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The Compact Muon Solenoid experiment, CMS ~ University of

BRISTOL

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overalllength ~ :28.7m
Magnetic field :3.8T

Microstrips (80x180 ym) ~200m?* ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

rorwarp caronmetir o~ 7/5M channels total
e 1-2 MB per event

* 40 MHz bunch crossing
rate

« 0O(100 TB/s) raw data

CRYSTAL
ELECTROMAGNETIC

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

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Overview of CMS trigger, Simone Bologna - 13 November 2018



-% University of

The challenge
g ~ BRI BRISTOL
e Trigger!
proton - (anti)proton cross sections . . . ) . .
10 ey 0 - Reduces rate while keeping high efficiency to interesting
0 E Totg| = : 110 phySiCS
10" £ evatron : 710 :
i e « Two big challenges
z — 1 _ ,
0 . _— ERC - Handling data rate
10* [ e : 4 10t g . .
w0 b ' Jws - Selecting physics
g:: :: " « Total pp cross section is ~ 108 nb @ 13 TeV
° 10 10 ? - Dominated by inelastic QCD scattering
:: ::% - Example: Higgs boson production via gluon-fusion is a
o b P billion times smaller!
1°_:;'M meev{ . , 1 - Pile-up problem
w0 b J1or * CMS physics rate to disk ~ 1 kHz, driven by computing
R E— Dy costs
E (Tev) 13 TeV

~10° reduction factorin~1s
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Trigger architecture Ms. EAME University of

Level-1 Trigger ~ &l BRISTOL

Detector

1 “OMHz Detectors

Digitizers

Level-1 Trigger (L1T)

Frdnt end pipelines

e Hardware-based

e Uses low-res detector information

from calorimeter and muon Readout buffers
- No tracker
. Switching networks
e Data stored In on-detector buffers
e 3.8 us to take a decision — | Processor farm

sec

- Limited by tracker buffer size

1 100 kHz, ~100 GB/s
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Trigger architecture
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High-Level Trigger

CM:; Preliminary 13 TeV
'g average pileup 42:5+0:1
o 1 Vg average inst:luminosity (13:2:#:0:08)x10°  Hz om?
-~ L8
7} 1
AT
? 0 \' average processing time 149+ 1 ms
L. “
;' &
10}y
= i 1.1 1
| |
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o B |
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1 processing time [ms]

High-Level Trigger (HLT)
Computer farm with ~ 26000 cores
- <300 ms per event
Uses full-detector information
Two-stage event selection

1) Only calorimeter, ~ 50 ms
2) Full-detector, w/ tracking & PF, ~1s

1 ~1 kHz, ~1 GB/s

Disk

us

Detectors

Digitizers

Front end pipelines

Readout buffers

itching networks

Prdcessor farm
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A short history and future of triggering
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Run 1
trigger

Run 2/3
trigger

HL-LHC trigger

Luminosity [cm™s™]
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Trigger must be upgraded in
order to keep high acceptance
to EWK & Higgs physics at
higher inst. lumi
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Level-1 Trigger = |4 University of
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L1 Accept
Global Trigger [~ Trigger Control System
 Hardware technology based on /' \
AS l CS an d CcO p per |~| n kS Global Muon Trigger Global Calorimeter Trigger
» Heterogeneous system with very ay ay \4
. L
ver ards DT csc : ) .
diverse bo el Finder}: e > Regional Cah?:'lmeter Trigger
—  Thism m maintenan 1 1 .
s made system maintenance — L | Trigger
and control very hard to DT Trigger | CSC Trigger I Trigger Primitive Generators
perform T ) 1 T T
DT CsC RPC ECAL HCAL HF
| Muon Trigger | | _Calorimeter Trigger |
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Level-1 Trigger CMS, & [ University of

Run 2/3 ~ & X BRISTOL

« Upgraded LT deployed in A

2015/2016

- Currently in use D S N I N
1T

e« Muon system has been

redesigned to be region-based ‘ I

| |

0.1 02 03 0.4 0.5 0.6 07 0.8 1.0 1.1 3 l
84.3) (786 (7319 (67.7) (625) (575) (528 (48.47) (4047 ) ’
Global
c / - DeMux
| / o Muon Trigger
L 7.77)
4,_$

e i | 1

§ | p finding Jet/E+y/Tau/Et sums

‘ ‘ .

“F [ [ bk 4

w A e Two-layer calorimeter trigger

? J = /ﬂ - Layer-1 packs data and performs
| //:/ | ’ calibrations

- Layer-2 reconstructs calo objects
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Level-1 Trigger = |4 University of

Hardware ~ BE X BRISTOL
e ASICs = FPGA

« Custom boards - small set of generic o o
boards types ] CMS microTCA FPGA modules wE

- MP7 MTF7 for object finding

- CTP7 TWINMUX, and CPPF for data
preprocessing and fan-out

- AMC13 for clock distribution and event
building

- Firmware shared across LT subsystems

e Reduced integration and commissioning time MTF‘]MTFEshuwn)

ECFA 2016 Co n Back End 1. Hansen, CERN

e Copper links -» Optical links Taken from;

https:/ /indico.cern.ch/event/524795/contributions/2236585/

- Increased bandwidth

1E IHEP THil{E
« E.G.this enabled to have an increased Developed by our
granularity in the calorimeter trigger colleagues in IHEP
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Level-1 Trigger = |4 University of

Algorithms and performance ~ [ BRISTOL

e Calorimeter and muon trigger subsystems reconstruct objects
- W, EG, tau, jet, sums
 UGT runs up to 512 algorithms in parallel on these objects

- Able to run complex correlation algorithms, e.g. invariant mass for VBF triggers

- Bl
.. 1
CMS Proliminary 2018 Data  11.0fb" 13 Tev _ CMS prefminary 2018 data 5416 (13TeV)
g L g 1
] 8
g 1 e S
o : 5
L g 0.
- =2 R
08— E L
]
06— Il <3.0 0.6
N ® L1JetET>35GeV |
B L1 Jet ET > 90 GeV |
04— L1 Jet ET > 120 GeV
[ ol ® L1JetET > 180 GeV 04
L o, —+data
0.2} Fos 0 < |n"* <0.83
L 021 Tightt L1 qiality
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Trigger upgrades for HL-LHC *T‘(i 2 D B BRISTOL

1T "stul)"\>/'\ pass fail
LLIT LT
« Input from tracker ,+4,,,,,,[ o8
- Improved resolution, identification, pile-up rejection, . o S e —
<100 um
« Max rate 100 - 750 kHz
e latency 3.8 > 125 s
HLT
« OQutput rate 1 kHz - 75 kHz NS detecton e by
) ) _ Peak (PU) 60 140 200
e ~20-time hlghel’ computmg power L1 accept rate (maximum) 100kHz  500kHz 750 kHz
Event Size 20MB*? 5.7 MB? 7.4 MB
« Heterogeneous computing is being investigated e Nework buter (heconds)  1218° 17118 3318
e HLT accept rate 1 kHz 5 kHz 7.5 kHz
— F.G. GPUs for tracking HLT computing power ¢ 0.5 MHS06 4.5 MHS06 9.2 MHS06
CUDA Storage throughput 2.5GB/s 31 GB/s 61 GB/s
Storage capacity needed (1 day) 0.2PB 2.7 PB 53 PB
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Summary % -% University of
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« Triggering and data acquisition at hadron colliders is extremely challenging
- 0(100 TB/s) » O(1GB/s)

- Interesting events are rare and hidden in many pile-up interactions

« CMS employs a two-level trigger architecture to select physics of interest
- Level-1 Trigger, hardware-based, uses reduced detector information

- High-Level Trigger, software-based, uses full-detector data

« Trigger and data acquisition systems are in constant evolution to match the
Increase in LHC luminosity

« TDAQ technology and techniques developed for LHC will have application in the
post-LHC era
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Design and performance of the upgrade of the CMS L1 frigger (O. Davignon)

2018-07-05

Jet algorithm & performance

Input granularity

Access to higher granularity than previous system (single TT)

Sliding window jet algorithm

Search for TT above threshold and maximum in $x¢ window (approximately the

size of an AK4 offline jet)

“Chunky donut” pileup subtraction

E; in 3x% regions around the jet computed
Energy in 3 lowest E; regions used to determine PU energy density
Scaled & subtracted to the individual jet E;

Calibration

Corrected energies as function of n and E;

CMS Preliminary 2018 Data
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Design and performance of the upgrade of the CMS L1 trigger (O. Davignon) 2018-07-05

University of
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Sums algorithm & performance

Types of algorithms

HT: scalar E; sum of jets with E; > 30 GeV with |n|<2.4

Missing tfransverse ener MET): norm |-ZE;| of trigger 3
9 _ gy (MET) |-2E 99 Typical thresholds
towersup to |n|=5
Pileup mitigation WAL = LSI0 (S
P mitg HT > 360 GeV
Exclude energy deposits from the MET calculation
below a dynamic n-dependent threshold calculated
using an estimate of the pileup in the event
CMS Preliminary 2018 Data  11.0 fh" 13 TeV CMS Preliminary 2018 Data 11.0 fb! 13 TeV
& L g [
DA m——————— e s e ———
O N I N e,
: ' hil < 24 0.6 Wi<50
D rmee T e zoom
“F - 7 2018 data o
I—nw...llm i _.,u-kf"f.‘ T bt L i L L L L
o 100 200 300 400 500 600 700 800 DO 50 100 150 200 250 300 350 400
Offline PF HT (GeV) DOffline PF MET MoMu (GeV)
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Design and performance of the upgrade of the CMS L1 trigger (O. Davignon) 2018-07-05
University of
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P L1 e/y algorithm & performance
[ o o | e efy-like

Dynamic clustering around local maximum (seed)

* Recovering the energy loss due to tfracker material °
*  Minimizing effect of pileup contributions

« Improved energy resolution
+ Extension of the cluster in ¢ to recover brem
e/y calibration

. Seed tower

Calibration depending on ET, n and the reconstructed shape B Fist ncighbours . .
Second neighbours J et = I I ke

e/y identification

+ Shape veto 2 e/y have more compact shapes than jets Typical thresholds

« E/H identification = e/y typically have small hadronic deposits SinglelsoEG > 30 GeV

. i 6X9_F e/ i
Isolation energy (E;*“-E.®/*) = larger for jets DoubleEG > 25.14 GeV

, CMS Preliminary, 2017 4131 (13 TeV) -
n - R Y s st s TripleEG > 18,17,8 GeV
5 | cms e ) T 2
[ . 2018 data <+ Excellent performance
[ L 0.8} . o . ope
osf S g 56 5 o] * Good pileup resilience
0s 04 T 2.50 BV % Loose/Tight isolation
t L1E;>32GeV . .
ol ; e Wl _ | 1| worl_<|ng pom-'rs ada;?'red
i { L€ >200 to different kinematic
o 10 10° 0]0 15 2‘0 25 3‘0 35 4:3 4‘5 5‘0 55 60 regimes

e offt
Er" [GeV] Number of vertices
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Design and performance of the upgrade of the CMS L1 trigger (O. Davignon) £UT0-U7=UD
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L1 had. T algorithm & performance

L1 t clustering algorithm Typical thresholds
EG-cluster type as baseline to L1 tau reconstruction DoubleTau > 34, 34 GeV
Merging with one neighboring cluster possible = captures multi- SingleTau > 120 GeV
prong hadronic tau signatures EGTau > 22. 26 GeV

1 calibration l n
)

Calibration depending on E;, n and the E/H fraction

1 identification

Isolation energy (E;*?-E;#Y) 2 cut depends on ny, E; and n

I
/ Isolation window

- CMS Preliminary 2018 data 11.11 fb7 (13 TeV) - CMS Preliminary 2017 data 40.9 b (13 Tev) Reconstructed
e g tau (no merge) n
- i : u
(3 © e Damm— = .
= =
W gg Woos -
R 20 I 8 data One tau -
06hetd A 7& Fo L 06 ; ; : _— reconstructed —
ot I oo £~ 300 ' } oo (merged clusters) =
i 71 T isolated El"'> 34 Gev
0.4 T isoltes, "> 38 G 0.4 + Endcaps -
0al ][ 5 o D.,m.-,ff,m < Excellent performance
t / I | ' solted, £} '>30 Ge < Excellent pileup resilience
o . o , <» Thresholds maintained
0O 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 80
< dline Gy ) throughout 2014-2018 thanks to
py T [GeV] Number of vertices

adapted isolation WP
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Muon thresholds

SingleMu: 22 GeV Taken from O. Davignon'’s talk at
DoubleMu: 15,7 GeV ICHEP 2018
TripleMu: 5, 3,3 GeV
CMS preliminary 2017 data 6.8 fb™' (13 TeV) CMS preliminary 2018 data 5.4 fb" (13 TeV) o 1ao CMS preiiminary 2017 data (13 TeV) <PU> =28
e g R g T S Uppracenigger
g FEILT T T 3 f{ﬂ”"“" e — > 1200~ Tight L1 quaity Il Barrel
g g g Lip_>25Gev a2 ;’:::P
E 0.8 E 0.8 E 100:—“ i ] ’Lsgac:lamuiarad} ]
06 0.6 g oo ' E
i 2018 data g L E
04 04 . g W ™ .
[ —+data ] 40 ; s M
I 0<|nN™® <24 . L
0.2 0.2 Tight L1 quality ] 20
: ] [ pL' > 22 GeV ]
_.......i....i....i ..i....i.,,,i,. | ,,,,_ >.., P o ,p )ZBGEV L L —%.5 -2 -15 -1 -05 0 05 1 15 2 2§
O 5 705 0 05 1 15 2 % "0 20 30 40 50 60 70 L1 muon 1
n Number of vertices
< Efficiency improved in < Excellent pileup < Rate reduced by 20-807%
the overlap region resilience w.r.t. legacy system
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—  CMS Phase-2 Simulation, <PU> = 140 i (caig > 60 |CMS Phase-2 Sim.
T i E 1.0_—

210 Semileptonic tf o [T TR Az >4

Q 10 = i -

©® . c; 0.8 | = Hy(Puppi) > 379 7

©of i S | Semi-leptonic tt i

- . 3 0.6 <PU>=140 -

1 = 3 L - ]

- i 0.4 -

- —— MET (Calo) ] ]

- —— MET (TK Az) - 02l -

107 —— MET (PF+PUPPI) 3 [ i

: |||||||||||||||||||||||||||||||| : I p— [ | | | | 11 ‘ | .| | 111 I_

0.1 020304050607 0809 1 0.00%4%50 200 300 400 500 600, 700 800
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