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High Luminosity Large Hadron Collider

» We need the high statistics provided by HL-LHC in order to search for New
Physics at the EWK-scale

» Small SM deviations (high stats)

» Difficult phase space (increase acceptance)

High Statistics High Luminosity Pile Up increase

— —
4000 fb-" 7.5x103 cm-2s 200 PU

» The Phase 1 Level-1 Trigger (L1T) system and algorithms at 200 PU = 4 MHz for
the same Physics acceptance

« TJotal allowed Phase 2 L1T bandwidth = 750 kHz
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mwgaes | CMS at HL-LHC

Barrel Calorimeters

L1T and HLT/DAQ - ECAL crystal granularity readout at 40 MHz
» Tracker Tracks in L1T at 40 MHz with precise timing for e/y at 30 GeV

* PFlow selection at 750 kHz - ECAL and HCAL new Back-end boards
* HLT output at 7.5 kHz —

- 40 MHz Scouting: Real time analysis g7~ g
- L1T latency: 4 — 12.5 us

Muon Systems

« DT & CSC new FE/BE readout
« RPC back-end electronics

- New GEM/RPC1.6<n<24

Calorimeter Endcap

- High Granularity Calorimeter (HGCAL)
» 3D showers and precise timing

« Si, Scint+SiPM in Pb/W-SS

Beam Radiation Instr. and
Luminosity
* Bunch-by-bunch luminosity

measurement:
« 1% offline, 2% online

Tracker

+ Si-Strip and Pixels increased granularity
» Design for tracking in L1-Trigger

- Extended coverageton = 3.8

MIP Timing Detector

* Precision timing with:

- Barrel layer: Crystals + SiPMs

- Endcap layer: Low Gain
Avalanche Diodes
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e e | Phase 2 L1 1: Architecture

Phase 1 Phase 2

Calorimeter trigger Muon trigger Track trigger

Muons Calorimeters e — ——g

Detector Backend systems

CSC RPC DT HBHE HF ECAL J HGCAL { ][ CSC GEM IRRC [ ] TP
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Muon Track Muon Track Muon Track Calorimeter PF
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3PTX Correlator Trigger
Global DeMux
Muon Trigger
Global Trigger GT
Y Y
[ U ] Phase-2 trigger project
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e e | Phase 2 L1 1: Architecture

Calorimeter trigger Muon trigger Track trigger
]

Detector Backend systems

CSC GEM | iRPC [ ] TP

— 1~

EMTF Local

Global Calorimeter : Global Track
: . lobal
Trigger Global Muon Trigger Trigger Globa
1 2.5 |,IS External Triggers < -
. . PF
- > a N
PPS
L J
s R - 7
BPTX Correlator Trigger
L _J

Global Trigger GT

750 kHz Phase-2 trigger project
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1T Algorithms: Particle Flow |

* One of the key aspects of the P2 L1T system is the Correlator Trigger, implementing
sophisticated algorithms allowing for higher level objects

 Similar algorithms have been used offline in Run 2

» Layer 1;

» Produces particle-flow (PF) candidates; constructed from the matching of
calorimeter clusters and tracks

» Pileup Per Particle |dentification (PUPPI) algorithm mitigating the degradation of the
energy resolution due to PU

| | /

» Layer 2; [ }
 Building and sorting final trigger objects [ ]

Correlator Trigger

» Applying additional |ID and Isolation
 PF+PUPPI: needed to sustain Run 2 Jets & MET thresholds
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fonaon 2 LTT Algorithms: Particle Flow

» All the algorithms have to fit within the ” E—
resources of FPGAs I ! .. =
- For the Layer 1 we have the fully U Fooonizer2

working PF+PUPPI on VU9P-2 boards
and plan to then go to VU13P-2

» Despite the complicated algorithms
we still have room to expand with
other algorithms

G
J
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=
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- V
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2 e ¥
"

« On Layer 2 we have:

» 2 well performing algorithms for the

Deregionizer

Jet finding: SeedCone and Histogram Jet ‘ ,
- lloop B
+ NNTaus and e/y ID: working to - ort N
expand the scope of ID, isolation f i ,
Layer 1 Barrel Layer 2: Jets Layer 2: NNTau
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Phase 2 L1T: Objects

Detector Backend systems

o

{ STA ely }
STA Calo th/Jets/Ht

Sl TM e |TM tracker-iso e | Tracker-iso y
PF Candidates |PUPPI Candidates

PUPPI trw/Jets/ETMiss/Ht

Correlator Trigger

____|Menu: masses, An, A®, Ar, BDT/NN, ... ,

o

B. Radburn-Smith CMS L1T P2 Overview



london < Phase 2 L11: Technology

-

« All boards aim to use the same FPGA:
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« 28 GB/s

» Different board families perform
different functions

 FW is different

» Latency: < 9.5us (allowing for 20%
buffer)

All preproduction hardware has been
delivered
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london | HIghlight: NN Vertexing

» Using an End to End NN for Vertex finding

* End to End: track to vertex association Is optimised | Irackiicaiures |
- Quantised and pruned in order to fit onto Field =5 o 00
Programmable Gate Array (FPGA) ge gL |
=2 1 ) L]
» Reduction in the tails of the residual AR &
» Returns likelihood of track belonging to the vertex c Histogram
with a flexible threshold for downstream algorithms = s ¥ |
CMS Phase-2 Simulation Preliminary 14 TeV, 200 PU CMS Phase-2 Simulation Prelimi .|CT_-) 8) LS) [ 3’1’1 ] Welght Network
| § 100:. . Ialsei lIr:7ula/:)nl r?//:wn.ar}l/ —r I1:;,T:3-VI,2(l)Ol=’U Dc-lg § + Pattern Network .
Z e |- ArgMax __Assoc. N
T Ruts - 0.6884 % A,jgyﬁ
c vy vy
5 10 2 20
S c 20
: - 1
v "y
E 2PV P;(from PV)
ng Residual [cm] o Trackoff)OVertex (;?sssociati;ﬁg?rrue Pooé?zve Rate1:'00
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mecacse | Highlight: NN ID of B-quarks

» Implement in the Correlator Layer 2 a NN to ID jets &0 @ &
originating from b-quarks & & & &
QU QR Q
* Runs on the PUPPI particles in each jet and
discriminates between jets originating from b quarks, l l l l l l l l l l

and those from light quarks or gluons . ‘ ““““‘

. Eﬁgﬁlg zeg()ogrge;r\\/ce compared to QuadJet+HT for (2(2 ::::::Z """""

(50 features)

CMS Phase -2 Simulation Prel/m/nary 14 TeV, 200 PU

> Ir T N . |
O . n..*u"“‘"n ¥ sl 20 p%p 20 features
S 0.8 '.-l"ﬂ'd:...m’o "’oﬂ’ﬂ"ﬂ++?+¥ | | '
§ ) __ ....‘.' ]
Yy — :' . HH — bbbb events — 10 features)
m(HH) < 500 GeV {9 . <+ b-tag NN @ 15 kHz . 1 foat
« NN: 68.99% 0.4 i*... -#- QuadJet+HT OR Jets+Muon @ 15 kHz — b( tazastég)e
1 QuadJet+HT @ 11 kHz 5 )
* QJ+HT || J+p: 53.9% 02l -
+ QJ+HT: 61.4% 1 :
%2.5} | =
'*g % 1 2 ;I+:."o =
=R » . . . .
TG E mee L oeee. - Pointwise convolution Dense layer
= —e &0 g):"-""- L 1'?)00 (per particle dense layer)

my, (gen) [GeV]
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Impact on Physics Reach

» With the upgraded L1T system we now have:

Tracker tracks
PV

PF objects

Extension of muon and
electron acceptance

B. Radburn-Smith CMS L1T P2 Overview



Impact on Physics Reach

» With the upgraded L1T system can trigger on:

Rare B-meson decays
Soft and correlated p (u-jets)

Tracker tracks

Displaced Jets PV |
Displaced

PF objects

Extension of muon and
electron acceptance

VBF H
Leptons at high n

B. Radburn-Smith CMS L1T P2 Overview



Impact on Physics Reach: Example T

» With the upgraded L1T system can trigger on:

Rare B-meson decays

¢ B = OKK)D(KHK?)

« Arare FCNC process forbidden at the tree level
in the SM

» [rigger on the fully hadronic final state with L1
Tracks

» Reconstruct @ candidates using pairs of
oppositely charged tracks originating from the
same vertex

» Then reconstruct Bs® candidates from pairs of
@ candidates originating from the same vertex

Normalized # of B, candidates

0.12

O
—

0.08

o
o
D

CMS Phase-2 Simulation

14 TeV, 200 PU

— L1 Signal

---- Offline Signal

. L1 Background
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london < Impact on Physics Reach: Example 2 w

» With the upgraded L1T system can trigger on:

- VBF H—invisible, VBF H—bb

07 CMS Phase-2 Simulation 14 TeV, 200 PU . _CMSPhase-zsimulation 14 TeV, 200 PU ° ReCIUireS the L1 PF reCOnStrUCtiOn
S el | B | » DNN separately trained using both signals,
o owverrem I with the minimum bias as background
» Models were pruned to remove connections
with low weights
{ + The DNN outperforms the cut-based trigger
T 056466058000 20 140 Teg a0 algorithms
Rate (kHz) Rate (kHz)
» Larger gains in the VBF H—bb signal where
VBF H MET could not be used
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: CMS
I | Coll
fohdon <% SUuMmMmary .

- HL-LHC is required to gain large statics for physics analyses; but comes at a price of high PU

» CMS will undergo many developments in order to capitalise on the HL-LHC

* Including entirely new detectors

» The Level 1 Trigger will be upgraded in order to not only cope with the harsh environments
provided by the HL-LHC, but also increase acceptance

* Novel triggering solutions are being developed now for Phase 2

» |Including developing Machine Learning technigues which have to fit onto the resources of
the FPGAs

» Modern ML possible due to more powerful FPGAs and tools to synthesise ML in those
FPGAs such as HLS: simple algorithms — complex offline-like algorithms

» The physics reach will be extended with the upgraded L1T system

- Benchmark channels have been studied to understand the potential improvement
compared to Run 2 studies
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orden % 40 MHz Scouting

35fb™ (13 TeV, 2017)
1 1 1 1 LI II

10" g T T
» We have used scouting in Run 2, and are expanding the 10" iy IO £ e e
capabillities in Phase 2 pd v v

» For Phase 2 we are planning on utilising 40 MHz scouting

Events/GeV x Prescale
IIIIl|||| IIIIl|||| IIIIll||| IIIIll||| IIIIll||| IIIIll||| IIIIll||| L L LU

» |nputs from multiple sources

» Access to yGMT muons, e/y, jets, taus, MET, BMTF muons,
UGT algorithm bits

O ___ 10 Gb/s trigger link protocol

Run-3 DS A { } [ = Example of online only reconstruction

u* u invariant mass [GeV]

0 . 100 Gb/s Ethernet (CWDM4)
- : dimuons probing from MeV to 100s of GeV

— __ 100 Gbr/s Ethernet

—__ 100 Gb/s RoCE e

o [m| our | L wan | iz |
>yevsce — | * Autoencoder for anomaly detection

s
- i‘ﬂ E"} » Can be used for monitoring, diagnostics, luminosity

[ ; 1]] y measurements
<+ And for physics: accessing processes without distinctive
trigger signatures (and won't fit in the L1T accept rate
budget)
« uGMT muons scouting demonstrator ran at the end of Run 2
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/HLTDiMuon2017and2018

Impact on Physics Reach: Example 3

» With the upgraded L1T system can trigger on:

— ) . — ] 3.0ab’' (14 TeV)
- Differential tt production cross section 5 06 CMSuwr,,, ~ WosMO<we
f = : parton level e Simulation
: ] Q 05
» Constrains the PDFs; useful for all physics -3 W stat il < 2.4
analyses at LHGC 22 ook Stat i <2.8
» Semileptonic decays use lepton triggers ° 0 .
0.1 °
* N coverage: 2.4 — 2.8 or 3.0 . S Peis
3|5 1021
» Reducing the statistical uncertainties in = ::W
the forward region where the sensitivity of 098 i
the analysis is significant o 05 1 15 2 25 8
ly(tt)l
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london | Pnase 1: L1 Muon Iriggers

- 3 Track Finders which:
+ Reconstruct muon track from hits or primitives

- Assign n, ¢, pT and quality to each candidate BVTE

- BMTF: The Barrel Muon Track Finder e s e B e B L e G L Ry

8° B843° 786° 731° 67.7° 625° 57.5° 52.8°

. #Jsets DIJ]:RdP_C "'super primitives" created in previous layer E i
or track finding | ,
+ Using Kalman BMTF for Run 3 mﬁ S -S-i il
+ OMTF: The Overlap Muon Track Finder ; !; EMTE
- Treats hits from CSCs, DTs, and RPCs on an equal footing — g
using a Golden Pattern approach [E— | i
- EMTF: The Endcap Muon Track Finder P | %; E%
- Exploits look-up tables generated from BDTs to create s B0 1 | ;; Z;
tracks from CSC, RPC and GEM hits i sigth | | |
. UGMT: The Global Muon Trigger o MR s s e W gf(,ii’

-+ Receives up to 108 muon tracks from all track finders, sorts
and removes duplicates
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oo < Phase 1: L1 Calorimeter Triggers

COmbIneS |npUtS frOm e|eCtrOmag net|C and | Each card spans 4 out of 72 trigger towers in ¢ and all of n. |
had fon |C CaIOrl meterS |nt0 1E|3 cards, each receiving 60 links at between 5.0 Gb/s & 6.4 Gb/s of calorimeter dalta

. " Lol Vol Lol Vol
Applies position- and energy-dependent Layer 1 .
calibrations cards

Layer-2
. . 48 output links -
Finds Jets, e/gamma and Tau candidates pertayer ] card @106/ 7
- x9
: : : : Layer 2 —
For each object, applies pileup subtraction, perLayer2card v _ e o

computes isolation, applies object-based JJJJ” 6 outout links

Node 2 hor | ayer-2 card @10Gb/s

calibrations -
—Redundant N/
Computes global quantities: node

transverse energy, missing energy, etc. De-multiplexing -

card

Time-multiplexed architecture |
uGT

Array of processors that each receive the full
event information for subset of events
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