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THE LEVEL-1 TRIGGER o @ e

............................................................................................................................................... Digitizers
. . LV1 Front end pipeli
The CMS trigger system consists of two levels, Level-1 and _ i st edeiemn
° ° o >
High Level Trigger (HLT), designed to
. . . ) 100kHz 1 Readout buffers
P select events of potential physics interest
p achieve a 10° rate reduction with no dead time . 3‘5 Switching networks
HLT Processor farms
B R g N
M“‘ 7 Mg (0180 ) 350m 56l 1kHz

L1 trigger upgraded in 2016

» LHC Run 2: Increased luminosity, centre-of-mass energy,
and higher PU

B S NE N p Higher trigger rates but CMS detector electronics limited to
e NN o a L1 trigger rate of 100 kHz

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

p Upgrade necessary to maintain sensitivity for electroweak scale
physics and for TeV scale searches as in Run I

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~

00 channels

L1 Trigger ‘
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CONCEPTUAL CHOICES

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Increase Signal/Bkg for single physics objects: optimise
reconstruction, identification, energy calibration etc.

p Use large FPGA to increase the available computing power

Evaluate global quantities : VBF trigger, MET, SumET and
Pile-UP mitigation

» Remove boundaries by streaming data from single event into § 7| P————

‘ 242.0 mv 2Nk

FPGA via high ical link § P ) , :
one FPGA via high speed oprical inks § High-speed Optical links

Increase selectivity: Global Trigger expandable to many more
possible conditions and more sophisticated quantities

p Flexible and modular architecture based on modern standards

4 TIPP 2017: International Conference on Technology and Instrumentation in Particle Physics, 22-26 May 2017, Beijing, China : Flexible/Modular architecture




f ‘ -~ SYSTEM IMPLEMENTATION
5 ’ e
Each card spans 8 out of 72 towers in ¢ and % of n. Organised in two layers’ implementing a
L 18 cards, each receiving 60 links at between 5.0 Gb/s & 6.4 Gb/s of Calorimeter data J time-mUItiplexed ary Chite cture

vy YUY vV

vy oy vy oy
o BEE CEEE EEE ‘8EE -
SN - Key technology changes
;asy;;i:gd:otéansm S - p uTCA Standard (modern telecoms)
2w | x0 . » FPGAs: Xilinx Virtex® 7 XC7V690T
B =i E Qm_ T e ) High Speed serial optical links: 10 Gb/s
__. - HM_;":E}’ Node2 P card @ 1060/ p Large optical patch panels: custom made
gaclircont Nmatogx / Flexible system commercial solution (Molex Flexplane™)
v :
A Replaced everything!
Calorimeter Trigger Objects EG, Taus, Jets, Sums » All hardware, all software, databases
N
GT

L1 Latency = 3.8 ps © TIPP2017, 22-26 May, Beijing, China 5
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OPTICAL INPUT LINKS

...................................................................................

p Replaced all parallel copper links
by serial optical links

p Implementing patch panel modules LC - MPO

Optical Synchronisation

\ Link Board
¥’ CERN VTTx to commercial SFP

ECAL: 576 x 4.8 Gb/s links

HCAL: 504 X 6.4 Gb/s links
HF: 72 X 6 4 GB/S llnks
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Hcal Trigger and Readout
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Layer 1 input links
576-+504+72 links in total (ECAL, HCAL, HF) = 1152 links
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PROCESSORS

Backplane Xilinx Virtex 7 Atmel 32-hit MMC
' | rting pSDHC interface f load
CTP7 Calorimeter Trigger Processor Bher Fleet 69UT spporing YSOHCntefacefrmare ploa

Layer 1 - Pre-processing

11x1.8Ghps LVDS links in

p Aggregates & time-multiplexes calorimeter data

» DAQ readout for monitoring

Optical links

27Rx/12Tx 10 Ghls Avago MiniPOD

Xilinx Virtex 7

: 3’@ e N 490T
Optical links m-. &
40Rx/36 Tx 10 Gb/s = . Backplane
Avago MicroPod '] EE= ORx/8Tx Rack fabric
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Z 8 DAQ Rx/Tx AMC13 in MCH2
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~ ZYNQ SoC FP6A Dual ARM Cortex-A9 CPU +
Linux. Communication & support functions
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11x1.8Gbps LVDS links out

Optical links

T2Rx/T2Tx
Avago miniPOD 6Rx/6Tx
10.3 Gb/s each, 740 Ghps 1/0

MP7 Master Processor
Layer 2 - Trigger Algorithms

p Hosts all the algorithms
p DAQ readout for monitoring



SYSTEM INTEGRATION

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

720>§106hls NI | ‘ c L 810 Gb/s G
links — A :

links

—_— — e = e — — "

Layer 2 Global Trigger
1 Vadatech VT894 Crate, 10 MP7 boards : receives 12 electron/photon + 12 Tau iso/non-iso
| candidates + 12 Jets and sums.

Time multiplexing routed ....” . Molex Enclosure
through 72to 72 12-fiher &/ Z7Z&: | Flexplane (commercial)
MPO connectors ST = |

Layer 1

3 Vadatech V1894 Crate,18 CTP7 hoards
6 bits ECAL+HCAL energy + veto &
feature to Layer 2

TIPP 2017: International Conference on Technology and Instrumentation in Particle Physics, 22-26 May 2017, Beijing, China g9



Algorithms &
Firmware




Electrons in CMS

Cluster building

> ECAL

- Seed tower
. First neighbours
. Second neighbours

Cluster shapes

jet lik B
je |e‘
_|

ely like

. Isolation region

Create isolation annuli (removing footprint)
for ECAL and HCAL around cluster
[solation energy requirement fn. of PU and n

E/G FINDER ALGORITHM

» Optimised clustering to recover energy loss due to tracker
material.

p Cluster shape used remove pile-up induced candidates

Dynamic clustering

Improved energy containment
Showing electrons, photon conversions

Minimise effect of pile-up
Improved energy resolution

Cluster shape veto

Discriminate using cluster shape and EM energy fraction between
e/y and jets

Calibration

e/y cluster energy calibrated as fn. of Er, n and cluster shape

Energy weighted position

Potential use in correlating objects e.g. invariant mass

TIPP 2017: International Conference on Technology and Instrumentation in Particle Physics, 22-26 May 2017, Beijing, China 11



TAU FINDER ALGORITHM

Tau decay N
topology

T  » Based on EG cluster merging.

» Optimise reconstruction of multiple-prong object spread by
magnetic field.

Clustering, shape and position

Very similar to e/y — optimised for t

Merging

Merge neighbouring clusters (~15% of clusters)
Recover multi-prong t decays

Calibration

T cluster energy calibrated as fn. of Er, n, merging and EM fraction

Very similar to e/y — optimised for t including merging as input —
two working points

TIPP 2017: International Conference on Technology and Instrumentation in Particle Physics, 22-26 May 2017, Beijing, China 12



JET FINDER ALGORITHM

» Optimised cone size to match offline reconstruction algorithm.

» Pile-Up subtraction technique less sensitive to fluctuations.

: Input granularity
PUS areas Seed tower Access to higher granularity inputs than Run I

Sliding window jet algorithm

EEEEEEEEN
EEEpSSSSESESEEE Search for seed energy above threshold
=== === Apply veto mask to remove duplicates
- - Sum 9x9 trigger towers to approximate R=0.4 used offline
CrE I
11 1| : :
EEE COO Pile-up subtraction
]| ]| : . . .
EEEEEEEEE ; Consider four areas around jet window
Veto mask ========= Subtract sum of energy in lowest three from jet energy
9x9 sliding window around Calibration

seed tower § Correct jet energies as a function of jet Er and

TIPP 2017: International Conference on Technology and Instrumentation in Particle Physics, 22-26 May 2017, Beijing, China 13



ALGORITHMS - LAYER 1

.......................................................................................................................

Tower Level operations

» Calibration and Vetos (H/E : ratio of the HCAL and ECAL
energies, used in to discriminate electromagnetic and hadronic
objects)

» Mixed Link Speed MGT operations
4.8 and 6.4 Gb/s synchronous and 10 Gb/s asynchronous.

l WW“ m|

. ""I! HIHe:

CTP7 floorplanning

S E CTP7 Stage-2 Layer-1
o E Firmware Block Diagram
q) H QUAD mazone | ¥
RX (4.8 Gbps) [ omm |
U 7| ecac | | - - Control
o BUFH E "
16b@320MHz :
e RX (6.4 Gbps) o[ o |
iy i —
:
m RX (4.8 Gbps) | | [emex 16b@240MHz _4 |
7| Eca.
- TR } — |
J RX (6.4 Gbps) |, 16b@320MHz __* |
CAL - |-
YBurH E =
x4 E e
_TX (10 Gbps) — ]« 32b@250MH ]
M MP7 - -
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Layer-2 algorithms structure

Inputs

Unpack & Linearization

Seeding & Basic Cluster

L Links In 3
[ Link unpacking, Ecal & Hcal Linearization and E/H threshold
Tower 3x1
Thresholds Maxima
Proto 3x3 3x3
Cluster Maxima Squares
a ) ( I
Cloud ETMET | [Tower cnt. Tau 9x3 9x3 Stri
Ring-Sum| |Ring-Sum| [Ring-Sum| |secondary Maxima 4
B - /. y Y AL Y
Tower cnt. Filtered Filtered Cluster 9x6 9x9 Jet
Accumul. | | Tau sec. Cluster L Inputs Isolation Maxima
{ ' { { R 4 B \ R
Pileup Tau 5x2 MHT Donut Filtered
Estimation| | [primary A AIIIE Isolation COeff- [Pileup Est. [ Jet
s A / ;\
Final Tau Pileup
Sum Subtract.
(b
S
. ; . . Isolation &| |Isolation &
[Cahbratlon] [Callbratlon] Calibration| |Calibration
Tau e/g HT/MHT Jet
Sort Sort Ring-Sum Sort
Cloud ET/MET Accumul. | | Accumul. HT/MHT Accumul.
Accumul. | | Accumul. Tau Sort e/g Sort Accumul. | | Jet Sort
[ Links Out j

» 240 MHz algorithm clock

» Compact, maintainable firmware

EG/TAU/Jets
PileUp

calibration| |solation & Calibration

Sort
Cumulative sort

Outputs

p rebuilt several times since the start of operations

ALGORITHMS - LAYER 2

Time-multiplexed processing

» Calorimeter data received in geometric
order (increasing ) in one FPGA

» Fully pipelined algorithms: local processing,
reduce signal fanout, eliminate register
duplication and routing delays minimised.

Processor floor planning
TIPP2017, 22-26 May, Beijing, China 15



Commissioning &
Performance



COMMISSIONING

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Parallel commissioning

» Calorimeter inputs duplicated (in FPGAs and optically)
» Parasitic running with CMS during data taking (not triggering!)

pp =t Vs=13TeV BX =25ns <PU>=40
Z->ee Ys=13 TeV BX=25ns <PU>=40

g 240
$° g L CMS Simulation ®
- Steps to completion
— CMS 5 F
g Simulation §3OTM e Usarade hard .
2, Preliminary E [ porac Tareare } I t t t t
§ pp — tt 225:_ — Upgrade simulation = n erconnec 1On e S S
1 -
15—

Jets J 4 - MC pattern test campaign

. L--I‘-.I--I—l a2l a b bs | ala | s | la | 1 | 1 10__
0 200 400 600 800 1000 1200 1400
Level-1 Trigger Jet iET

E/Gamma ) - Data taken in CMS global running

5

o £ ST R s S L p Over 7 billion events in pp

B k S Examples of pattern tests with » 2016 - Cosmic runs and beam splashes
E o EW et simulated events p 2016 - First collision
| HH'MHHH L Tas » 2016 - Started physics run

0 1000 2000 3000 4000 5000 6000
Level-1 Trigger iHT

17
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PERFORMANCE RESULTS - E/GAMMA AND TAUS

. S:MS Preliminary, Vs =8 TeV . CMS Preliminary, Vs = 8 TeV : n
L1 Electron Photon o | & . 3 .1 Tau Lepton Finder
b [[]Upgrade : [[JUpgrade .

Finder o
LX position resolution
improvement :

0.03 |-
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Incluswe _______ ool

S AR i

7| S Y — U S— S— oal T ___________________________ R

Efficiency
Efficiency

L1 Trlgger EG40

. w/o |solat|on ) L A,
: . Inclusive, ET > 28 GeV

Inclusive, E-'> 30 GeV . 020 fff.... t lsolated, E-'> 30 GeV. .
Inclusive, E-'= 32 GeV - ' ¢ lIsolated, EL‘> 32 GeV

0.2

80 100 20 40 60 80 100

0.2 __ ......... ............... ............... 0 Endcaps | p-(l)-fﬂine [GeV] p-orfﬂine [GeV]

e Barrel o Barrel

0 2__ .......... if 0 Endcaps ]

Trigger efficiency for a single T with ET > 28, 30 and 32 GeV vs offline T pT

'i""g""g I:IIIIillllillllilllIillllillll _||§ AAAAA IIII;IIII;IlllillIIEIIIIEIIIIiIIIIEIIII_
10 20 30 40 50 60 70 80 90 100 910 20 30 40 50 60 70 80 90 100

Er [GeV! E, [GeV. Using tag and probe method on a dataset of L—}T events

Efficiency for a single e/'y with ET > 40 GeV vs offline ET
Using tag&probe method on a Z—ee dataset
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L1 Jet Finder

CMS Preliminary 2016 Data 3.1fb" (13 TeV)
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PERFORMANCE RESULTS - JET AND SUMS

Match Level-1 Trigger jets to offline (anti-kt R = 0.4) jets using
AR < 0.25 in single muon data

Compare energies and calculate efficiencies as a function of
offline jet quantities

Sharp efficiency turn-on with well calibrated ET scale
Insensitive to pile-up

Use jets to calculate scalar sum Hy = 2 Ey; for Er; > 30 GeV
and [n| < 3 using single muon data

ETmiss . Vector sum of trigger towers with [n| <3

TIPP2017, 22-26 May, Beijing, China 19
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SUMMARY AND OUTLOOK

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

The newly installed CMS L1 calorimeter trigger has successfully completed the first
year of operations

» In the LHC Run II challenging environment, at higher luminosity, centre-of-mass energy,
increased pileup...

» With excellent performance on single physics objects and complex global quantities

Development, installation and commissioning completed under a very tight schedule

p State-of-the-art, FPGA based, very high bandwidth processors with sophisticated,
programmable algorithms

P The system has successfully evolved with the changing LHC conditions.

Study the performance of this new trigger and learn from design and commissioning
to begin designing Phase II trigger upgrade for HL-LHC

TIPP 2017: International Conference on Technology and Instrumentation in Particle Physics, 22-26 May 2017, Beijing, China 21






TIME-MULTIPLEXED CALORIMETER TRIGGER

L Each card spans 4 out of 72 towers in ¢ and all of n. >I

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

Y YY v vy

Layer-1
Cards

Layer 1 cards transmit
48 links @ 10G

72 input links per
Layer-2 node

MP7/

I
III ’/
__ —1 MP7

Nodes 3to 9

__‘ MP7 |

Redundant
Node

\4

Layer-2 _ —

Cards Node 1
- /

6 output links per

Node 2 MP card @ 10Gb/s

/|:|exible system:

De-multiplexing node:
Separate card or firmware
core in downstream system

MP7: Demux

Simple to upgrade from 16 bit
towers to 24 bit towers or provide

TIPP 2017: International Conference on Technology and Instrumentation in Particle Physics, 22-26 May 2017, Beijing, China

v

uGT

extra logic resources.
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TIME-MULTIPLEXING

7
\\\ detector

data
ordering

detector // / l
riong8 4 B B

~ )

Globally
self- laterally
contained connected >< ><
event system
processign
nodes
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E/T” RECONSTRUCTION PERFORMANCE

CMS Preliminary 2016, Vs=13 TeV, 8.2 fb” CMS Preliminary 2016, {s=13 TeV, 8.2 fb”
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I RECONSTRUCTION PERFORMANCE
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JET ALGORITHM PERFORMANCE

PUS areas 13 TeV BYosOne <PUsott 13 TeV BXoS0ne <PUsots
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JET RECONSTRUCTION PERFORMANCE
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