CMS-TDR-021

Overview of the HL-LHC Upgrade
for the CMS Level-1 Trigger

=

Claire Savard on behalf of CMS Collaboration
University of Colorado, Boulder C [\/\S
11 May 2023

@ 11 May 2023 CHEP 2023: Overview of HL-LHC CMS L1T


https://cds.cern.ch/record/2714892%3Fln=en

High Luminosity Large Hadron Collider

* Increase statistics to search for new and rare physics

High statistics
(4000 fb1)

High luminosity
(7.5 x 103* cm2s1)

Pile-up increase

200 PU
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CM S t th HL LHC K Barrel Calorimeters
a e -  ECAL crystal granularity readout at 40 MHz

with precise timing for e/y at 30 GeV
« ECAL and HCAL new Back-end boards

LIT and HLT/DAQ

* Tracker Tracks in L1T at 40 MHz
 LI1T acceptance: 100 = 750 kHz
 HLT output at 7.5 kHz ’
* 40 MHz Scouting: Real time analy31s 4
« LIT latency: 4 — 12.5 us

Muon Systems

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

* New GEM/RPC1.6<n<24

Beam Radiation Instr. and Luminosity

* Bunch-by-bunch luminosity
measurement:

* 1% offline, 2% online

Calorimeter Endcap

\
* High Granularity Calorimeter (HGCAL) \ ‘\
e 3D showers and precise timing
e Si, Scint+SiPM in Pb/W-SS

Tracker MIP Timing Detector

» Si-Strip and Pixels increased granularity /Y AR . = e Precision timing with:

» Design for tracking in L1-Trigger | S o » Barrel layer: Crystals + SiPMs
* Extended coverage tomn = 3.8 * Endcap layer: Low Gain

Avalanche Diodes
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CMS Level-1 Trigger (LlT) 40%Hz

Calorimeter trigger Muon trigger Track trigger
* Initial event selection in "B 2

real time

Local

* Reconstruction of physics

Global Track
Trigger

Global Calorimeter

objects oo
* FPGA-based hardware exerns T

Global

[ ]; = 12.5 us

e Goals: | |

* Maintain current physics —
reach with 200PU [:]L

« Extend to new signatures  ones B ] 7
with advanced techniques l

* Ex: machine learning 750 kHz

-~

Phase-2 trigger project —
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L1T Architecture
Detector backend systems :
( TRACK FINDER ] g .......
S
:
_ APX-F
[Comlator Layer1] et | ; .......
E | '
] :
S ks IEZEE S« ATCA form factor PCBs
S ——-== ® « Xilinx VU13P FPGAs
' « 25 Gb/s optical fibers
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L1T Upgrades

Phase 1 Phase 2

Calorimeter trigger Muon trigger Track trigger
I

Muons Calorimeters

Detector Backend systems

e N\ TP
CcsC RPC DT HBHE HF ECAL
TPs Hits TPs TPs TPs TPs
- J
Barrel
v v OMTF Local
- N ~ Layer-1
Muon Link
Port Card Board
L Global Calorimeter . Global Track
d Tri Global Muon Trigger Tri Global
v v YVYv rigger rigger
Layer 1
CPPF TwinMux Calorimeter
Trigger
External Triggers
A 4 1 Y Y \ 4
—
Endcap Overlap Barrel Layer 2 PF
Muon Track Muon Track Muon Track Calorimeter
Finder Finder Finder Trigger
| | . [ ]
A 4
Correlator Trigger
Global
Muon Trigger ERL
-
GT
Others CEEEEE ]
|

Phase-2 trigger project
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L1T Upgrades: Calorimeter and Muon Triggers

CMS Phase-2 Simulation 14 TeV, 200 PUI
g 1‘2—_. : —]—CaloJet'
. . ‘E: — jpCalode '>100 GeV, i <12 |
* Calorimeter trigger: B S
* Higher granularity for high-resolution
clusters and identification variables
) Bulld e/)/? Th ’ Jets, energy Sums CMS Phase-2 Simulation 2(.)0:PU Jet ﬁndlng efﬁCIGHCY
> T ! ] pros
§ 1f.-,-WMfMMVm.”.,. | 74N T T P T P P B
E O 8; 50 100 150 200 250 300 pTg!SnS)e‘ (égs)

* Muon trigger: |
« Extended coverage |n| < 2.4 - 2.8 06

* Muon track finders separated in 0.4f
barrel, endcap, and overlap regions :

Muon finding efficiency

¢— Track + EMTF++

0.2

Lo b b b b b g
20 30 40 50 60 70 80 90 100
Generated muon P, [GeV]

P
00 10
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L1T Upgrades: Correlator and Track Trlggers

. CMS Phase 2Slmulatlon — e '1]4| TeV
® 1 . 2 °er 7]
Global track trigger: T Track finding efficiency
* Gets full tracker tracks from Track Finder o ]
* Build track objects: jets, vertices, Hy oo veagtat :
r -&-pr>8 GeV 1
D B T B e T R S
_ CMSphase2 simuiatio 14 TeV, 200 PU Particle
* § Jrs——— T —
 Particle Flow 1dentifies and reconstructs all = o8 {7
particles with sub-detectors info o Hy trigger efficiency
* Pileup Per Particle Identification (PUPPI) used :
e | -~ PuppiHT (370 GeV)
to mitigate PU effects k I
L o‘ alo e
» Reconstructs hadronic jets, EX*S, 7., Hr, ... S TR0 e
*See Sioni Summers talk on Particle Flow O g0 06— abo 80550061200

Gen. H, (GeV)
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L1T Upgrades: 40 MHz Scouting

Scouting system

1/0 nodes

Local processing
Transient short

term storage

* Collects subset of trigger
primitives and objects through
spare optical links

Ll

oo
£ __
am
wv
g2
a %
TS5
o 0
™ £
- O
L%
S £
2 3
..
39
8=

e Uses: :
. . . . . Global 9
* Monitoring, diagnosis, lumi Track W :
rgger a | .
measurements o 2§
* Find correlations among -
contiguous BX -

Attached
storage

* Analyze signatures unreachable
through standard triggers
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L1T Objects

STA ely STA u Primary Vertex (PV)
STA Calo tw/Jets/Hr T™ STA Tracker Jets/Ermiss/Hr

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

PUPPI t/Jets/Etmiss/Ht

Menu: masses, An, A®, Ar, BDT/NN, ...
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Sub-Detector Example: GT'T

* Track mnputs: {%, ¢, tan(1), zy, ngpyp, quality ...}

* Global Track Trigger (GTT) builds track objects
miss . .
* Hp, E7°°, primary vertex, jets R T T AT
g of ]
Q0 I
00 02 04 0§ 08 10 12 14 2 oo
0 / ; - - 16 = i%“’“ gF N
%1000 ‘l’ zﬁ | | | 18 0.95|- i +j_ -
800 —__——__—_—_-_// | || || — dhter tr||cker/ i : =+: . i 3F Jr : ol . Fasthisto HDLS
600 . el | | ‘?’I 22 Simulated Hadronic tt Events PU=0 4~ :
4 —NNANN N \*\ N ' b y y —24 - T | . —=r
. P g g » 1 » 26 t Target @
A0 sanv v " g g -28 0.9~ } . N [ ] Jetfinding
200 = NN \*\ Ve ! ! = -390 - L1 track jet ]
fe=—IR | | b :I- Inner tracken.o - reconstruction %’ D 1500)+TVA(2) |
0;__,‘_,_ (| ‘I [ | ‘ I‘ I‘ _— ‘I - - _— rl L -
0 500 1000 1500 2000 2500 z[mm] . + | | 1 1 | GTT floor plan:
. 0.850 Ll L L L
* stubs -- charged particle track = 1 0 1Gen | gt ~15% LUT, ~20% FF,
N ~25% BRAM, ~3% DSP
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Algorithm Example: NN Vertexing

Track features

- C
£ 90
CD-O—'
GRS
=
w; 20,i
c ‘ Histogram ’
cE oz ¥
o2 S
= O
NS v
‘ ArgMax ’
<«
AzpY &
vy
° 20
n
S 20
o 1
v ++

P;(from PV)

properties

CMS Phase-2 Simulation Preliminary

Baseline
RMS = 1.5241
NN

3 Rus - 0.6958

QNN
I Ruis - 0.6884

-15 -10 -5 0

In: tracker track

14 TeV, 200 PU

Out: likelihood track
belongs to primary vertex

5 10 15
zEV Residual [cm]

Track to Vertex Association False Positive Rate

100

CMS Phase

-2 Simulation Preliminary
1] L]

14 TeV, 200 PU
T LI B N

_.
<

—e— Baseline AUC: 0.9101
— NN AUC: 0.9828
— QNN AUC: 0.9832

0.80 0.85 0.90 0.95 1
Track to Vertex Association True Positive Rate

Useful for pile-up mitigation, important for Particle Flow
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L1T Physics Reach

Trigger Primitives Trigger Objects L1 Algorithms Physics Channels
I I
s Uailo B3 A10 l

. H=Inv, H—bb
: A =1¢ A0 Y

£G Tau )

\
\
SM/EWK
Precision physics

B-Physics

. TOP
stubs ] SUSY(Strong/EWK)

O e gecd

1
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Physics Reach Example: Exotic Higgs =

*h - ¢¢ - 4j, LLP

CMS Phase-2 Simulation Preliminary ~ PU200 (14 TeV)

. . . o 2201
* L1 extended tracking builds displaced & L1 Reto 25 iz .
. g 200_ B [H(125) - ¢ ¢ — 4b] =10
§2) B —e—— Ext. Displaced Tracks, m =15 GeV
traCkS and J ets qC, 180_— ---@--- Prompt Tracks, m¢ =15 C%eV
> - .
* * * | - —eo— Ext. Displaced Tracks, m =30 GeV
* Also calo timing, displaced STA muons, etc. s60F eanee Brompt Tracks,m, =30 v
N ——eo—— Ext. Displaced Tracks, m =60 GeV
. - 0
* Phase 2, Hy trigger rate 1401 e PromptTracs, m, =60 Gov
120
. CMS Phase-2Simuiation ____________ 14TeV, PU=0 b 100
g oo S e ey 80 Expected # of
% L 0000%0 —— Baseline tracking w. 5-par_| .
08 U . B s1gnal events
§ Lex OOOOO Displaced muons i ¢ 7 b 60
£ oeExtended T . h ’
B . 2<pr<20GeV, 7] 4 4
oab tracking ooh<zo 1 TTTTT R b e,
- performance : NN < 20 g g T g
Ozj.‘ ................................................................................................... OOOOO ................ = ol L L L l" | |
RS oo 7 % 2 4 6 8 10
L ®asabodaoons o Lo L L
O ™™™ s Ty s s 78 ct[cm]

Particle d, [cm]
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detector ) high-level data
collisions L1 trigger trigger analysis

—_— N

Summary

40,000,000 750,000 75,000
events/sec events/sec events/sec

 HL-LHC 1increases statistics, increases pile-up
* L1-Trigger upgraded for more complicated events/increase acceptance

* Upgrades allow reconstruction of more sophisticated, offline-like,
objects to improve triggering

* Physics reach extended with better triggering algorithms
b

@, — primary vertex . .
[ y Exotic Higgs L
¢, b

h e
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Backup
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L1T Upgrades: Particle Flow

* Layer 1

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

* Pileup Per Particle Identification (PUPPI) algorithm mitigating the degradation
of the energy resolution due to PU —— | L

* Layer 2
* Building and sorting final trigger objects
* Applying additional ID and Isolation Corretator Trigger

e PF+PUPPI: needed to sustain Run 2 Jets & MET thresholds
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Stubs

L1T Upgrades: Track Finder (pai of its)

Tracklets

* Reconstruction of tracker tracks at 40 MHz (2 stubs in a row)
q
=, @, tan(A), zg, Ngrup»
Tracks
.. CMS Phase2 Simulation _____________ 14TeV
00 02 04 06 08 10 12 14 R I e ] (extend tracklet)
1200 - | / / g . - § L reteseereseeeocee, Loeee
£ y : F
/1000 4/*7 { | || P posr -
600 * *_ || !I || S— Outer tra(F er ;j }: 06_— ...................................................................................................................................... - Duphcate removal
FraananE NN NN SRR ! hy I| 1 i ] . .
4007“__\\\\\\*\ RN y : ! 26 oa — ] (merge similar)
X ' ' ! L 30 [ Tracks in t{+PU=200 events i
2007 NNNAN \* \ \ \ | | i ]
- T | | || | }];,nner tracker 4o 0ol #pr>2Gev ... ]
0;_‘___‘_‘ | ‘I ‘I | |‘ ‘ 1 |‘ - f e | n - -o-pr>8GeV ]
0 500 1000 1500 2000 2500  z [mm] E L
. 52 45 4 05 0 05 1 15 2 25

% stubs - -- charged particle track Particle n Kalman filter

(calc track params)
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L1T Upgrades: Global Track Trigger

 Takes in tracker tracks, builds high-level physics objects
e Hp, ETYSS primary vertex

- .C.M|S.Ph.as.e-.2 sllm."".’"‘.’". 1 1|4 Tey INoI P.U.
(& - i
CMS Phase-2 Simulation 14 TeV 200 PU c 1
SwoFEF [T rrrprrrprrrprrmrd I_J_ i 3 g i
) — 1 rack I - oriroa i =
O} a5 E— | + Fake Track_— E %‘# g %
& E ! + PVTrack J R i+ ]
S 30— . 1 == Reco VertexT] 95| —
g “E Primary V.CITGX helps | IRt 095 4
- - remove pile-up tracks ] = |+ -
— : - Simulated Hadronic tt Events PU=0 + i
20 — — i . ]
. E_ : _E 0.9l t Target reconstruction | 1 . Fasthisto HDLS
g : = . toL trackjet. 1 0 1 Ea
10 — : — reconstruction g L Jet finding
5 F— : — + N tsea)+TVAR)
E | E 0‘85 PN TR T T NN TN T T S Y SN SN ST SN S S S SN A M
O |t A '|"*q AT AR -2 -1 0 1Gen Jét - GTT floor plan
-6 -4 -2 0 2 4 6 8

L1 Track z (cm)
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L1T Upgrades: Track Quality GBDT

CMS simulation Preliminary
I R i

13 TeV, 200 PU

CMS Phase-2 Simulation Preliminary

14 TeV, 200 PU

@ 100 — = w
© — : =
Q 0951 QCD +Z—ee+Z— Py Jijm — Daselne FH RMS -
= ] BDT Corrected FH,
8 0.90- ] Ry S
In: tracker track 3 102 correned
. = - * FH RMS = 1.1939
0.85[ -
properties |
0.80 ?‘L . 108
. . 0.75} -
Out: likelihood track | -
o e 0.70|- —
originated from true | — NN (AUC - 0.985) |
il 0.65l. — GBDT (AUC = 0.986) ;
partlc C *  Track ET'ss selection criteria 10'k=|
08—z o2 06 o8 10 5 d0 5 0 5 10 5
False positive rate z§Y Residual [cm]
Model | Python AUC | HLS AUC | Latency (clk) | LUT % | FF % | DSP % VU9P
NN 0.985 0.982 8 0.104 0.029 0.292 240 MH
GBDT 0.986 0.981 3 0.140 0.027 0.0 z
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L1T Physics Reach: Rare B-meson decays

o
-t
N

° B SO — (I)(K+K-)(I)(K+K-) ?MS Phase-2 Simulation 14 TeV, 200 PU

* A rare FCNC process forbidden at the tree :
level in the SM

* Trigger on the fully hadronic final state with
L1 Tracks

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

* Then reconstruct B, candidates from pairs
of @ candidates originating from the same
vertex

— L1 Signal

o
-y
|

B ---- Offline Signal
0.08—

. L1 Background

Normalized # of B, candidates
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