Partial reconstruction |« =l 2
with limited readout | = =% b o
= N
A
£ [HLLHC L1 l L1 Scouting '
(V)
> threshold P
L 400N —————
. D ek ........................... i NeXTGen
ShEn . H'—J y : Enhanced L1 filtering e :
ySICS™ t resho . .
- - » Improved signal acceptance across all paths
New -

. » Access to exclusive and complex final states

--------------------------------------------------------------------------------------------

Physics?

L1 Scouting

¥/ NexTGen -

----------------------------------------------------------------

: Enhanced L1 Scouting
: » Record and analyse all events at 40 MHz

.
--------------------------------------------------------------------------------------------

Energy [GeV]
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L1 Scouting: What Physics is possible?

* The L1 system evolves from a pure trigger into a tool for physics analysis
» Access physics signatures that are not captured by the standard DAQ chain
» Study time-correlation across several bunch crossing (BX) periods for long-lived particles

Others H-py

H-> ¢y

PUPPI

candidates H-> Jhyy

‘ H = Jho

. H> 2p

" W 3n

=

(]

¥ £
g %
£ 1274nsBX G
>

Standalone
ely

W analyses

W Dy

v First prototype successfully validated with a demonstrator !
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L1 Scouting: What Physics is possible?

* The L1 system evolves from a pure trigger into a tool for physics analysis
» Access physics signatures that are not captured by the standard DAQ chain
» Study time-correlation across several bunch crossing (BX) periods for long-lived particles

s W - 3n )
» Precise measurement of mw
» High combinatorics final state

CMS Phase-2 Simulation Preliminary 400 fb™' (14 TeV)
T T T T T T T

Events

o[- ==+ Generated W3m PU200 -
[ — L1 Scouting, GEN-matched BW-3m=107 ]

s0F e ]
r ! ]

- 1 1274 ns/BX

‘ W analyses a

W YW 3n

40

ol

{ ey

30F

[960-$202-d0-SD)

20F

10F

W Dy

b | | | | |
%0 65 70 75 80 85 90 95 100
Triplet mass (GeV)

v First prototype successfully validated with a demonstrator !
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L1 Scouting: What Physics is possible?

* The L1 system evolves from a pure trigger into a tool for physics analysis
» Access physics signatures that are not captured by the standard DAQ chain
» Study time-correlation across several bunch crossing (BX) periods for long-lived particles

H->py

H-> ¢y

H-> Jhyy

H = Jho

2
1274 ns/BX % H-> 2p
' H-> 26

———H - ¢~ 4K ——
> Higgs coupling to s quark

> Small sngnal yleld large QCD

PU 200 (14 TeV)

L T i LI ) Yo Y 4
C o— Power Iaw bkg model ]
CMS g
— DSCB sig model b
¢ Background

- Phase-2 Simulation Preliminary
4 H-o2¢-4K —

[960-F202-da-SND)

¥ - Rl RARED, I
100 110 120 130 140 150

v First prototype successfully validated with a demonstrator !
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L1 Scouting: Extending the Program

* Extend search reach to very low-mass resonances and increase variety of final states

~ X = py

N
» Very good di-muon mass resolution
- High signal efficiency > 98%
- Good background rejection 5 x 10-6
o 10" CMS Phiase-2 Smulation Preliminary 400 for", PU 200 (14 Tov)
5 [CMS-bP-2025-058] ' !
w - Minimum Bias — Mass =2 GeV
0°  =m Drell-Yan — Mass = 4 GeV
— Mass =1 GeV — Mass = 8 GeV
1010 4 -mx=1GeV
[Pr(k1.2) > 4 GeV/| FWHM = 60 MeV
T 1 & myx = 2 GeV
FWHM = 82 MeV
- mx =4 GeV
FWHM = 143 MeV
- mx =8 GeV
FWHM = 292 MeV
1 2 3 4 5 6 T 8 9
L1T dimuon mass (GeV)
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L1 Scouting: Extending the Program

* Extend search reach to very low-mass resonances and increase variety of final states
r ¢ =TT~
» Low-mass 1T searches with ScoutPFTaus

- Clustering with GPU-friendly CLUE algo

- Transformer-based NN for identification

CMS Phase 2 Slmulanan Prellmmary PU 200 (14 TeV)
o LR LR LA IR RS L2
parre ' [CMS-DP-2025-058)

—-——-—--—‘-ﬂftmnvvfrm'*"— : :
i® NPT Scouting :
i_fi“ff} 3 : PUPPI candidates :

--------------------------------

2
0.8 I}ETTTi
JI; ] £y ]
0.6 ;I'.t I : _ @

--------------------------------

Efficiency

-
o

-------------------------------

“TTEE 1 Scouting
’ . PF candidates
AK4PFJets RECO . . .. .
T | - weraneeco ] £ (10x multiplicity)

¥ ScoutPFTaus RECO

y ¥ SooutPFTausID
ocll‘ﬂnl:“lr“lllllllllllllllllllllllllllllllll l l l LIl l
] 5 10 15 20 25 30 35 40 45 50 55 60

GEN {GeV]
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Anomaly Detection at L1

* New physics may fall outside standard triggers, unsupervised ML model to identify anomaly events

X¥AXO! ITL

| I’I\T:I\l [)
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/
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Input
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P
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Anomaly Detection at L1

* New physics may fall outside standard triggers, unsupervised ML model to identify anomaly events

X¥AXO! ITL

[TTTTTT]

10

Input

> NN
o
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Anomaly Detection at L1

* New physics may fall outside standard triggers, unsupervised ML model to identify anomaly events

X¥AXO! ITL

(T11171]

Input

< _ O N B

< [T IIITIITIT]
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Anomaly Detection at L1

* New physics may fall outside standard triggers, unsupervised ML model to identify anomaly events

X¥AXO! ITL

.0

Input Output

>~ EEEDERENE
o

CMS Preliminary 0.527 tb™!, 2024 (13.6 TeV)
LIS U I =) | I

« AXOL1TL is a signal-agnostic Variational AutoEncoder (VAE) o
» Typical event = minimal error (low score) .
» Atypical event — large error (high score)

* Deployment and characterisation on data during Run-3 8 .

* Transition to contrastive learning, model only based on encoder | : ]
» Simpler inference, lower latency, better discrimination 10° e

1 r [ . R 1
0 500 1000 1500 2000 2500
Emulated AXO Score

Run 380470

[ All Scouting
AXO Nominal
1.7 AXO Pure
10*

103}

[650-7202-da-SIWD)
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Summary of NGT @ L1

e The Next-Generation Trigger project at L1 aims to leverage the upgraded system
architecture to include real-time Machine Learning inference directly in FPGAs.

e Improve purity and acceptance through a smarter trigger decision:
o Object identification — increased efficiency for complex objects;
o Energy regression — enhanced sensitivity to resonant searches;
o Anomaly detection — new handles on non-SM signatures;

e Complement the standard physics program with a 40 MHz L1 Scouting approach
o Access rare SM decays or exotic signatures beyond the reach of the traditional triggers
o Enable time-correlation studies across several bunch crossings

The L1 system is evolving from a trigger system into a real-time exploration platform
expanding the experiment sensitivity to new phenomena

Shaping the Future of CMS Event selection with Next Generation Triggers
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CMS Data Scouting: a bit of history

* Main ldea : “Do more with less” to overcome HLT bandwidth limitations

J Increase triggel’ I’ate CMS Preliminary  HLT rates and inst. luminosity averaged over one fill of a given data-taking year
Looser (more inclusive) selections o | BRoos |
v Decrease event size § 208 5
. . ~ 15 z : : :
Keep only high-level objects from HLT 2 125_
b= T —
%. 6:— B standard
EE T pnng
: T
e . m m o= wm B m B
-2 : - : : : : i
« .~ Instantaneous Luminosity 2 %
AN
T E ) - % % % %
= E =z Z 7 7 7 7
§ 05 o~ | : % : % : % s % % %
S EEE BE BE BE BE BN
- 2012 2015 2016 2017 2018 2022 2023 2024
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CMS Data Scouting: a bit of history

* Main ldea : “Do more with less” to overcome HLT bandwidth limitations

J Increase triggel’ I’ate CMS Preliminary  HLT rates and inst. luminosity averaged over one fill of a given data-taking year
Looser (more inclusive) selections T N T f
s E i Foling
v Decrease event size g 20E ’
" . 15 % : : :
Keep only high-level objects from HLT 2 [ E
i o 2 F - [ standard
> recover low-mass multi-jet sensitivity 8 °F Parking
S S
2 o W
;__z-z-s-;-s.a..._
= 2F : 1 : z .= -
& L E 7 Instantaneous Luminosity 2 %
£ 1.5E b : z % % %
v 2 R % %

2012 2015 2016 2017 2018

2022

2023

2024
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CMS Data Scouting: a bit of history

* Main ldea : “Do more with less” to overcome HLT bandwidth limitations

v Increase trigger rate

* Run-1:

e Run-2:

Looser (more inclusive) selections T ab .
v Decrease event size E F ?
Keep only high-level objects from HLT 2 13:
5.%_ é i \7 i j i ‘ ‘ 1 i
w 8 : ; ] 5
z 3 Standard ]
> recover low-mass multi-jet sensitivity 2 6 ':5 -P:ki,,z
5 4 | :
» including jets, muons, electrons | | mm = B . B l
» di-jet and di-muon resonances A - > - : ~
& - T Z Instantaneous Lummosnty : Pz
» SM rare decays 5 o = _ iz Z Z
AR
R RERN W W8GR EE AR
= | 2012 2015 2016 2017 2018 2022

: 'exTGen

n Trigger

CMS Preliminary  HLT rates and inst. luminosity averaged over one fill of a given data-taking year

2023

2024

[Fill2998 ] [Fill4452] [Fill5418] [Fill6324] [Fill7124] [Fill8489] [Fill9044] [Fill10116]

Shaping the Future of CMS Event selection with Next Generation Triggers

[G10-5202-da-SWD)



https://cds.cern.ch/record/2931957

CMS Data Scouting: a bit of history

* Main ldea : “Do more with less” to overcome HLT bandwidth limitations

/ Increase triggel’ rate CMS Preliminary  HLT rates and inst. luminosity averaged over one fill of a given data-taking year
Looser (more inclusive) selections T ab § Wy f | ]
v Decrease event size g 20E- f :
. . 15 b - :
Keep only high-level objects from HLT 2 135_ :
5?— i a B a B .
* Run-1: ol = ; =
g & _— X - : Standard -
> recover low-mass multi-jet sensitivity 2 S ‘5 -P:;na;
e Run-2: 5 ;_ | _ :
» including jets, muons, electrons - A Bl BN BN B . B
> di-jet and di-muon resonances = 2E : . = s — g
» SM rare decays % 1.52_ 3 7 Instantaneous Luminosity g » Z Z %
. : . _ 1R
: ok = ZzZi
* Run-3: NIRRT B A B R
. g U9 — > : : : : 1S
> lower thresholds and new objects £ L iz %% ....... i . %S
> 1OX Standard HLT rate - 2012 2015 2016 2017 2018 2022 2023 2024
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Extending the CMS Physics Reach: Run 2 Scouting

r Di-muon searches 1

* DiMuon Scouting Stream
* SM rare decays at low mass:
» Observation of n—4p
* Searches for prompt and displaced X,y
» Optimal sensitivity below 10 GeV
» Access to displaced muons
* CP-violation and B-physics

CMS [Phys. Rept. 1115 (2025) 448] 97-137 fb™" (13 TeV)

90% CL exclusions
Minimal dark photon model
PR | L "

= N N N N N N N PR SRR |
1 10 100

s NLLLL LT T T
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Extending the CMS Physics Reach: Run 2 Scouting

- Di-jet searches \

» Jet/HT Scouting Stream
* Resonant searches in hadronic final states
» Sensitivity gain wrt standard triggers

CMS Pre’lmlnary March 2025 95% CL exclusions
LA ¢ 2 LI S5 L PR .| . | SR R R L | ' %o ooy S

I,/ M, <~5%

tt resonance, (JHEP 2019, 031)
359 fo', 13 TeV

l'd !z<~10%

Boosted dijet+y (PRL 123, 231803)
359 fb", 13 TeV

Boosted dijet (EXO-24-007)

138 fo”, 13 TeV

Dijet+ISR jet (PLB 805, 135448)
18.3 fo”, 13 TeV

Dijet b-tagged (PRL 120, 201801)
19.7 fv”, 8 TeV

Dijet scouting (PRL 117, 031802)
19.7 fo”, 8 TeV

Dijet scouting (EXO-23-004)

117 fo”, 13 TeV

Dijet (JHEP 2020, 033)

138 fb', 13 TeV

l'z.! ﬁ<~30%

Broad dijet (JHEP 2018, 130)
[.(? MS EXO S.U mmafv] \ T ase w13 Tev

710 2030 100 200 1000 2000 I/ M <~100%
M, [GeV] - Dietx(Epics 789)

359 fb”, 13 TeV
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Extending the CMS Physics Reach: Run 3 Scouting

- Heterogeneous computing \

* New HLT farm equipped with GPUs

> substantial reduction in HLT processing time
— over 40% faster

> increased maximum rate that can be processed
by the scouting stream
— 30 kHz (~30% of HLT input)

CPU-only

‘ﬁl'

With GPU
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Extending the CMS Physics Reach: Run 3 Scouting

— Additional objects —

« Complex objects (1) built offline

» Extend BSM searches in the
low-mass regime below 60 GeV

Scouting 61.9 fb' (13.6 TeV)

E TTTT | TTTT l TTTT | T T | TTTT | TTT I T TTT | LI

=t CMS prim :

E‘ - Preliminary 95% CL upper limits -
& e Observed B

T ---- Median expected 7

< 0ok 68% expected -

T E 95% expected 3

Q.

&

e

10 E

L [CMS-PAS-EX0-24-012]
—IIII||III|IIII|IIII|IIII|IIII|IIII|IIII-

20 25 30 35 40 45 50 55 60
¢ Mass [GeV]
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Extending the CMS Physics Reach: NGT Scouting

:: > l High-Level Trigger ::~ >
750 kHz (HLT) 10 kHz

N
Fast reconstruction 8
with full readout | <2 ;
N
A
2 [HL-LHC |1 NGT Scouting '
L% threshold
b . HLT ' ................................. *43;‘ Nex‘TG‘en ..,-
Physics? threshold NGT Scouting o :
. | : » Reconstruct @HLT 100% of L1A events
{Physics? :

NGT C?:tzuting .+ Event output rate at 750 kHz
. « Provide calibrated, offline-like quality objects
* Analysis-driven output with reduced event size :

--------------------------------------------------------------------------------------------

Energy [GeV]

Shaping the Future of CMS Event selection with Next Generation Triggers



NGT Scouting: How to Make It Happen? NexTaen

* Main technical challenges towards the NGT Scouting approach: storage, calibration, computing

~ Storage ~
* Provide lightweight output format for analysis o E,i,?%';?,?g:tes
* All relevant HLT objects 151 2 | B i pe
. . . 2,5 % ‘
- primary vertices, tracks, PF candidates i

- electrons, photons, muons, taus, jets

120 KiB/event @750 kHz — 88 GiB/s

49,6 %
* Currently above the total disk and bandwidth :
Cb;udget )claf ~50 GiB/s 46,8 % =2 KlB/event]

« Size mitigation strategies under study

- Discard low-energy objects

- Reduce information for PU objects

- |mprove com pression factor CMS Simulation Preliminary

[CMS-DP-2026-011]
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NGT Scouting: How to Make It Happen?

* Main technical challenges towards the NGT Scouting approach: storage, calibration, computing

~ Calibration

E

v
Z E!h buffea
v

HLT

* Ensure stable and accurate object calibration
- More frequent update of conditions
- Derivation on higher statistics datasets

* Infrastructure for 8h data buffer while real-time
calibrations are derived and applied on the fly

Filter

bl

Calibration

[280-S202-da-SWD]

CMS Preliminary Sep 30 - Oct 23, 2024 (13.6 TeV)
;‘ : | t N R 'é' L SR TRLI PRI | ) R ' | 1 1
@ 8951 [ } } t H } } }H¥ h—
e [ | ]i] } ;} * ;%}, 1F
Beool | . ‘ ] b 7t
# | i 1 Ligi L
Eae.s; ?} + l . + #’ { | ]
N 88.0F i+ ]
= o § HLT w/ default calibrations
875 | ¢ HLT w/ NGT calibrations B
87.0F | + + | + HLT w/ offline calibrations
L 3 | PRV YN VN WY S IS S Y SN N
= B =T T 1
'S 0.050|-
o.o4s§— I {

NexTGen
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NGT Scouting: How to Make It Happen? NexTaen

* Main technical challenges towards the NGT Scouting approach: storage, calibration, computing
~ Computing ~

* Optimize resource management for a continuously evolving HLT computing farm
225 A Throughput for full HLT menu (2025) g * Run IntenSIVG partS Of the event pI’OCGSSIng
500 | HE Single process (no MPI), CPU-only o on heterogeneous architectures
[ Single process (no MPI), local GPU ) _ o i _
= 175 1 [ MPI multi-process with shared memory 9%, 50% of code run on GPUs in Run-4
P 150 1 MPI multi-node with 400 Gbps InfiniBand § - 80% of code run on GPUs in in Run-5
g Ls - * Current GPU use limited to local resources
5 | - Run-3 node: 2 x AMD Milan 64-core CPUs +
E 16671 2 x NVIDIA Tesla T4 GPUs
o ¢ . .
& 2  Enable offloading to remote resources with
50 - Message Passing Interface (MPI)
25 4 » Same or higher event throughput with
0 scalable and flexible computing model
[8, 6] [16, 12] [24, 18] [32, 24]
CMSSW [threads, streams]
— ~
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NGT Scouting: How to Make It Happen?

* Main technical challenges towards the NGT Scouting approach: storage, calibration, computing

Shaping the Future of CMS Event selection with Next Generation Triggers

~ Computing N\
» Develop data-oriented structures for better memory access in parallel processing
TR Array of Struct (A0S) -----eveviinneenn, - Struct £ A
52l N2 22 e e 128 xs v 2 % K x.

* Most natural way to represent data in

:  most languages is object-by-object 3

* AoS become inefficient with GPUs - * SoA stores data quantity-by-quantity

i« Poor parallel memory access : © « Less intuitive, but better cache locality

* Long processing time -« Efficient solution for GPU processing

— i




NGT Scouting: How to Make It Happen?

* Main technical challenges towards the NGT Scouting approach: storage, calibration, computing
~ Computing 3\

* Fit full-event reconstruction algorithms within available time/computing budget

 HLT timing for tt events in 200 PU (CPU-only)
Average Time =~10s
- Pixel : 23%
- Tracking : 19%
- HGCal : 21%
* Dominated by algorithms operating with
- high detector granularity
- high object multiplicity
* Redesign and accelerate most expensive steps
> Track reconstruction = 4.4 s
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NGT Scouting: How to Make It Happen?

* Main technical challenges towards the NGT Scouting approach: storage, calibration, computing
~ Computing 3\

* Fit full-event reconstruction algorithms within available time/computing budget

 HLT timing for tt events in 200 PU (CPU-only)
Average Time =~10s
- Pixel : 23%
- Tracking : 19%
- HGCal : 21%
* Dominated by algorithms operating with
- high detector granularity
- high object multiplicity
* Redesign and accelerate most expensive steps
» Track reconstruction = 4.4 s
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The CMS Track Reconstruction

* To resolve the high hit combinatorics, tracks are reconstructed sequentially via:

* Track seeding: initial track candidates are built using hits from inner layers
— Cellular-Automaton (CA)

* Track building: track candidates are extended into final tracks adding hits from outer layers
— Combinatorial Kalman Filter (CKF)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16
— T 7 7 7
5120_— B Outer Tracker B Inner Tracker
» 5 =~ F |18
Outer Tracker (OT) 100~ [ I [ [ [
(6 barrel + 2x5 endcap disks) = 2.0
» Pixel-strip (PS) modules 80~ I I I I I
» Two-strips (2S) modules = i
s A 0 B R ol il il 1.
i I I I —{ 2.6
a 3 40} A22LL L LN L Y N W I I Il | | |28
Inner Tracker (IT) _ Iy I i ! “130
(4 barrel + 2x12 endcap disks) 55 == AR N T A T T . H -
» Pixel modules ﬂ A a A ﬁ A n l R n B i —| 4.0
~ = 1 ] 1 1 1 1 1 | 1 1 1 i l 1 1 l 1 :.l I 1 1 IIIII 1 4 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | I 1 1 | 1 1 1 | 1 1 1 r]
40 6

0 | )
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The CMS Track Reconstruction

* To resolve the high hit combinatorics, tracks are reconstructed sequentially via:

* Track seeding: initial track candidates are built using hits from inner layers
— Cellular-Automaton (CA)

* Track building: track candidates are extended into final tracks adding hits from outer layers
— Combinatorial Kalman Filter (CKF)
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The CMS Track Reconstruction

* To resolve the high hit combinatorics, tracks are reconstructed sequentially via:

* Track seeding: initial track candidates are built using hits from inner layers
— Cellular-Automaton (CA)

* Track building: track candidates are extended into final tracks adding hits from outer layers
— Combinatorial Kalman Filter (CKF)
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The CMS Track Reconstruction

* To resolve the high hit combinatorics, tracks are reconstructed sequentially via:

* Track seeding: initial track candidates are built using hits from inner layers
— Cellular-Automaton (CA)

* Track building: track candidates are extended into final tracks adding hits from outer layers
— Combinatorial Kalman Filter (CKF)
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Track Reconstruction at HLT: Legacy

* In the legacy reconstruction of HLT final tracks, 2 iterations are executed
1st iter : track seeding with 4 pixel hits + track building
2nd iter : after masking, track seeding with 3 pixel hits + track building
* BUT track seeding with CA is inefficient = not sustainable in HL-LHC high PU environment
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Track Reconstruction at HLT: Patatrack

* The Patatrack algorithm is used to accelerate the track seeding step (already online in Run-3)
» GPU parallelisation implemented with performance portability library aI/saka

* A new configuration is investigated for the NGT scouting:
* same 2 iterations, but 1st iter legacy CA replaced by Patatrack algorithm (GPU compatibility)
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Simulation truth for pixel track reconstruction NexTeen

® Patatrack is a Cellular-Automaton (CA) algorithm which builds tracks by connecting pixel hits

® |n each step compatibility checks are used to resolve combinatorics, depending on O(100) parameters to be tuned
? Automated tuning targeting pixel track final performance: long convergence time, no insight into the algorithm
v Performance evaluation at each step of reconstruction with simulation truth information:
» Deeper analysis and control on the parameters, potentially improving the algorithm itself

» Definition of new simulation truth objects corresponding to intermediate steps of reconstruction
Hits Doublets Pixel Tracks

[CMS-DP-2025-077] : '\ /' /‘ \(\ ]///
A/ N7
.Si:nD.ou.bIe.ts ] SimPixelTracks

PSRLLLL T T T

“: NexTGen

ext Generation Triggers


https://patatrack.web.cern.ch/patatrack/wiki/
https://cds.cern.ch/record/2948319

Simulation truth for pixel track reconstruction

® Development of performance evaluation at each step enabled optimisation of each reconstruction step individually

® SimDoublets: establish correct layer pairs connection (missing between barrel and very forward)

Fraction of simulated particles

: set parameters according to simulation truth distributions

: identify source of inefficiency in the barrel and transition regions

(14TeV)
1

T T T T T T T T T T

CMS Simulation Preliminary
tt, SimPixelTracks (signal only)
pr > 0.9GeV, |Zyertex| < 30CM, ryertex < 2.5cm

Number of pixel layers

8 10 12

ey
-2 0 2

Simulated particle n

Pixel Track reconstruction requires at least 4 hits, but
» Barrel region: ~10% of particles generate < 3 hits
» Barrel-Endcap transition: ~40% of particles generate < 3 hits
Intrinsic inefficiency in the current configuration
Main reason for second tracking iteration with triplet seeds
Potential solutions for efficiency recovery:
- Rely on second iteration (but additional timing/CPU cost) x
- Require less hits (but exploding fake rate @200 PU) x
- Collect more hits from outer tracker /

4




Track Reconstruction at HLT: Extended Patatrack fiexTGen

* The Patatrack-based track seeding step is extended to include hits from the OT pixel strips

> better detector coverage (3 additional hits in barrel), efficiency recovery and improved resolution
* An alternative fast Extended Patatrack configuration is investigated for the NGT scouting:

* only track seeding with the Extended Patatrack, no track building step (GPU compatibility)
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HLT Timing with Extended Patatrack
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HLT Timing with Extended Patatrack
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Tracks Performance with Extended Patatrack

* The alternative fast Extended Patatrack configuration maintains the track physics performance
« Efficiency: fraction of simulated tracks matched to at least one reconstructed track
» Fake rate: fraction of reconstructed tracks not matched to any simulated track

CMS Simulation Preliminary tt + 200PU (14 TeV)
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Tracks Performance with Extended Patatrack NexTGen

* The alternative fast Extended Patatrack configuration maintains the track physics performance
« Efficiency: fraction of simulated tracks matched to at least one reconstructed track
» Fake rate: fraction of reconstructed tracks not matched to any simulated track
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Tracks Performance with Extended Patatrack

* The alternative fast Extended Patatrack configuration maintains the track physics performance
« Efficiency: fraction of simulated tracks matched to at least one reconstructed track
» Fake rate: fraction of reconstructed tracks not matched to any simulated track

CMS Simulation Preliminary tt + 200PU (14 TeV)
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Tracks Performance with Extended Patatrack NexTGen

* The alternative fast Extended Patatrack configuration maintains the track physics performance
« Efficiency: fraction of simulated tracks matched to at least one reconstructed track
» Fake rate: fraction of reconstructed tracks not matched to any simulated track
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Tracks Performance with Extended Patatrack

* The alternative fast Extended Patatrack configuration maintains the track physics performance
« Efficiency: fraction of simulated tracks matched to at least one reconstructed track
» Fake rate: fraction of reconstructed tracks not matched to any simulated track
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A Streamlined Muon Tracking

* The legacy HLT muon reconstruction is strongly dependent on tracking performance
» Standalone Muons are built using information from muon chambers
e Tracker Muons are built using hits from Inner/Outer tracker
* Global Muons link standalone and tracker muons matching trajectories

Shaping the Future of CMS Event selection with Next Generation Triggers



A Streamlined Muon Tracking fiexTaen

* The legacy HLT muon reconstruction is strongly dependent on tracking performance
» Standalone Muons are built using information from muon chambers
e Tracker Muons are built using hits from Inner/Outer tracker
* Global Muons link standalone and tracker muons matching trajectories

~ Tracker Muons ~

------------------------------------------------------------------------

------------------------------------------------------------------------

» Streamline and accelerate the Inside-Out (10) step:
- Legacy : 2 iterations (seeding + building)

- : 1 single iteration (seeding + building),
based on Extended Patatrack pixel tracks

» Processing time for HLT muon reconstruction is reduced
263 ms —
60% time reduction !



https://cds.cern.ch/record/2950077

Muon Performance with Streamlined Reconstruction  NexTeen

* Muon physics performance is maintained across the whole pr and n range:

* The algorithm provides same efficiency and lower fake rate wrt Legacy, while
drastically reducing processing time
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Summary of NGT @ HLT

e The Next-Generation Trigger project at HLT aims to complement the traditional
trigger filtering with a full event processing paradigm: NGT Scouting at full rate
o Reconstruct at HLT all events selected by L1 at 750 kHz with offline-like quality
O Store data in a custom lightweight analysis-driven format
e Important challenges to be addresses:
o Storage: reduce event size — data compression
o Calibration: apply real-time calibrations at HLT — few hours data buffer
o Computing:
B Optimize resource management — flexible computing farm, data-oriented structures

B Redesign expensive algorithms — alternative fast algorithms (tracks, muons)

The NGT project drives the path forward toward addressing these challenges and brings us
closer to the full realization of the full rate scouting paradigm

Shaping the Future of CMS Event selection with Next Generation Triggers



NGT at the Frontier of Innovation

e The HL-LHC challenge demands a fundamental rethinking in the CMS event selection;
e The key to unlocking the full potential of the HL-LHC may lie in the trigger system;
e The Next-Generation Triggers project plays a crucial role in driving this transformation;
o NGT @ L1: ML-driven decisions and 40 MHz scouting
m extending sensitivity beyond conventional thresholds
o NGT @ HLT: offline quality reconstruction at full L1 accept rate
m every event accepted becomes available for analysis
e Together, these developments will reshape how observe, select and interpret collision
events!
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3.5 Enhancing L1T Scouting for HL-LHC: overview

Level-1 Data Scouting (L1DS) acquires and analyses L1T objects for every (e —] :>>_Jt
event at the full 40 MHz bunch-crossing rate. fE o =
e Proof of principle demonstrated during Run 3 data-taking. L1 trigger
o DP-2025-056, Talk at CHEP24, Poster at ICHEP24, Talk at TWEPP23
o  First physics results: Search for heavy long-lived charged particles with level-1

trigger scouting data CMS-EXO-25-010.

X 216 (PF + PUPPI candidates) L1 0 n li n e lofﬂi ne
Scouting Analysis

With NGT we explore the physics opportunities and technical feasibility using
additional L1 inputs with respect to TDR baseline.

|

afafafafafafafaf

a}

e Explore increasing complex physics analyses to enhance sensitivity to all
signature that evade the standard L1T — HLT — Offline chain.

e R&D on the technical feasibility using different L1 inputs and processing boards
with respect to baseline.
- Investigate running algorithms on CPU / GPU / FPGA / Al engines.
- Test different approaches for data acquisition (TCP/IP, RoCE, networking).
- Prototype a data acquisition board to increase links and resources using the
same FPGA.

r

O J
Y

—— 25 Gbls Trigger Link Protocol

—— 100 Gbls TCP/IP CWDM4
400 Gbis RoCE

— 400 Gbls



https://cds.cern.ch/record/2904692/files/DP2024_056.pdf
https://indico.cern.ch/event/1338689/contributions/6018386/attachments/2953254/5191988/CHEP2024_mm_v0.pdf
https://indico.cern.ch/event/1291157/contributions/5876951/
https://indico.cern.ch/event/1291157/contributions/5876951/
https://arxiv.org/pdf/2601.20063
https://indico.cern.ch/event/1291157/contributions/5876912/attachments/2899949/5085251/ichep2024_L1Scouting_emeschi-v3.pdf
https://pos.sissa.it/476/864/pdf

3.5 Enhancing L1T Scouting for HL-LHC: test system

Developed a demonstrator for data acquisition and online
processing chain (CERN B40, DAQ Lab)

5 servers cluster ﬁ 100G

L1T board+TCDS2 , Readout Boards ... 400G
(DTH-400) Py (DAQ-800) Cene . switch (AMD EPYC 9654 CPU) switch
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| Sereni s ~
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TCDS DAQ) |1
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\ / \ ? / I Server 4 |GPU I

VPK180 Teba2 VHK158
VP1802 > VP1802/
L1T-like > VH1852

board (DAQ)

24x25 Gbls
L1T links (CSP)

Phase-2 Demonstrator
e System in place: receive from the DAQS800 all the
6+6 TCP streams of PUPPI + e/y candidates (140
Gb/s total), and run physics analyses at 40 MHz.
e Adopted Kubernetes for the orchestration of
applications and monitoring.

NextGen Networking

e Upgrade all input data networking to 400Gb/s:
NICs, switch, optics and fibers connected.

e Successful integration and tests of RoCEv2 on
two Versal development Kits.

Talk at FPGA 2026 Developer Forum

NextGen Acquisition Board
e Development of the next generation of
acquisition board (beyond ATCA).
e Modular Versal ACAP-based system.

o  Versal Compute Modules + 1x Zynq US+ System Controller.
Optical 1/0 heavy. > 350GB/s aggregate LPDDR4 bandwidth
(2U). Linux-enabled System Controller for monitoring & control.

data



https://indico.cern.ch/event/1549296/contributions/7011768/attachments/3281921/5865835/GB_MM_RoCEvfinal_FDF_2026.pdf

3.5 Enhancing L1T Scouting for HL-LHC: physics

o
e
[

3 nTrueTaus:2 H W nTrueTaus:2
60| I + I .
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s ScoutPFTaus q NNPuppiTaus
i

Newer signatures:
o  Low mass X—upu, Low mass X—ee
o Rare B meson decays: B, — ¢¢ — K'KK'K" , B—eeK, B, — 77 —6™
o Multiple soft jets
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Phase-2 L1 Scouting. | o : I
| - Transformer model to identify hadronic taus, regress tau p; and |
. . . . . . perform charge classification

[ J . . . .
Identllfy Su'tabl_e signatures and apply simple kmematlc.and I - Develop event-level strategy for di-tau pair selection in fully I
isolation selections to reduce background rates, enabling | hadronic states. |
storage of selected events for final analysis. I - Benchmark on low-mass ¢ — 77 resonances. I
| e i Em;oder e ORlpLE |
e First results includes signatures identifiable with PUPPI | |
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Material: DP-2025-058, DP-2026-043, Talk at ACAT25, Poster at CHEP24 \
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3.5 Enhancing L1T Scouting for HL-LHC: processing
-, ~\

R&D on Accelerators for the Phase-2 L1

—
j/’_\ e Akey .part of the Phase—Z L1 Scouting system is Fhe onIine. processing farm for data
S % 5l selection, aggregation and storage to disk for offline analysis.
[T‘m‘“m"efam's Boargst0AQ) 2 [ & e Orbit-based processing — event processing runs on a batch of 3564 events at a time,
2 - corresponding to a LHC orbit
L 'm e Developed a full pipeline for the GPU deployment of clustering and ML inference

in CMS software framework for low-p_ tau reconstruction and identification.
o Code is portable, i.e. is compiled and can run on both CPU and GPU backends
o  Benchmarks have been performed to assess the throughput performance

~

AMD EPYC 9654 CPU
2.4GHz, 96 cores, 192

Nvidia L40S GPU Nvidia L4 GPU

|
| |
| |
| |
| |
| |
| |
| |
| |
| |
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| |
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| |
| |
| |
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| |
| |
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3.5 Enhancing L1T Scouting for HL-LHC: processing
- - -

( \
[ ] ( custer ) | W — 31 Online Selection on AMD Versal Al Engines |
. =~ ] | e Akey part of the Phase-2 L1 Scouting system is the online processing farm for data
|5
- 2 . . . . .
[,T"sge'da'aa"d % . | selection, aggregation and storage to disk for offline analysis. |
Timing generators Boards4DAQ) 5 m | o . ] ) .
§ (| e Rare W — 31 decay is identified using a cut-based selection that aims to reconstruct a |
) | triplet of charged particles from the L1 PF reconstruction and PUPPI pileup suppression. |
D | e Benchmark a full AlIE-based design on a AMD VCK5000 Versal Development Card. |
: o  ~10 MHz of peak event throughput is obtained by running ~2000 concurrent |
rocesses on the host.
Nvidia L40S GPU Nvidia L4 GPU AMD EPYC 9654 CPU | P - |
« 48GB GDDR6 memory 24GB GDDR6 memory * 2.4GHz, 96 cores, 192 o Efficiency of 11.1% comparable to CPU 12.6%. |
* 18176 CUDA cores 7424 CUDA cores threads |
« FP3291.61 TFLOPS FP32 30.29 TFLOPS % g 360W maximum power |
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/ | 2500[ c”w - ‘ I |
§ 120 P
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3.6 Practical Real Time Al for L1T/Scout

Boost the development and integration of advanced and fast ML algorithms for

improving the HL-LHC L1T reconstruction (used by standard triggers, and L1

Scouting) thanks to NGT

Into FPGAs of Global Trigger, Correlator and Global Track Trigger

subsystems

Develop setup for complex trainings of multiple algorithms

o e.g. simultaneously optimize algorithms for particle ID, object reconstruction,

and event selection (implemented in different subsystems, only limited amount
of information is propagated between subsystems)

(Joint with 3.7) Develop practices for training & deployment of ML algorithms in

L1T (MLOps)

Updating & redeploying algorithms for changes in detector conditions

tracking, archiving & retrieving ML models (e.g. for consistent emulation)

Fundamental the interplay with WP1.2, WP1.3 for hls4ml tools support & WP1.1

for the heterogeneous platform for training/monitoring/synthesis/deployment.
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HF
BCP
9RSx1TS

O

O

O

Ing: goals
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» o

v [
Tracks
v

2a |
A ¥ Al—F
e g *\ | PENN

“— Particles
_ Jets

C%Px2 algo
s il

#GEM “450 csc |RPce lDT lRPCb

Raw Hits

|4>

(X

2 4
“Jata Scouting

C7Pk2 algo
%\ DAQ800

Sergnity

SO
—

Event-level classifiers
%
%
25 billion inference/second estimated

from known projects in development
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3.6 Practical Real Time Al for L1T/Scouting: algorithms
oo y o~ — I — — —

efficiency at low p. for

hardware. |
ely clusters.

| HGCAL Clusters: | Jet tagging: DeepSet based architecture trained | Track-to-Vertex association: NN |

| Multi R Icmm | | for object tagging and p, regression. based improve vertex finding and |

| ulticlass discriminator to = || ! | track association to reduce pileup |

| improve and harmonize Mut-clss WG Custering 1D | | impact. |

| IDs for ely, pions, pile-up | |

| separation for PF S L | | | Correlator Trigger firmware and |

PFx .

reconstruction: increase e | | emulator now implemented,

| | | | and model has been run in

| I

I | l |

Material: DP-2024-098, Talk at CHEP24

o e e e ) \=E e M —_———————— ——— — — —— /
M~~~ ——————— D ettt N bbbt otcons )
| Tracker-Tracks+Clusters BDT instead of TocalDarttia et
| I : I

| geometrical track-matching, increase efficiency and | . . . . : ML PUPPI:

. | Topological Triggers: NN using all high-level | | : Shared particle MLP
| better p; resolution for electrons . . ) ) DeepSet-based regression ' |

objects in Global Trigger or all PF/Puppi . |
| S sy, S s—__om | | _ , . | | model to improve neutral - |
| = il | | Candidates in Correlator to enhance efficiency PE  candidate  weightin LMo
| “ | for VBF Hobb, VBF Hosinvisible, HH—4b, | | wsing ol pga o |
| | | HHo—bbrr ... reach signatures. | | information targeting |
04 + | | ) ) ]

| & o | Next step: focus on inputs rather than model | | improved L1T jet and MET |
| ELLELELL T ¥ i — | optimization to recover VBF jets. | | performance. — |
| IIPIIaterlaI IZ;P 2&2L42298 DP-2025-059, Talk at CHEP24 | l percent::t:?er:nral
N oster at Fast j ) k J
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3.6 Practical Real Time Al for L1T/Scouting: algorithms
Rl === e ~\

| Jet Tagging Strategy for Phase-2

e PUPPI Jet Tagging: introduce multiclass tagging trained on a variety of target classes: b
jets, c jets, 7, (positively charged), 7, (negatively charged), gluon jets, muon, electron,
and light quark (uds) jets, plus new pileup category.

o  The algorithm provides improvement on triggers for HH—bbzz, HH—4b, VBF H—tr

1

Conv1D Layer Wi * PTrel,i

1 channel

16 weights

16 Puppi Candidates

Adpin

Improved peak position relative to genJets and reduced peak
width for SC4 NN jets.

Increased HH—4b efficiency.

g I I
(Tsoted)  ConviD Layers § —216 » Py | o  Fully integrated into CMSSW, and its FPGA firmware implementation fits in the |
channels =1 T’L . .
1] P ; ! | available resources and has been cross-checked to ensure bit-level accuracy. |
24 - - e NEW p._ regression: novel NN branch to derive the jet p, correction factor to improve the |
Ol - g -/ T _ T
: Ed 2 g § : | baseline jet energy correction (JECs). |
(14) g [ @ El\
E 3 3 | o aton Prelimi |
@ < _ CMSPhase 2 Simutation Preliminay PU 200 (14 TeV, Q'MS Phase 2 Sii ion Preliminary PU 200 (14 TeV, CMS Phase 2 Simulation Preliminary PU 200 (14 TeV)
3 L Sozsf ! ' U VBFH o ch - é " VBFHobb
® =] 0 | (P g s ool v i g — Bl |
g Jet | % . T (u=1124, 0 = 10.9) w (0= 1090, 00y = 128) |
z =5 Classification v 020 e S G2t ' + 500, o= 212)
- - SC4 Raw SC4 Raw
g Scores | *f  NEW MODEL e e
} 0.154 T (4 =122, Our = 23.1) T (u=114.9, 004 =21.8)
| o H.I{HHHHMHH_ 3 |
Global Average | i t il | ] |
(along feature axis) I HUH FEERH ||}|||||| ] o.10f h \
| h ' i
| i OLD MODEL ] \ 1
0.2~ ? -
t
. . . b L. =
Material: Regression (DP-2026-037), Tagging | " o) : i S ] S - |
(DP-2025-032) , Talk at FastML25, Talk at CHEP26. | T il T 77 Dietinvariant mass [GeV] Djemarant nass cev] |
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3.6 Practical Real Time Al for L1T/Scouting: MLOps

ROOT = . 2

Storage Emulators Einar g,imss,ng How to maintain ML in LAT ?
[
6 @ M P — Dedicated work on ML workflows for
Enirypoint |- k k model development and deployment:

use of Gitlab ClI pipelines, MLFlow.

ETL CPU intensive

3

Release public package: triggerflow

& XILINX
. omtmlsaﬂﬁ targeting ML developments on FPGA.
TriggerModel eamB ‘ @
9 Working on training all the 3.6 ML
algorithms together.
mIfIJW L - J J

Train GPU intensive

Exploit NGT WP1.1 infrastructure for

resources.
Material: FastML25 topical, Talk at ACAT25.
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3.7 L1T anomaly detection and data compression

Input COIIiSion :R:g‘tljloai:jizev;artﬁet:;sgpace Sam:l;d latent representation Reco COIIiSion

e Redefine the way events are selected with
anomaly detection in a model-independent
way : trigger on “anomalous” events using
ML unsupervised models (sub-ps
autoencoders!)

loss = ||x-x||* + KL ,N(©O, )]
Muon Trigger  Calo Trigger e In Spring 2024 CMS deployed a new trigger called AXOL1TL in L1 Global Trigger

e AXOL1TL was designed and integrated over last ~3 years by CMS Collaborators.
o Collected over 100 fb™' of data with a L1T pure rate of up to 250 Hz,
passthrough at HLT Scouting.

NGT contributed to the development of AXOL1TL and it’s driving the AD
developments for the HL-LHC together with novel and advanced ML solutions
for the L1T system, e.g. targeting data compression.

Global
Trigger

AXOLITL 11 Accept Material: DP-2024-059, DP-2025-061, DP-2024-121, Keynote talk at ICHEP24
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3.7 L1T anomaly detection and data compression

Foundation Model for Phase-2 L1T
Developing an upgraded AD model, extendable
to other tasks, incorporating new inputs and
improved capabilities.

Physics Analysis
Model independent bump hunt search for new
physics with AXOL1TL triggered data.

I
AXOL1TL V5 |
Deployed new model " e |

with contrastive block

I I I
I I I
I | I
| to enhance feature | : 2 e p j v |
| extraction and improve | — | g —— e v v v V |
| performance for 2025 e e | w v v/ |
| data-taking. [ cemocies [] somsiomin | | 4 v v |
| D ERCoer (VA D Dol | | BACKGROUND ’Y \/ |
| . | | MASS [GEV] |
Mot 2025061, Tt PS5 Posor sAONTES ) | )
T~~~ — === ===~ ~ (o BT |
| ;\;\V);OtLﬂ'_L trigger STUdI?;S Extensi tri | | 2" Laygr 3 Anom._ally AT , | | Data Compression for L1 Scouting |
| at Is anomalous: xtensive trigger | | Enhancing the purity of anomalous events in | . N . |
| characterization: AXOL1TL provides enhanced the AD Parking stream. | Use ML approaches, like tokenization, to obtain
sensitivity to high multiplicity and soft objects! | | | a compressed _representatlon of data for |
| . | | | | | downstream physics. |
| g'w :rmmary pb-1, 2025 (13,6 TeV) g‘OECMSPreIImmary 324.pb", 2025 (136 Tev) | HLT Scouting 6kHz total | Compressed
“ ﬁms | | Later?tSpace |
| i | | . ot | | ) |
e L - D B
] | ““““ = ndlayerof | 1Kz { | Compression |
‘ I ol o | anomaly detection Parking i
| i 7 v Lo | | i é | | == |
k Material: DP-2025-061, Talk at FastML25 ) k Material: DP-2026-046, Talk at CHEP26 ) L Data Compression )
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3.7 L1T anomaly detection and data compression

— S e . R&D on 2" layer of anomaly detection
e [Enhance the purity of AXOL1TL anomalous events in the AD parking stream.
@ — e Linformer-based architecture to construct a physics-informed embedding.
@ e o HLT PF candidates kinematic features (pT ,n, @, dxy, particle ID).
axoLttL [T o More freedom at the HLT as model runs on CPU/GPU.
ey @ | e HLT AD model serves as a proxy for the Phase-2 L1T AD.
(HLT)
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3.7 L1T anomaly detection and data compression

\

Topological classification head
@ 5
=l
‘ ‘ pt --- P¥ - E /\ Anomaly Detection
1 N c = N
,11 nN m=m) Encoder =) %3
e® I ... L}
. 3] Pr ry
x N
n 7
4 e

<7 N 1
) oY
FRO 8 1
g N~ > e
G 1
g
/ Offline analysis

Foundation Model for the L1T Correlator Layer 2

e Transformer-based model development for the L1T Correlator Layer 2 to build a physics-informed latent space.
e Can we build one common embedding from which we develop several lightweight NN/BDT heads for various ML/AD task?

AP So far Challenges
DY « Train on PF PUPPI candidates kinematic « Transformer model HLS representations does
features (p,..n, ¢, d, , particle ID). not match the software and firmware (VHDL)
» First version of the model with ongoing one.
MinBias studies on physics performances for AD. « Synergy with NGT WP1 work: looking for

* Firmware meets the timing/throughput
constraints of CMS L1T.

help and inputs on to debug this!
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NGT HLT

Goal: Expand the CMS data scouting strategy by implementing the NGT scouting, i.e., fully
reconstruct all L1-accepted events @ HLT, providing offline-like data at 750 kHz!

e Requires the design and implementation of efficient and heterogeneous algorithms
e High-quality real-time calibrations have to be derived and applied directly at HLT
e Save data in custom lightweight analysis-driven format to afford storage
e Provide offline-like objects for physics analysis A
S L1
o threshold
In parallel: Provide CMS with a faster, lighter, and T
physics-improved event reconstruction New Physics?

e NGT HLT work and ideas can be integrated and further
developed into the standard CMS HLT strategy

e Benefits can percolate to the offline reconstruction

e Expertise will be created and benefit CMS at large

HLT
threshold

Selected
data

98% 99%
rejected | rejected

©
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S‘h\therﬁnture of CMS Event selection with Next Generation Triggers
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A bird's-eye view of NGT HLT

Distributed
Accelerators

; « Efficient data structures

 Parallel Algorithms

e ML-based solutions

Offline Reconstruction
HLT HLT Standard - - - =) i
(w/ online calibration) —) @ \V/ @ — E .l 1 = .l 1
~15 kHz, ~5.6 MiB/ev w m w J |
= N ~82 GiB/s l
/ ' () E » E ||| - lhreL:ho!d Analysis
~8 MiB/ev
$ O 1 750 kHz, ~120 KiB/ev

. . data ~86 GiB/s
~7.2TiB/s ~5.7 TiB/s compression -
12.5us ~1s/ev NGT Scouting

data filtering

HL-LHC @ 200 Pile-up

disk and tape storage: ~4.5 PiB / day

Events

New Physics?

HLT
threshold
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Storage
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*
o . *
calibration @ ~8 hours
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A bird's-eye view of NGT HLT

Distributed Faster Reconstruction
Accelerators

; « Efficient data structures | Optimized Heterogeneous Data Structures
Evolving CMSSW into a distributed application
WPs 3.1.1, 3.1.2, 3.2

 Parallel Algorithms

e ML-based solutions

HL-LHC @ 200 Pile-up Just presented by Sabrina Offline Reconstruction

ata Reduction
HLT Standar - - - = =
(w/ online calibration) P3.3 - T —>
~15 kHz, ~5.6 MiB/e w m w ) )
OO O

L | [ |
L1

Bue
s8ss 5
° — threshold Ana'ys|s

Events

t O 1 750 kHz, ~120 KiB/ev

data ~86 GiB/s

New Physics?

HLT

~7.2TiB/S Compression . l threshold
12.5us NGT Scouting e B
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NGT Scouting stream and output format

Event Content _
e Setup a dedicated NGT Scouting path @ 750kHz 1o -

25 % ‘ Others

O  Runs the full reconstruction on the L1-accept input rate
O More challenging than the baseline HLT Scouting @ 225 kHz (~30% L1T rate)
O Testing ground for all kinds of experimental reconstruction strategies, aiming
at reducing the timing while keeping or improving the physics
e Dedicated Phase-2 NGT HLT output format, including a compressed
version of all relevant objects
o  Also useful for a-posteriori validation and as input for ML training CMS Simuiation Preliminary

110-9¢0¢-dd-SINO-Nd30

49,6 %

~120 KiB/event

46,8 %

o 0(120) KiB/event without selections applied, but with duplicated info

HL-LHC @ 200 Pile-up
. HLT HLT Standard .\ ) -
(w/ online calibration) — R ﬁl/
, = A o v b
750 kHz iB/s N——
C X X )

disk and tape storage: ~4.5 PiB / day

Offline Reconstruction

E

Events

) 5 == ] = “ Analysis
~8 MiB/ev
? g = 1 I 1 750 kHz, ~120 KiB/ev New Physics?
. data ~86 GiB/s
~7.2TiB/s compression A
12.5us NGT Scouting

(assuming 16 hours / day uptime) Energy [GeV]

WP3 HLT 929 @@@
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Faster algorithms... where?
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Pixel Tracking: Extension and Acceleration

o ~34% speed-up with new NGT “Extended Patatrack” pixel tracks
O large fake rate reduction
o 5% inefficiency “only”, despite not using the endcap outer tracker and the silicon strip layers in the barrel

The regions of influence of tracking
algorithms in the CMS Phase-2 Tracker

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Wl Outer Tracker WM Inner Tracker H . .
ettt A 5 Physics Performance Timing Measurements
T . 1.8 ; ; - : }
100ff CKF in the OT "” "" [ || || | = 50 CMS simulation Preliminary tt+ 200PU (14 TeV)  CMS Simuiation Preliminary i +200 PU | 14 TeV
(seeded by Patatrack pixel tracks) ” || || | Q E - T ©~ © © ] ! [« T T 1 T — T == DM
” " ” " " I 20 ® | HLT Final Tracks Performance 1 F 10202 /\ 8% faster! 34% faster! ] = Framework
- 4 _I 1 B 9380 V| o owr
8ol Extended Patatrack ”“ "" ” " ” I . %10 : ..__i_ -E:tin:ied Patatack 1 F ; iveTm setup
. i B 4 | I _ 1
6 ”” ”” |||| |||| |||| | N = F .:'3‘“';;. _;‘m:. ] i e P -| ®m B tagging
————————————— I A Sovg, o998 ] HCAL
e NN TN N N N N N II|| Il” I I I : —| 24 i et .... oo oacd ’... :... R _ o] e
i ”|| H” ||” |||| i —{26 52| - * : o, R e, | | mm JersmET
4 NN NN NN NS \\I ”” “I: ”” ”” ”” 1 = 2.8 F o’ «* : ."M‘O.. : ! ‘o0 - - E gl/:;earmma
——————————— —{ 3.0 * . *» B
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_g T T T I ! 1 B . . | =2 Ppixel Triplets
g | }” + : L) 3 # tra‘:k.ln‘g Is 4 Pixel Quadruplets
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Faster algorithms... where?
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Muon Tracking: Rethink and Optimize

old:

e The HLT muon reconstruction uses muon-only seeds and L1T seeds

e Muons seeded by L1T are reconstructed with two steps for all the tracks:

O Inside-Out (IO, from the inner to the outer tracker)

O  OQOutside-In (Ol, vice-versa)

New:

® The use of tracking already @ L1 enabled the
simplification of the HLT seeding strategy

® The L1l tracker-seeded IO + Ol chain was
overhauled and simplified, using Extended
Patatrack, and achieving 76% speed-up!

WP3 HLT

Reconstruction efficiency

0.4

0.2

0.0~

CERN-CMS-DP-2025-083
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0.6

T T T T © T U T T — T T
CMS Simulation Preliminary tOld o CMS Simulation Preliminary t Old
Z 5y + 200 PU (V3 = 14 TeV) New s Z - +200 PU (VS = 14 TeV) New
HLT Muon Tracks merged (IO + Ol) g HLT Muon Tracks merged (IO + Ol)
" -7 - - % 1.0 .
: d & ~10% fake rate improvement
l- ----------------------------- ; ol 0.8~ $ HN.:" ----------------- :"'""",;‘ o,; N
Tuning ongoing ’ Bopes ®, i §,”§:
. : )
o 06 : 38 = +6, 4 : -
" 1 its stitdy :
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i 1
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% 57 | l- -------------------- - 1
Very high efficiency, N Tuning ongoing
competitive with the Legacy I0! '
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https://cds.cern.ch/record/2950077/files/DP2025_083.pdf

Physics Validation R At

e Limited CMS tools to perform validation, @ HLT and offline i bR §
O  Crucial to compare algorithms, conditions and software releases *‘:02 ] :é:
o Carefully monitor Phase-2 developments SOt ] §
e During the last year, NGT has developed validation tools for: Rt ﬁ l l : 2
o Jet/MET and Taus € ity :
O  Primary vertex: outcome of the 19th Patatrack hackaton 05 - - - 8;0 =

Simulated Jet pr [GeV]

O  PF ECAL clusters: part of an effort to deploy a central PF validation tool @ HLT
B AR matching breaks at high PU: use hit-by-hit comparison instead

o  SimPixelTracks: new simulated objects enable the performance evaluation of the Patatrack SimPixelTrack Performance
pixel tracking algorithm _(14Tew)

i)) T T ‘. T ‘- T \- ‘- T T o
e To improve the definition and usage of MC Truth Information: NGT MCTI Workshop g | OMS Smuiation Preliminary 2
o MC information is crucial for reconstruction validation, performance studies, machine-learning ] P0Gt e S0 frer 25T Q
- . . = umber of pixel layers @)
training and algorithm developments for Phase-2 ‘—é =
. e . . . . £ 0 2 4 6 8 10 12 14 )
o A shared, consistent and complete definition of truth info is being developed across multiple WPs e [ ] S
o1
g } split into > connect to put all é 08 g
Yol SimPixelTracks and SimDoublets and SimTriplets information SimNtuplets <
g apply checks apply checks together Lt
N 0.6
af | y = 2 —
/AN \/ ]/ ]/
9|z NI/ Ydd
HE \/ \/
&l @
0.0 - 4

Simulation chain mimics the pixel track reconstruction

WP3 HLT
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https://indico.cern.ch/event/1568992/overview
https://indico.cern.ch/event/1608483/
https://cds.cern.ch/record/2948319/files/DP2025_077.pdf
https://cds.cern.ch/record/2956836
https://cds.cern.ch/record/2948319/files/DP2025_077.pdf

Additional documentation CTD’25, J. Schulz, Talk

NGT MCTI Workshop Talk
CERN-CMS-DP-2025-076
CERN-CMS-DP-2025-077 gp‘timigati%r; :r:]ed(gllllt:I;;—rr“ker
CERN-CMS-DP-2025-083  Autamston Aioritm for oM
CERN-CMS-DP-2026-011

Deliverables and next steps

e Accelerate the HLT tracking and muon reconstruction without

@

major physics compromises, successfully exploiting
heterogeneous architectures and efficient data structures v

e Provide multiple developments for a new validation suite ¢/ B o ot the SR
. . (MR for the HL-LHC Upgrade 7 I
e Ongoing and planned studies T A

Improve the muon tracking iteration with new selection strategies
Optimize the tracking and muon reconstruction for displaced tracks

Explore new computing solutions for the reco. of secondary vertices

Exploit ML techniques for improving the removal of fake tracks

Explore new objects for improved tracking

o O O O O O

LLWI'26, E. Vernazza, Talk |

Further reduce and compress the scouting

stream output size

O Extend the validation software considering
MET, PF HCAL clusters and Taus

T .
utionizing the CMS High-Level Trigge
at the HL-LHC with Next-Generation Triggers

b
@ B | Elena Vernazza (CERN), on behalf of the CMS Collaboration
q e
‘ = b2 March 1st 2026
2 % NéxTGen exTGe

Lake Louise Winter Institute (Canada)

Revol

r system

WP3 HLT


https://indico.cern.ch/event/1471803/contributions/6967011/
https://indico.cern.ch/event/1499357/contributions/6628605/
https://indico.cern.ch/event/1499357/contributions/6621925/
https://indico.cern.ch/event/1499357/contributions/6622096/
https://indico.global/event/484/timetable/?view=standard#378-revolutionizing-the-cms-hi
https://indico.cern.ch/event/1608483/timetable/#16-ecal-dpg
https://cds.cern.ch/record/2948318/files/DP2025_076.pdf?version=2
http://cds.cern.ch/record/2948319/files/DP2025_077.pdf
https://cds.cern.ch/record/2950077/files/DP2025_083.pdf
https://cds.cern.ch/record/2956836

AoS

Efficient Data Structures

Requirements:

e Flexible implementation of Structure of Arrays (SoAs)
O Access the data with user-friendly and intuitive “AoS-like” operators
e Single memory buffer to minimize data allocations
e Same memory layout on all architectures to simplify data transfers
e Separation of Concerns:
O Layout: Organizes the buffer into columns and handles persistent storage

MEL 49Z|0H ‘W ‘9Z.dIHD

O View: Data access (in AoS-Llike fashion for user friendliness)
O PortableCollection: Templated on the layout, manages the memory buffer

Challenges:

Flexible composition of columns from different SoAs

User-friendly macro- and template-based implementation (fully supported in C++20)

Minimize data copying in heterogeneous Machine Learning workflows (in collaboration with WP 1.7)
Efficient serialization: strong collaboration with the ROOT team to develop RNTupleSoAs

WP3 HLT



https://indico.cern.ch/event/1471803/contributions/6967229/

Flexible Data Structures

e SoABlocks: combine multiple SoA layouts .
O used to represent complex map- or graph-like structures g
O layouts can be completely different! 2]

Associated elements

H////

(@]

T

e SoAMultiView: enables the iteration over multiple SoAs [o]1]3]6 10]12]kes 3
: ko ki ko ks ki ks =

T

with different sources but identical layouts | A
O no performance penalty |
O under development

e Serialization with ROOT
O Recent focus on the persistent storage of SoAs

O Collaboration with the RNTuple team to avoid data
conversions / copies between SoAs and ROOT in the
future RNTuple integration

B discussions on ROOT’s automatic scheme evolution

CHEP’26, M. Holzer, Talk

WP3 HLT



https://root.cern/manual/io/#automatic-schema-evolution
https://indico.cern.ch/event/1471803/contributions/6967229/
https://indico.cern.ch/event/1471803/contributions/6967229/

Very significant benefit for intermediate

array sizes (note the log scale!)

= 100 ] ey T & i
Effi - t M ‘% ¥ GPUDirect Storage L S ] %
cient Memory
1072 A ¥ 15
) ; v 15
e GPUDirect Storage yordla v 1=
O bypass the CPU: copy data from storage (NVMe) g gg i T 2 a ]
3 X E=
to GPU memory 8 o . X - . E
. . . Q - X P
O avoids extra copies in the CPU buffers o ! | N ool o
. . ¢ 100 10! 102 10°
O tested using synthetic benchmarks Array size [MB]
Up to 25x speed-up!
600
loStandard Approach 1
. . . . loSoA Converter
e For the benefit of all: ML integration 500 - 1ecid with one NVIDIA H100 GPU
o In collaboration with WP1.7: CMS SoAs can now T 100 job and T stream
directly interact with PyTorch’s memory layer E 200 x
O Efficient memory reuse ;5
. . 200 >
O  Successfully tested under production-like ) >
conditions! o .
0 =
~20 Nodes ~200 Nodes ~500 Nodes ~700 Nodes Y
~40 Edges ~2000 Edges ~10k Edges ~30k Edges 5’

WP3 HLT

Benchmark Cases



https://indico.cern.ch/event/1471803/contributions/6967229/
https://indico.cern.ch/event/1488410/contributions/6562969/

Deliverables and next steps

Flexible SoA datastructure deeply integrated within the

CMS software v

O used in production for data taking in Run-3

Complex use cases covered by custom SoA extensions v

Direct integration in Machine Learning workflows «

O no data copies required

Future: Try GPUDirect Storage in
realistic scenarios
O A Summer student will soon be
working on it!
Continue collaboration with the
RNTuple team

CHEP’26, F. Pantaleo, Talk

WP3 HLT

Efficient data movement for
Machine Learning inference in
heterogeneous CMS software

Christine Zeh'2, Lukasz Michalski®, Emanuele Coradin?,
Leonardo Beltrame?®, Eric Cano!, Felice Pantaleo’, Davide
Valsecchi®, Markus Holzer!
on behalf of the CMS Collaboration

'CERN, ?Imperial College London, *AMD, “Universita di Padova,
SPolitecnico di Milano, °ETH Zurich

28th Conference on Computing in High Energy and
Nuclear Physics

St Efficient Data Movement for Machine Learning
) Inference in Heterogeneous CMS Software CMS,
CZeh's L Michalskizs L Belt 5 D F Pantaleos E Cano

ACAT’25
C.Zeh
Poster -

| (&) ETH ziirich =5

CHEP’26, M. Holzer, Talk

Efficient Data Layouts and
heterogeneous data handling in
CMSSW

Markus Holzer', Simone Balducci'?®, Leonardo Beltrame?,
Felice Pantaleo’, Andrea Bocci'
on behalf of the CMS Collaboration

CERN, 2University of Bologna, *INFN-CNAF, “Politecnico di Milano

28th Conference on Computing in High Energy and
Nuclear Physics



https://indico.cern.ch/event/1471803/contributions/6967415/
https://indico.cern.ch/event/1471803/contributions/6967229/
https://indico.cern.ch/event/1488410/contributions/6562969/

Evolving CMSSW into a distributed application

. . Baseline Distributed CMSSW
e The CMSSW framework is constantly evolving o
o Data processing is being increasingly ported to GPUs = 80 3
=z
O Legacy code is being overhauled or removed 00& 88 s s T g
[ e [ N
o0  The available hardware is also evolving 00= 80 e
e The answer: distributed application with MPI = 08 ~
Client S
O  Offload part of the processing to remote accelerators l Cllen Server
ient erver
o Allow independent scaling of CPU and GPU resources nE=EEs 00} |o==mm=m=
00EEES 00 ====
o _ TEEEE i ===
e Implemented new “trivial serialization” mechanism: e S
. “ . ” . .. L1 1 1 | .. B e 1 1 1 |
O Describe memory layouts as “address, size” pairs e owayiorigihalnodesand g B e
o Directly send and receive data to/from GPU memory new ones it mere GPD
Without MPI With MPI

WP3 HLT



https://indico.cern.ch/event/1471803/contributions/6966797/

CMS Preliminary

Throughput results

No penalty from using MPI

Full HLT menu

Significant penalty from using MPI

225 A

= = = - N
o) N ul ~ 5]
S} Ul o) Ul S
1 1 1 1 1

~
(O]
1

Throughput (events/s)

50 A

25 4

[ Single process. No MPI, no GPUs

I Single process. No MPI, one L40s

[/ MPI (two sockets), one L40s, GPU RDMA
[ MPI (200G RoCE), one L40s

I MPI (200G RoCE), one L40s, GPU RDMA

[8, 6] [16, 12]

CMSSW [threads,

CPU-bound HLT menu

[24, 18]
streams]

CHEP’26, M. Gonzalez, Talk

2 NexTGen

[32, 24]

WP3 HLT

2026 (13.6 TeV) CMS Preliminary Reduced HLT menu 2026 (13.6 TeV)
1600 7 [ Single process. No MPI, no GPUs
1460 - I Single process. No MPI, one L40s
[ MPI (two sockets), one L40s, GPU RDMA

7 1200 - = MPI (200G RoCE), one L40s
by I MPI (200G RoCE), one L40s, GPU RDMA
+
T 1000 -
>
&
+~ 800 A
=
Q.
=
S 600 A
2
<
400

200

0_

[8, 6] [16, 12] [24, 18]

CMSSW [threads, streams]

[32, 24]

GPU-bound (reduced) HLT menu

server GPU == client GPU

)

Throughput (events/s

Trade-off between MPI network overheads and the speed-up provided by remote accelerators

The overhead is largely compensated

from using more powerful accelerators

CMS Preliminary Reduced HLT menu 2026 (13.6 TeV)

7201 [ Single process. No MPI, no GPUs
640 | HEE Single process. No MPI, one T4
/1 MPI (two sockets), one T4, GPU RDMA
560 4+ T MPI (100G IB), jremote A30X
I MPI (100G IB), fremote A30X,J GPU RDMA
480 -
400 -
320 A
240 A
160 -
80 A
0_
[8, 6] [16, 12] [24, 18] [32, 24]
CMSSW [threads, streams]

GPU-bound (reduced) HLT menu
server GPU >> client GPU

Next Generation Triggers
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Throughput results

e Trade-off between MPI network overheads and the speed-up provided by remote accelerators
e Study the impact of RDMA: by-passing the server’s CPU when transferring data from the server to the client

The overhead is largely compensated

No penalty from using MPI Significant penalty from using MPl  from using more powerful accelerators
CMS Preliminary Full HLT menu 2026 (13.6 TeV) CMS Preliminary ~ Reduced HLT menu 2026 (13.6 TeV) CMS Preliminary  Reduced HLT menu 2026 (13.6 TeV)
] i 720 :
22> @ Single process. No MPI, no GPUs 16001 =3 single process. No MPI, no GPUs 2 Single process. No MPI, no GPUs
200 1 HEE Single process. No MPI, one L40s 4554 BN Single process. No MPI, one L40s 640 | HEE Single process. No MPI, one T4
= MPI (two sockets), one L40s, GPU RDMA [ MPI (two sockets), one L40s, {GPU_RDMA] [ MPI (two sockets), one T4, GPU RDMA
—~ 1751 X3 MPI (200G RoCE), one L40s 3 1209 ] E=3 MPI (200G RoCE), one L40s ~ 560 1 XX MPI (100G IB),
N EEE MPI (200G RoCE), one L4@s, GPU RDMA » BEN MPI (200G RoCE), one L40s,[GPU RDMA | > EEE MPI (100G IB), GPU RDMA
£ 150 £ £ 4807
) o 1000 A = 1)
© s 3 RDMA increases 3 400 4
= = 800 1throughput! .
3 100 - a ghp 3 320 -
E S 600 ’g
8 751 5 3 240 1
o = e c
= 400
50 - " 160 4
25 - 200 A 80
0 - 0- 0 -
(8, 6] (16, 12] [24, 18] [32, 24] (8, 6] [16, 12] [24, 18] [32, 24] (8, 6] [16, 12] (24, 18] (32, 24]
CMSSW [threads, streams] CMSSW [threads, streams] CMSSW [threads, streams]
CPU-bound HLT menu GPU-bound (reduced) HLT menu GPU-bound (reduced) HLT menu
CHEP'26, M. Gonzalez, Talk server GPU == client GPU server GPU >> client GPU
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Deliverables and Next Steps

e The simultaneous offloading of parts of the HLT to remote
servers with different accelerators has been demonstrated v

O Opening the possibility of offloading specific HLT stages to the
remote accelerators where they run most efficiently
O Targeting multiple vendors at once becomes a possibility

e Ongoing and planned studies:
O Reduce MPI’'s overhead by compressing data before sending
O  Further optimize MPI configurations, or using lower-level libraries
like UCX instead
0 Compare different network protocols and interconnects (Infiniband
and RoCE)

e Documentation
o Task 3.2 2025 Report

WP3 HLT

CMS Week, A. Polova, Talk

Evolving CMSSW into a client-server

distributed application for HLT

CHEP’26, M. Gonzalez, Talk

Evolving the CMS software into
a distributed application

Andrea Bocci,Anna Polova, Mario Gonzalez



https://indico.cern.ch/event/1471803/contributions/6966797/
https://indico.cern.ch/event/1557810/contributions/6560443/attachments/3178408/5756234/report%20(1).pdf
https://indico.cern.ch/event/1665062/#8-offloading-cmssw-modules-to

The Need for Optimal Calibrations @ HLT

e Historically, offline calibrations are done more frequently and are more precise than at HLT

e NGT scouting requires fast, optimized and accurate calibrations directly at HLT
o Buffer the full HLT input data for several hours, requiring O(100 PB) storage with ~7.2 TiB/s @ 750 kHz
O  Calibration constants are derived in-situ during data taking, exploiting data buffering
O  Only one chance to reconstruct HLT data: calibrations need to be optimal!

ECAL Crystal Muon alignment

Pixel Alignment Transparency
Corrections

Beam Spot

Magnetic Field

every 23 s once per run

every - 40 minutes ~ ONC€ayear | Hc run (few years)

>
>

frequency of updates
to the calibration type

Credit to J. Prendi
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The NGT Demonstrator

Goal: Demonstrate the feasibility of the Phase-2 NGT HLT calibration, using the current Run-3

system as a benchmark

Workflow:

CMS DAQ-HLT (P5)

e Route 1%) of the HLT input data (~1 kHz) to
a dedicated DAQ storage manager node at P5

e Buffer the data for 8 hours on SSDs

e Derive or pick-up improved calibrations within
8 hours

e Re-run the full HLT with the new calibrations

e Evaluate and compare physics performance
between old and new calibrations

NGT-HLT SAKURA
Run-3 Demonstrator (NERD)

calibration leg

builder units . data quality|

3
filter units

\ 7
. storage mahager HLT Scouting
=400 Hz

jmonitoring
2

processing chain

A significant effort was devoted to setting up the required hardware and software infrastructure!

=) WP3 HLT

'€ dM 01 JIpa1D



https://cms-ngt-hlt.docs.cern.ch/Task34/NGTDemonstrator/

The NGT Calibration Loop

Two offline calibrations are sufficient to
recover match prompt performance @ HLT!

_ CMS Pre/lm/nary Sep 30 - Oct 23, 2024 (13.6 TeV)
Three tasks must be orchestrated: Ego.o[ Z—>ee | | o | E
e Event reconstruction with simplified tracking 289‘5; R . P H?{ (1 {H% % % ]
e Deriving or picking-up calibrations ISP } § I H» L
e Upload the calibration results to the conditions database 2% | { } 1. ot
i R TR U
Proof of concept using offline calibrations @ HLT s ok T} ; J I L
e ECAL noise pedestals :l DT L Tl ikBounday
e ECAL Crystals’ laser corrections \MP T : * | __Prompt conditions
570 = j 3 HLT+Prompt LC and Prompt Ped |
After successful validation, the calibration was a2 P T R
extended: © 0050 |
e Bad components of the silicon strip tracker no%e { { I 1 | | T
e Pixel tracker alignment PRI T [ { ! } } ﬁ } { H
e Strip tracker unpowered modules e T NS I N A B S
e Improved beamspot (high-purity) A TR = % ‘ e

=) WP3 HLT

Delivered Integrated Luminosity [fb~']



https://cds.cern.ch/record/2950076/files/DP2025_082.pdf

Monitoring and Validation

Successful integration of the NGT demonstrator infrastructure
into CMS monitoring systems

o Data Quality Monitoring GUI

O File-based Filter Farm monitoring tool

o Conditions Database Compatibility is stable over time for

the mass scale and resolution!

CMS Preliminary 2.09 fo-!, 2025 (13.6 TeV)
R ——

@ E
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Mass spectra are remarkably
similar between prompt (offline)
and NGT calibrations !
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https://cds.cern.ch/record/2961610/files/DP2026_028.pdf
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the Next Generation Triggers
Calibration Loop in the CMS Experiment

e The NGT demonstrator was integrated with the rest of the CMS ﬂ
infrastructure, and was continuously run during part of the on Bt et
Run-3 data-taking period et EfHzirich | B

e Physics validation results are extremely promising v @) | Demors '

CHEP’26,
e Phase-2 integration and validation represent our priority: =8 M. Zarucki,

O Implement a test integration system for LS3 (replay and simulated
Phase-2 data) with the features of the NGT demonstrator

O Detailed assessment of Phase-2 calibrations, including physics impact
O  Study different buffer solutions (SSDs vs HDDs, size, time, cost, ...)

O Investigate orchestration solutions for the Phase-2 calibration loop
(including “rolling” calibrations a la beam-spot)

O Investigate other mechanisms for delivering calibrations to the HLT
(e.g. HDF5 files)

O Explore heterogeneous reconstruction and ML solutions for calibration
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Documentation
e CERN-CMS-DP-2025-082

e Plan to discuss with LHCb on their real-time buffering and e CERN-CMS-DP-2025-087
calibration system experience e CERN-CMS-DP-2026-028
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Rethinking the HL-LHC CMS Real-Time data processing with NGT

But what if New Physics doesn’t look as expected, and it’s instead buried under the bulk of the
background events we are throwing away due to the trigger selections?

Redesign the data collection and scouting strategy to reduce the need to reject events in the
nexicen L evel-1 and High-Level triggers aiming at complementing the current workflows.

At Level-1: develop an advanced Scouting workflow that, profiting from the increased granularity
and flexible architecture of the Phase-2 CMS experiment, can allow to perform trigger-level physics
analyses at 40 MHz.
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At HLT: replace the trigger filtering task with an event processing task similar to what happens
with offline events stored on disk and develop the next HLT scouting system: NGT Scouting.

Leverage traditional physics-based algorithms and advanced Al solutions to more efficiently select
signal processes: both in hardware and software triggers!

To extend the CMS discovery and precision measurement reach!




