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THE CHALLENGES OF CALORIMETER TRIGGERS

Increasing complexity of the calorimeter trigger architectures

With the intense LHC running conditions in terms of instantaneous luminosity and average pile-up
events per crossing, the calorimeters structures and readout have grown in complexity. As a result
the trigger architecture became increasingly complex to provide sophisticated selection
algorithms to ensure the highest acceptance for Physics already at hardware level.

» Increasing the number of channels i.e. the granularity to achieve optimum reconstruction,

particle identification, isolation and energy calibration

» Evaluate global quantities (VBF, MET, embedded Pile-up mitigation techniques etc..)

» Increase selectivity: provide global triggering expandable to many more possible conditions
and more sophisticated quantities to give a rich physics menu.

This presentation will cover the
technical challenges faced when
designing, commissioning and |}
operating the Phase | upgraded
calorimeter trigger and the approach |EEESEEEESE= S " | inataintion
for Phase Il :

experiment
upgrade phase 2

2e34 PU60 —




: introduction and role within the CMS data
acquisition system. Description of its upgraded architecture and the
technical challenges of its implementation

Design of sophisticated
algorithms and their performance.

Triggering with enhanced granularity, what implications on
the architecture (scalability of the Run Il system)

The introduction of the
higher level object reconstruction, identification and isolation.
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THE UPGRADED \CALORIMETER
TRIGGER FOR LHC/PHASE |




Architecture overview: The CMS detector implements a sophisticated two-level trigger architecture

composed a (100kHz) and a achieving 10° rate reduction.

Level-1 Upgraded Trigger: Level-1 is implementing

generic-designed electronics boards to process the
data from the electromagnetic (ECAL) and hadronic
o (HCAL) calorimeters as well as the Muon system.

Silicon strips ~16m? ~137,000 chaanels

Total Latency = 3.8 us

Layer 1
Calorimeter
Trigger

Motivation for the upgrade of the Level-1 Trigger:

excellent single lepton (including [ Overlep Barre cerz
Taus) efficiency w/ low thresholds (Higgs/EWK) Sk i sl ' b
& Jet/MET (top/SUSY) & dedicated VBF
maintain performance with
increased luminosity (2e34), higher Pile-Up (80,

~70 w/8b4de) while L1 bandwidth remains

limited to 100kHz.




Architecture: Organised in 2 Layers introducing Vadatech Crates (UTCA).
All calorimeter data sent to a single processing node:

FPGA & link: Xilinx Virtex VIl XC7V690T, High-speed serial optical links (10Gb/s).

Design of generic-processing boards to accommodate

Large optical patch panel : custom-made commercial solution (Molex Flexplane)

Increased latency: for more flexibility at algorithm level

ECAL HF HCAL

CTP7 Ca I Ori m eter Trig g e r Each card spans 8 out of 72 towers in ¢ and % of n.

18 cards, each receiving 60 links at between 5.0 Gb/s & 6.4 Gb/s of Calorimeter data

Processor: Collecting and Ve b b4
processing all calorimeter Layer-1
data + DAQ readout for e

monitoring

Layer 1 cards transmit
48 links @ 10G

72 input links per
Layer-2 node

Cards /
— Node 1
—

6 output links per
=z = Node 2 MP card @ 10Gb/s
MP7 Master Processor %
hosting all triggering W B, : edundant Nodes 3t09 Flexible system

a | go rlth ms + DAQ > : \ ’ Simple to upgrade from 16 bit
¢ 8 towers to 24 bit towers or

readOUt for monito ring ’ £ » provide extra logic resources.
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THE CMS LEVEL-1 TRIGGER: ALGORITHMS

Calorimeter algorithms features: benefiting from full calorimeter tower granularity

> to optimize signal reconstruction and bkg rejection

» Optimised identification (H/E, shower shapes etc..) and lepton isolation
" Implement
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for physics objects
* Improve position/energy resolution to provide useful object correlations

Run | calo trigger granularity

Run Il calo trigger granularity

14 (n) x 18(¢) 56 (n) x 72(P)

Reminder: Trigger primitives are local energy deposit into calorimeter sent to the Level-1 calorimeter trigger. For
example: ECAL TP = sum of 25 crystal ET




benefiting from full calorimeter tower granularity
to optimize signal reconstruction and bkg rejection
Optimised identification (H/E, shower shapes etc..) and lepton isolation
Implement for physics objects
Improve position/energy resolution to provide useful object correlations

- - Cluster building dyna mic
CA CA i AL .
clustering to recover energy
loss due to tracker material.
NCOEDEOEE Cluster Shape used remove
2 2|>|>|>]>]>]|>|>

ARARBERBAE pile-up induced candidates
NERRRBE | Combine EG

2|2|2]12(2(2]2]|2]|> . .
= B seed over cluster merging (multiple-

- . First neighbours 0
- Second neighbours prong ObJeCt)
LUT depending
Cluster shapes q 1
. : on pT, Eta and pile-up. Multiple
9x9 sliding window = jet like jiﬂ Fi(.' . pL P - E
. . workin oints (Loose ight).
offline cone (ak4). PU subtraction _— .9 p ( g. )
: : - ey like Reoptimised at data taking
applied to jets and missing ET m jm I 3
start.

”

See Zhenbin Wu's talk on “Triggering on electrons, photons, tau leptons, jets and sums with the CMS Level-1 triager




benefiting from full calorimeter tower granularity
to optimize signal reconstruction and bkg rejection

Optimised identification (H/E, shower shapes etc..) and lepton isolation
Implement for physics objects

Improve position/energy resolution to provide useful object correlations

-1
41.3fb7(13 TeV) CMS Preliminary 2017 data 40.9 b (13 TeV)

CMS Preliminary 2017 Data 1.8fb" 13 TeV

=y
—_

CMS
Preliminary
2017

Efficiency

Efficiency
Efficiency

L1 Single EG

Tight Isolation ’ : 4 Isolated, E*"'> 30 Gev

Ml <5.0 Eta Restriction :
e | < 2.1 = }  Isolated, E'"'> 34 GeV

L1 MET HF PUS On > 80 GeV

L1 MET HF PUS On > 100 GeV

L1 MET HF PUS On > 120 GeV | singleTightisoEGa2er
L1 MET HF PUS On > 150 GeV

L1 MET HF PUS Off > 103 GeV

L1 MET HF PUS Off > 125 GeV 4 SingleTightlsoEG28er
L1 MET HF PUS Off > 144 GeV

L1 MET HF PUS Off > 170 GeV

{ Isolated, E%"'>38 GeV

4 SingleTightlsoEG30er

Y0 20 30 40 50 60 70 80 90 100

250 300 350 400 , offline
Offline PF MET NoMu (GeV) p; [GeV]

L1_ETMHF110_HTT60 (SUSY) DoubleEG_25_15 (Higgs) , TripleEG_18_17_8, L1_DoublelsoTau34er2p1 (Higgs) unprescaled
L1_ETMHF120 DoubleEG_Looselso24_10 or until 2e34, L1_lsoTau40er_ETM100 (Higgs)
L1_LooselsoEG24er2p1_HTT100er (TOP)

”

See Zhenbin Wu's talk on “Triggering on electrons, photons, tau leptons, jets and sums with the CMS Level-1 trigger
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THE CMS LEVEL-1 TRIGGER: GLOBAL TRIGGER

Final level-1 trigger decision
» Receiving trigger objects (muons (from uGMT), electrons, tau leptons, jets and sums) from Layer-2

calorimeter trigger. Implemented complex object correlations (including variables using invariant
mass) and

* Implementing boards to accommodate 512 algorithms (could be more!)
* Evolution of the trigger menu with luminosity and pile-up conditions

CMS Experiment at LHC, CERN

Data recorded: Mon Sep 26 20:18:07 2011 CEST
Run/Event: 177201 / 625786854

Lumi section: 450

First dedicated VBF trigger implemented in the core of the
level-1 decision

implementing 6
processing boards (instead of 3 in 2016)

—> Enhanced selectivity (2017: 486
algorithms implemented)




Facing High instantaneous luminosity and pile-up conditions: 2.1e34 and PU~70

Increase of out-of-time pile-up seen in the forward region of the calorimeters. Effect enhanced by the
LHC bunch structures (8b4e)

Detector related effects : change of the ECAL crystal response with time (corrected using a laser
monitoring), anomalous signal in ECAL Barrel APDs, noise from coming from ageing electronics....

—> All these have been addressed profiting from the flexibility of the system and the improvement of
algorithms including new features available (depths in HCAL EE, finer H/E for EG candidates etc... )
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See Amina’s Zghiche talk on “Performance of the CMS electromagnetic calorimeter during LHC Run 11"
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DESIGN-OF THE PHASE i
CALORMETER TRIGGER
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A NEW REALM OF TRIGGERING: HIGH-GRANULARITY

The phase Il calorimeter trigger will benefit from an enhanced granularity
Changes to the trigger primitives:

N R,

ECAL (barrel) 8 | HeaL (barré‘l & forward)

. §

[ - S
77 7, //////// 7

New VFE card
 New FE card
New FENIX2 chip

Master GBTX chip for control/readout
at 5 Gbps

] ++— Readout-only GBTX chips
Bi-directional 5 Gbps Versatile Link

Control Data
L) e——

. . Transmit-only 10 Gbps Versatile Link
New Multi-Gain Pre-Amplifier chip (MGPAY

oA 52 Iayers (28 EM & 24 HAD)

‘ L el (1/2 of EM layers in trigger)
Access to crystal info instead preudoraidy °

of TT towers. 61200 crystals Access to all HCAL TT depths

—> Huge data volume to be processed efficiently to fit algorithms within latency budget.

S

ee Nural Akchurin’s talk on “Overall status of the CMS High Granularity Calorimeter”




Changes to the trigger primitives:

CMS will install a new Pixel and Tracker

Improved lepton reconstruction and
identification by matching with tracks
Improved lepton isolation : EG & Tau leptons
Vertexing: jets and sum triggers, track-based
lepton isolation etc...

PU estimator (not only calorimeter-based as
done for Phase |)

etc...

Trigger primitives (TF-TPG): Building Stubs b
from inner and outer layers —> Tracks T —
Optimising track information by removing low-

pT: TF -TPG (built&sent ~ 5us) 'Tl: _4[

X

<100 um
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A NEW REALM OF TRIGGERING: FULL DETECTOR VIEW @ L1

The phase Il calorimeter trigger architecture provides
Organisation of the data flow and overall infrastructure of the trigger

Improved triggering with full detector view: rrc || csc || cem
- Trigger decision not only based on LIJLF Lr ) | LIJLH

calorimeter information. Tracking requires 176 || Tra TPG Wl CSC‘ ‘
larger latency: 5 Lo Bl . \E d‘ =
.rack Endcap Barrel Marre ’a cap
F%%dg ' $;|g Calo Tr:2: Tr:g:
- Trigger Find ind
deployed Yo K e Bl N i
in the detector back-end electronics. l l l

- Building trigger objects @

Correlator Trigger

—> increased selectivity achieved Woosstloaret ik fom 7

Global
*possible direct links to GT

Trigger
L1 Trigger Project

Number of links compared to Phase I trigger:
—> Phase | ~1152 links : Phase Il ~ 1000 links

Table 2.1: Summary of the logical input data to the Phase-2 Ll trigger.

: [Detector | Object [ N bis/object [ N object |
(up to 28 Gb/s vs 10 Gb/s in Phase /) Trallck : : 40000 :

. Crystal 979200
Total bandwidth: : |

Tower 36864

—> Phase | ~1.8 Tb/s : Phase Il ~ 50 Tb/s : Cluster 80000

Tower 38400
Options to send clusters and/or trigger towers

to correlator is investigated
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A NEW REALM OF TRIGGERING: FULL DETECTOR VIEW @ L1

The phase |l calorimeter trigger architecture provide

The new technologies provide ways to implement sophisticated algorithms and object correlation.

* The phase | trigger processors CTP7 and MP7 were not designed to fulfill a specific role, but rather, to
. Already used as demonstrators to build track triggers/Calorimeter readout for Phase |l
* Our experience from Run | helps us approach large scale data processing with

Ty &%
A s, )
/ R
N\ \
'

m’“’ﬁ 248
Example of r nder development:
Left: An with just the core infrastructure.
Right: card built to study
on-board configuration and

control management for ATCA blades

Extended use of HLS (High-Level-Synthesis): Using HLS to
enable algorithm design w/ account hardware constraints.

Considering deep learning and iterative algorithms ....

Other example of boards: CMS Serenity board




The approach adopted here:
Standalone algorithms —> building finer clusters w/ Pile-Up subtraction
Building trigger candidates with tracks (matching standalone objects w/ tracks)

trigger algorithm (Barrel) trigger algorithm (barrel)

CMS Phase-2 Simulation, <PU> = 200, Single e/y CMS pPhase-2 Simulation Vs = 14 TeV, <PU> = 200

— Phase-1 L1 Tau
: —Phase-2 L1 Tau Tk
— Phase-2 L1 Tau Tk Iso

ase-1 L1EG (Tower)

ase-2 L1EG (Crystal)
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improved track ]
matching with crystals-based clustering. Large R T
threshold reduction achieve with small efficiency loss A\ Gl et o i e
Note: Track matching/reco inefficiency included matching and track-based isolation allows

to achieve a substantial rate reduction.




—> Combining a track and a calorimeter into one:
—> 6M channels available over 52 layers (900k channels dedicated to trigger):

—> From Trigger Cells built at the Front-End Level:
2D clustering/Layer (@ Stage 1)
3D clustering (combining 2D clusters @ Stage?2)

LI

14 CE-E layers
28 boards

A

FE electronics

. Along with 3D clusters :
—> benefiting from the longitudinal information to
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provide ID variables largely reducing the rate Toe aobeman  Dothme  CAbewrds BRNe

implementing a
Architecture as Phase |
trigger (24 depth implemented vs 9 in Phase |)

3D clustering

”

See Thomas Strebler’s talk on “Design and object performance of CMS High Granularity Calorimeter Level1 Triager




With the addition of tracking information,
Level-1 algorithms can

Phase Il Correlator can be used to combine all detector info to provide higher level objects: prompt
muons, electrons, photons, taus, jets and global quantities: ETM, Sums etc...

Approach used here:

CMS Phase-2 Simulation, <PU> = 140

HCAL
Clusters

PF-PUPPI performance on tt

Semileptonic tt
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Calo gt?
vs track-MET and MET (PF-PUPPI) 0 2Cen (b, 230, | <2.4)

on ETM and HT.
—> Encouraging results from the firmware implementation: Phase Il trigger R&D program




Running experience is certainly crucial to guide the design of the Phase Il trigger

—> Introduction of finer calorimeter granularities into the trigger
—> First introduction of tack information in the level-1 trigger decision
—> High-level objects and Particle flow algorithm in the heart of the hardware trigger







