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LHC / HL-LHC Plan Hn Y

LHC HL-LHC

LSt L2 14 TeV 14 TeV

13 TeV energy
- Sto/x
TeV splice consolidation '"’g‘;’; Rpgrade eryolimit HL-LHC nominal
7 TeV 8 Te button collimators P7 11 T dlp. coll. inaraction - llati Iul‘unoﬁltv
R2E pro|ect Civil Eng. P1-P5 roglcn_- installation
--lnmw
ATLAS - CMS radlahon
experiment upgrade phase 7 damage ATLAS -CMS
beam pipes 2 % nam. lusninosite 2.5 % nomital luminosity . upgrade phase 2
"% reminal luminoehy ] ALICE - LHCb — ’
cnnreel upgrade

wmnosily

300 b b

L l:;iH "y
1S=7TeV l=51M"
. 1s=BTeV,L=531"

Events /1.5 GeV
(&)}
&

Discover Higgs!

1000 —

< L

e

E IcMms |

@ ¢ Dam

3500'_‘—3»,8;.:

— --+aes Bkg Fit Component

i.i _[:210.

w B =20

& 9750 120 130 140 150
m, (GeV)

Dec. 9, 2019 C. Herwig — CPAD Instrumentation Frontier Workshop



LHC / HL-LHC Plan Hn Y
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LHC / HL-LHC Plan
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LHC / HL-LHC Plan I y
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Challenges to Phase-Il L1 Trigger 4

- L1 Accept rate scales ~ linearly with luminosity increase
+ Must maintain performance in hostile environmentt!
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Challenges to Phase-ll L1 Trigger #

- L1 Accept rate scales ~ linearly with luminosity increase
+ Must maintain performance in hostile environmentt!

Take hh production in 4b (or bbtTt) decay mode

o 0.14 e
2 - ATLAS Simulation i : .
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Y v -u.n-wl  — Extra stochastic energy
S . emesaess-stev | enters into the jet cone
o 0.08— i 7
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0.06]- L - | "
0.04f- 1 More low-pr jets to "measure
0'025_ E high" than vice versa
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Challenges to Phase-ll L1 Trigger #

- L1 Accept rate scales ~ linearly with luminosity increase
+ Must maintain performance in hostile environmentt!

It gets worse !!
Background (uncorrelated coincidences) ~ (lumi)?2

beamspot

"cigar'~30cm

Not new problems, solved offline with Particle Flow Reco+
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Particle Flow Reconstruction #

- ldea: combine measurements across all sub-detectors
to achieve best possible resolution per object

- Algorithm returns a list of single-particle candidates

Tracks @1\\\ Muons o
Electrons VRS

Muon

segments IZ{> (Isolated) photons U

ECal NO0000 0
Charged hadrons

HCal

Neutral hadrons
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Particle Flow Reconstruction

g CMISI [ [ IK I‘lt. k IR [ 0I 4I [ II| C II S 0_5: CMS | | :
= 0.6 Nu-K, h = V. —=— 0alo _ = - v _ E
S [, Simulation mRefl<1.3  ——PF 5045 simter " Calo -
a R 0.4F - PF E
o) o E
= =0.35F =
3 0.4+ — g - .
CT) Q_I_ 0.3 - _f
5 Qo250 v, -
C_-IE 0.2 = e - —
(¢b) - "'_._ - .
C0.15F e e
0.1 e ——
! 0.051- 3
O | | | | I I | | | | | | I I | | | : | | | :
20 100 200 1000 %0 100 150 200 250
Ref miss
P (GeV) Pl e (GEV)
Improved Jet pt resolution Improved pr-miss resolution

i

Dec. 9, 2019 C. Herwig — CPAD Instrumentation Frontier Workshop



Lt

Pileup Per Particle Identification -

- |ldea: get probability that a neutral PF candidate is pileup
based on local activity from the leading vertex
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https://arxiv.org/abs/1407.6013

Lt

Pileup Per Particle Identification ag

- |ldea: get probability that a neutral PF candidate is pileup
based on local activity from the leading vertex
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/JME-18-001/index.html

Architecture of the Phase-ll L1 Trigger

Calorimeter trigger Muon trigger

Detector Backend systems

Track trigger

Global Calorimeter
Trigger

Global Track
Trigger

External Triggers

\. S

Correlator Trigger

Global Trigger

Phase-2 trigger project
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Architecture of the Phase-ll L1 Trigger
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Architecture of the Phase-ll L1 Trigger #

Calorimeter trigger Muon trigger Track trigger

Detector Backend systems
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Strategy for L1 Implementation #

- Take advantage of the inherent locality of PF+PUPPI
- Distribute computation across many processing units

- Processing is divided into three main steps:
- Regionalization (VHDL) Layer 1
* PF+PUPPI calculation (High Level Synthesis C++)

+ Algorithms using PF+PUPPI inputs (HLS C++) Layer 2

- HLS: no expertise required!
- Fast prototyping, debugging, comparison of alg variants

Dec. 9, 2019 C. Herwig — CPAD Instrumentation Frontier Workshop



Inputs versus n, PF+PUPPI regions
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HW Particle Flow + PUPPI 4
)

- Regionalization = small # of objects to link (truncation
+ Cluster input pre-processing: exploit shapes
- PUPPI 'linearized'; smaller cone size

CMS Phase-2 Simulation, <PU> = 200

1

AN NS O LT T TR AT U — S — caabess eeesse ase.
-
H H H H H H

Background Rejection

0.8

- Classify cluster:
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- Remove pileup deposits
+ Less work for PUPPI!
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Resource drivers

- Many AR calculations for track-calo linking drives DSP
- Scales as (#tracks)*(#calo clusters)

- PUPPI weights drive BRAM usage
- To compute pt/AR quickly requires division tables
- DSPs also used to map (pt, AR) = PUPPI weights

Resource LUT FF BRAM DSP
Usage 528k 785K 871 1020
% VU9IP 45% 33% 40% 15%

PF+PUPPI resources for 22 tracks, 15+13 calo clusters
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Regionalization schemes #
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Hardware Prototype 4=

L. 3
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Layer 2 algorithms — Jets and MET #

- Use PF+PUPPI candidates to build jets, energy sums

. |Work in Progressp__puaogstey) - |Work In Progressn __ Pu20oi4Tey)
N = i N = |
1T 1= _ 1T 1| Signal: VBF H — invisible _
X I i ~ | VBF selection -
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i i = - — HF threshold = 50 GeV ]
:I/ 0.6~ - :I, 0.6 = = —
w [ I TR ]
0.4/ - 0.4 —
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- & EI"° tk Az > 58 GeV i |
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Lt
L. 3
- |dentify hadronic tau decays using PF+PUPPI candidates

{Work in Progress | FY 200 (14 TeV)

Layer 2 algorithms — Tau ID NN

g 2 - Inputs: 10 nearby PF
g candidates (pt,n,®,id)
Eé * Dense w/ 3 hidden layers
. (25,25,10) = 1 MVA ID
B . . This implementation:

| NN+Puppi . Up to 18 PF+PUPPI

0 01 0z 03 04 o5 os oy  candidates/event

& (t, min p?e” > 20 GeV)

LUT FF DSP Latency

A proof-of-principle prototype 9ok 150k 1400 210ns
Developed using his4dml 7% 6% 20%
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Layer 2 algorithms — Tau ID NN #

- |dentify hadronic tau decays using PF+PUPPI candidates

-Work in Progress|-F2200 (14 TeV)

- Inputs: 10 nearby PF
candidates (pT,n,9,id)

 Dense w/ 3 hidden layers
(25.25.10) = 1 MVA ID

—h
o
[\
1 LI |

Di-t, Trigger Rate(kHz)

— NN

his 4 ml

0 01 02 03 04 O.% 0.6 0.7
& (t, min pTe”>20 GeV)

—h
o
T

See hlsdml talk / Sergo

A proof-of-principle prototype + L1 Muon / Jia Fu
Developed using his4ml + ML trigger / Zhenbin
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Conclusion 4

- The Level-1 Particle Flow Trigger is an ambitious addition
to the Phase-ll upgrade

+ Correlation of all major sub-detectors allows
unprecedented event reconstruction at 40mhz

- Capability promises to significantly enhance CMS
sensitivity to interesting weak-scale physics

Dec. 9, 2019 C. Herwig — CPAD Instrumentation Frontier Workshop



Backup



Particle Flow Reconstruction #

- |c The full story is a bit more complicated... to
a
1%

Kinked tracks, 2L Secondary /L
brem recovery //‘/\\ vertices .-

Cluster &
splitting /_\ v — /—\ Vo4 |
ML
S€{  "Indirect . Q
linking" /_\ +/—\% /_\

EC

Tre

Fake
tracks

------

HC=n Neutral hadrons
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Pileup Per Particle Identification 4

- Idea: assign a probability that a neutral PF candidate is
pileup based on local activity from the leading vertex

- Discriminant favor nearby, high-pt particles (in cone)
+ QCD is collinear, while pileup is diffuse

N L R B A
o [ charged LV

2 2 - gh::g:d PU ]
: S - P trals LV ]
s=log Y [ZY ) Zoow Pileup ot
t o AR .. © - 1 T
j71L,AR;; <Ry '] s i | ]
g 004 il | eading -

sum over nearby
charged particles

Vertex -

0.02

AR% _ Amgj ‘|‘A¢?j 5 0 5 10 ag}5
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Pileup Per Particle Identification 4

- Idea: assign a probability that a neutral PF candidate is
pileup based on local activity from the leading vertex

- Discriminant favor nearby, high-pt particles (in cone)
+ QCD is collinear, while pileup is diffuse

0.36 fb™ (13 TeV)

S0 T T T
5\5 , CMS Neutral Particles . . ]
£'F preiminay 4~ Data j Compare a w/ expected distribution,
'a;a 105 —MC E . . .
> 1 given the level of pileup (chi2 test)
<107 e obtain weights!
10'35— E
0k 1 Re-scale 4-vectors:
o, —— 1 50 GeV particle w/ 0.4 PUPPI weight
g ;;“‘*’*“”"‘*""*"“*“”"*‘3 considered as a 20 GeV patrticle
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Latency budget #

Upstream
(+4 ns) Layer 2
St In tracks + | t
P 1ps 1.5ps
450 ns >

.
(
N
o\~

+700ns 120 ns

\

Regionizer + Stream in PF regions

550 ns

) i > ~250 ns
A A PF %

(::-“C’; ‘ (;\KQT" pUppl 2 OO n S
& W l_)
Transmit

Dec. 9, 2019 C. Herwig — CPAD Instrumentation Frontier Workshop



Calorimeter clusters the Phase-ll L1 Trigger
in 3 regions:

Detector Backend systems

Muon trigger Track trigger

High-granularity J 1~

endcap calorimeter -
€ !
(see Z. Gecse's talk)
Global C_)alorimeter Glob_al Track Global
Tigger M = 7 e Trigger
External Triggers -
2| U A PF
m Correlator Trigger
Global Trigger GT

Phase-2 trigger project
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Architecture of the Phase-ll L1 Trigger

Calorimeter trigger Muon trigger Track trigger

Detector Backend systems I

Barrel

CSC GEM | iRPC ] TP

s=hm

BCT Layer I OMTF EMTF Local
- BMTF
Globa%_c_)alorlmeter | Global Muon Trigger Glob_al Track Global
rager IR R 4444 < YT eSS Trigger

"Standalone" muons

xternal Triggers

"Global"
muons

~

\. S

Correlator Trigger

Global Trigger GT

Phase-2 trigger project
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Architecture of the Phase-ll L1 Trigger

Calorimeter trigga Muon trigger Track trigger
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Phase-2 trigger project
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FPGA/TMUX / Region view
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Firmware - Regionalization #

From links
Tracker Calo Muon ~3 clocks
l l l Niinks 1N l l l l l
IE BB EEEEEEERN I E B EEEEEEER (dlfferentupStream
detector)
Niinks BRAMSs
EEEEERN EEEEERN ~15‘20C|OCkS

(needed to avoid clashes into same
region and deal with overlaps)

L1 1_I_L | “multi-tap shift registers array” Fabncﬁ(hé];)) :)e]cs\c;ﬂ'gss here
PF region 1, \PF region N, PF region 1, PF region 1,
M(=5) bu hold N(=2 cks for each small region 405 URAMs
Each set of M s B(=2) smalegions 5+3 clocks
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PF regions: -
streamed in VoF region 1 /
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PF+PUPPI algo
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Regionalization — 'board regions’
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