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Introduction



Compact Muon Solenoid

* isacollaboration of over 3000 people from 180 institutes and 40 countries
* isone of the fFour large experiments at the Large Hadron Collider at CERN
* has collected over 30 fb™ of collisions data, and published over 460 papers
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the CMS detector

* Silicon Tracker Muon Detectors

* 65M pixels and 10M strips (RPC, CSC, DT) Electromagnetic
= Calorimeter

» Electromagnetic Calorimeter
« 75k lead tungstate crystals

* Hadronic Calorimeter
* sampling calorimeter

* Muon Detectors
* Drift Tubes (barrel)
* Cathode Strip Chambers (endcap)
* Resistive Plate Chambers (both)

Silicon Tracker

« Eventrate and size
e full read out of the detectors limited to 100 kHz
 “raw” event size: 500 kB
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LHC operations in 2016

« two proton beams, colliding at an energy of 13 TeV » o,,=80mb
» 25 ns bunch spacing
« ~2700 proton bunches, colliding every 11.2 kHz

* collisions at 30 MHz ) IRRRE RN T
1.2x10% | — dge=110, 0,=10cm i
—~ ~ol N, s thg=100, g,=10cm 1
r » c'g! I O dse=100, 0,=7.5cm |
» expected peak luminosity C 1.0%10%) g =100, 3,106 BOMS
B _ . :
¢ 1.0x10*cm?s™ = 10 nb”'s™ .
E 8.0x10%}
-
i . 6.0x10%
* pileup! - , i
e 10nb's'x80 mb =800 MHz EE 2 W™ o7 oal te 10

e average pileup at peak luminosity ~ 26
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Why do we “trigger” ?

» last year, the LHC produced at CMS

2.7 67" (13 TeV)
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Why do we “trigger” ?

» last year, the LHC produced at CMS
e ~2x10"pp collisions

Events / GeV

 ~3millionZ - pyevents

ww invariant mass [GeV]
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To reduce the event rate

. from the interaction rate of the machine, to a rate that allows
* the full detector read out
» storage on disk, offline reconstruction and analysis
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* while maintaining as much as possible the physics reach of the experiment.
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Challenges of a trigger at LHC

* low latency and processing time
* analyse as quickly as possible all the collision events
* massively parallel

* high purity
» discard the uninteresting events as soon as possible
* layered approach

* high efficiency

* keep as many as possible of the interesting physics events
* high level algorithms and calibrations close to those used in the offline analyses

2016.02.22 The Trigger of the CMS Experiment
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Two — layer approach

» different architectures
* no “one size fits all” solution

« exploitall the information
available at each step

Level 1 Trigger

e successive steps

* reduce data rate
* increase granularity and complexity

Offline reconstruction
and analyses
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Level 1 Trigger

» fastreadout of the detector, with a coarse granularity

muon chambers Electromagnetic
(RPC, CSC, DT) Calorimeter

* implementation
» hardware: ASICs and FPGAs
* synchronous operation
* 40 MHz LHC clock

e constraints from the detectors readout

Hadronic

e ~4 ps to take a decision: pipeline design colorirnatar

* readout: 100 kHz maximum output rate
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2009 - 2012

HF HCAL ECAL RPC

Y

. Y
RPC
Regional Pattern DT CSC
CaloTrigger Comparatcrj TrackFinder | | TrackFinder
L%
ely, region Er l 4“M‘ml ﬁ
Global Global
CaloTrigger MuonTrigger
4 iso-ely, 4 ely, 4+4 jet, 4T 4u
Er, E1, HT, M1 Global
Trigger
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2015

HF HCAL ECAL RPC
Y
r~ N
RPC
Regional Pattern DT CSC
CaloTrigger ComparaturJ TrackFinder | | TrackFinder
.,
ely, region Er l 4HM4|_41 ﬁ
Calo Trigger Layer 2 Global
MuonTrigger
4 iso-elY, 4 ely, 4+4 jet, R 4u
Er, Br, Hr, Mt Global
Trigger

2015.07.16 Andrea Bocci - Trigger for LHC Physics



2016 —

Calorimeter Trigger Muon Trigger
' ™ 4 ™y
ECAL HCAL HCAL CSC DT RPC
HB/HE uHTR HF uHTR o
OSLB L )
= v
c v LB
Mezz Concentrator ——
& fan-out .
Splitters Concentrator
\ ’ | & fan-out
v b SRV, 4 v v

Calo Trigger Layer 1

i

Calo Trigger Layer 2
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v
Global - .
[ Trigger ] LITCA boards with Virtex 7 FPGAs
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L1 Muon Trigger

. Barrel MTF (only DT and RPC barrel) Overlap MTF (DT, RPC and CSC)
 Barrel Muon Track Finder e e e e e S & S se

7T T7 7 i FaL T TF T T T - T 1.2 335°

: i n ,- - g s s

» track segments are identified in the DT :

RFCs | 1.3 305°

* eventually, add RPC information

14277
- 15 252°

] 16 228°

* Overlap Muon Track Finder
« combine in formation from DT, RPC, CSC

S R0

 Endcap Muon Track Finder
» track segments are identified in the CSC

(deopus Ddy pue 989 Ajuo) 41 A deopu3

« eventually, add RPC information
 all Track Finders ‘\ I s & 7 s 9 0 W 12z(m
« assignn, @, p; and quality to each candidate

* WGMT - uTCA Global Muon Trigger

» use thisinformation to remove duplicates and combine the candidates from the Barrel,
Overlap and Endcap track finders

« each candidate is assigned n, @, p; and quality

» select 8 leading muon candidates
- high quality candidates used for single muon triggers
- different quality criteria for di-muon and cross-triggers
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L1 Muon Trigger

rate reduction by a fa;tor 2 ~ 3, with a similar efficiency
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A. Bocci - Trigger issues for physics at high luminosity LHC



L1 Calo Trigger

 Layer1
« combines inputs from ECAL (5x5 crystals) and HCAL into “trigger towers”
« applies position- and energy-dependent calibrations

 Layer2
e pattern recognition: finds Jets, E/Gamma and Tau candidates
» applies pileup subtraction and computes isolation
« computes global quantities: ET / MET, HT / MHT

2015.07.16 Andrea Bocci - Trigger for LHC Physics

20



L1 Jets

4

: .

)

3 1. Look for local maximum above jet seed threshold

? 2. Apply mask to surrounding tower (antisymmetric to
2[>[>]> : : S

g avoid double-counting of overlapping jets)
SHEBE e : : ==
3. JetEr=) TTin 9 x 9, jet centre = highest energy TT

v
< >

A¢ = 0.783

Local correction to jet using energy in TT strips surrounding jet area:

2015.07.16

S

Subtract total energy in lowest 3 sides -
avoids overcorrection from overlapping jets

Use 3 strips to mitigate fluctuations, but

EEEEEENE NN : :
keeping correction local and robust
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L1 E/Gamma

 discrimination between jets e/g like jet like

and e/gamma candidates

* H/E (ratio HCAL / ECAL energy) L I = I ‘

* cluster shape

Examples of
cluster shapes

« isolation
e energy in a 6x9 region
« E+H_ . -E, -H,_, <isolation

cut
« function of position and pileup

ECAL

B isolation region

« estimate pileup from the number of trigger towers above threshold

2015.07.16 Andrea Bocci - Trigger For LHC Physics
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Lb"n

2015.07.16

A

r‘n b

L1 Taus

Clustering

Calibration

Shape veto

TT are regrouped into clusters
Basic object to form L1 tau candidates

Search for neighbors in a defined path
(tau decay products can be spread out)
~15% merged, 85% non merged

Compute isolation as E(6x9) - E (tau)
PU subtraction at hardware level

Improves energy resolution

Cluster with certain shapes are rejected
Additional background rejection

Andrea Bocci - Trigger For LHC Physics
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L1 Global Trigger

* receives candidates from the Muon and Calo triggers
« 8 muon candidates
* 12 e/gamma candidates (isolated and non-isolated)
e 12jets
» 8 tau candidates (isolated and non-isolated)
* energy sums (ET/MET, HT/MHT, ...)
« external conditions (e.g. beam coincidence or anticoincidence, ...)

» combines the candidates in up to 512 algorithms
* single and multiple-object triggers (single muon, di-jets, ...)
« cross-triggers (muon + EG, ...)
e N, Q, p;cutson each candidate
* An, A, AR topological correlations among candidates (muon within a jet, ...)
* invariant mass cuts among different candidates

2015.07.16 Andrea Bocci - Trigger for LHC Physics



L1 Global Trigger

* receives candidates from the Muon and Calo triggers
8 muon candidates
* 12 e/gamma candidates (isolated and non-isolated)
e 12jets
e R rtan randidatac (icalatad and nan-icnlated)

File  Help
g s 00§

= L1Menu_Collisions2015_25nsStagel w7_uGT.xml 3¢

- Menu : R T O S T A
Filter Object Editor (auf Ixplus0062.cern.ch)
Object Requirements | 19X 7 Mame Expression Object | MU =>|~|[100Gev 2| [+0BX 2 " "
| =5 |~ .
Extjernal F?equ\rements 1 L1_ZeroBias EXT_BPTX_plus_AND_minus.v0 d ~ MU OB]ECt Reql.nrement
+ Scales 2 L1_AlwaysTrue EXT_BPTX_plus_AND_minus.v0 OR ( NOT EXT_BPTX... £3 - N valid threshold: 0.0 GeV - 255.0 GeV
EEEIA Algorithm Editor MU-ETA Epl (0.5 GeV steps)
EG-PHI Edit Format MU-OLﬁQHALO Preview
[ ETM-ET , o ; | -
ETM-PHI £ = = L% 5 & Name L1 _SingleEG2_BptxAND | Index 3 Y MU18 [MU-QLTY_HIGH]
ETTET " Cuts
HTM-ET 1 EGZ AND EXT_BPTX_plus_AND_minus.v0 Library
HTM-PHI Objects | Cuts | Exts | Funcs | Ops
HTT-ET
JETET ~ & £G =
JET-ETA E - |
JET-PHI
MU-ET Hecs JE
MU-ETA — Filt
r
MU-FHI :| Ab Insert Use wizard &
TAU-ET [l
TAUETA — N X Cancel
TAUPHI Type: EG
External Sign Comp. operator: .ge. !
Threshold: 2.0 GeV . o 3 .
BX offset: 0 ) h t
ong candidates (muon within ajet, ...)
—— " indidates
Help Cancel oK

Algorithms: 104 Cuts: 11 Objects: 72 Externals: 5

« python/Qt4 Trigger Menu Editor to implement the various algorithms
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(some) L1

L1_SingleMu16
L1_DoubleMu_10_3p5
L1_DoubleMuOer16_WdEta18
L1_DoubleMu_10 0 _WdEta18
L1_TripleMuO, L1_TripleMu_5_5_3
L1_QuadMu0

L1_SingleJet128
L1_DoubleJetC84

L1 _TripleJet_84 68 48 VBF
L1_QuadJetC40

L1 _ZeroBias

L1_SingleMuOpen_NotBptxOR
L1_SingleJetC32_NotBptxOR

2015.09.10

Algorithms used in 2015

L1_SingleEG20
L1_SinglelsoEG18er
L1 _DoubleEG_15 10
L1 _TripleEG_14_10_8

L1_DoublelsoTau28er
L1_DoubleTau40er
L1_Mu16er_TauJdet20er

L1 _IsoEG20er_TauJet20er NotWdEta0

L1_Mu4_EG18,L1_Mu5_EG15,L1_Mu12_EG10
L1_Mu5_DoubleEG5, L1_DoubleMu6_EG6

L1_HTT100
L1_ETM50
L1_MuOer_ETM40, L1_Mu10er_ETM30

CMS Week Ischia 2015 - A. Bocci - the Trigger for (the rest of) 2015
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L1 rates

L1_SingleMu20 L1_SingleEG30
N N 10 runs: E G ::; 10 runs:
= 5 CMS P Il 258425 (1596 b) = = CMS . o |l 258425 (1596 b)
3 - Rate Monitoring o 6 Rate Monitoring. ;
o L I 258427 (1596 b) o - I 258427 (1596 b)
:-E:, ~ x) = 0.08433+ 0.14448"X + 0.00015°x2 258428 (1596 b) =} = fx} = 0.50449+ 0.10603" + 0.00459"x2 258428 (1596 b)
Tg a- 258434 (1596 b) E 5 258434 (1596 b)
£ C [ 258440 (1596 b) E - I 258440 (1596 b)
g B 258445 (1596 b) E C 258445 (1596 b)
P al B 258448 (1596 b) 2 4 I 258448 (1596 b)
S - [ 259626 (589 b) : - [ 259626 (589 b)
2 C [ 259721 (517 b) = 3l [ 259721 (517 b)
@ — 260627 (2232 b} § C 260627 (2232 b)
s 2L — Fitl3.00) S T — Fit(3.00)
c c
= - S 2
%0 15 =20 25 5 10 15 20 25
<PU> <PU>
L] ] ] L] ° F L] l
single object trigger usually show a linear rate as a function of pileup
L1_SingleJet176 L1_SinglelsoEG20er
~ = w 16 B "
L 1 - e ——— wi{ |10 runs: I I s (10 runs:
= - CMS L 2 | il 258425 (1596 b = - CMS L 2 0| | Il 258425 (1596 by
a = Rate Monitoring - ( } & Rate Monitoring
o 0.7F I 258427 (1596 b) o 14— I 258427 (1596 b)
:-E;, E f(x) = 0.04995+ 0.01549x + 0.00043'x"2 258428 (1596 b) s C f(x) = 1.21507+ 0.20476"x + 0.00801°x2 258428 (1596 b)
?3 0.6 258434 (1596 b) 3 12 258434 (1596 b)
e E B 258440 (1596 b) E B 255440 (1596 b)
2 sk 258445 (1596 b) 2 258445 (1596 b)
2 e [ 258448 (1596 b) [ [ 258448 (1596 b)
S C [ 259626 (589 b) S [ 259626 (589 b)
2z 04 = [ 259721 (517 b) < [ 259721 (517 b)
& - o 260627 (2232 b} § 260627 (2232 b)
= et ) — Fit(3.00) =3 — Fit(3.00)
g = . g
= = - =
0.2
5 10 15 20 25 25
<PU> <PU>
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L1_HTT175

L1 rates

““CMS

Rate Monitoring

fix) = 0.25817+ 0.03649"x + 0.00247 %2

10 runs:
Il 258425 (1596 b)
B 258427 (1596 b)
258428 (1596 b)
258434 (1596 b)
[ 258440 (1596 b,
258445 (1596 b
I 258448 (1596 b)
[ 259626 (589 b)
[ 259721 (517 b)
260627 (2232 b)
— Fit(3.00)

)
)
)
)
)
)

N

= 8
> [
o L
E’ [
T 25—
©° [
< —
£ L
2 2
S ~
2

o -
© ~
©

3 15f
© L
Q

w (—
@

@ C
g 1
< =

sums and multi-object triggers show non-linear rates with pileup

L1_TripleMu_5 5 3

25
<PU=>

0.16

CMS

Rate Monitoring

0.14

fix} = 0.00892+ 0.00131"x + 0.00015°%"2

0.12

unprescaled rate / num colliding bx [Hz]
1

10 runs:
Il 258425 (1596 b)
B 258427 (1596 b)
258428 (1596 b
258434 (1596 b
[ 258440 (1596 b
258445 (1596 b
B 258448 (1596 b
[ 259626 (589 b)
[ 259721 (517 b)
260627 (2232 b)
— Fi(3.00)

)
)
)
)
)
)
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<PU=>

unprescaled rate / num colliding bx [Hz]

unprescaled rate / num colliding bx [Hz]

24

2.2

0.8

0.7

0.6

0.5

0.4

0.3

L1_ETM70

CMS

Rate Mor

itoring

fix} = 0.14305+ 0.03185" + 0.00190°%"2

10 runs:
Il 258425 (1596 b)
B 258427 (1596 b)
258428 (1596 b
258434 (1596 b
[ 258440 (1596 b,
258445 (1596 b)
I 258448 (1596 b,
[ 259626 (589 b)
[ 259721 (517 b)
260627 (2232 b)

)
)
)
)
)
)

— Fit(3.00)
L s —L s S L
<PU >
L1_Tripledet 92 76_64 VBF
10 runs:
CMS
Rate Monitoring Il 258425 (1596 b)

fix} = 0.07485+ 0.00940"x + 0.00071"x*2

(
I 258427 (1596 b)
258428 (1596 by
258434 (1596 b
B 258440 (1596 by
258445 (1596 b)
B 258448 (1596 b
[ 259626 (589 b)
[ 259721 (517 b)
260627 (2232 b)
— Fit(3.00)

)
)
)
)
)
)
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Data Acquisition



S R
‘ GTP ’ L2 2_‘ Timing, Trigger and Control (TTC) front-end distribution system
Tcos |, FED Detector Front-End Drivers ( FED x ~700 ) Feps
: U
e |
anﬁq — = Trigger Throttle System (TTS). Fast Merging Module (FMM)
&) —
(] 4/Gbs 400 MBs Input: old FED copper 400 MBs Slink, new FED 4/10 Gbs optical 4\Gbs 10|Gbs
Ey Il i 1] ﬂ'ﬂ 576 Front-End Readout Optical Link (FEROL-PCIx)
|
 — 1 Patch panels [ ﬂ:
| |
M |
10 GbE 185m OM3 Data to Surface ~ (2 x) 576 x 10 GbE links (5.8 Tbs)
‘ o
| ] | ]
4  (6x8FEROLs)

48 x 12 (10/40 GbE)

40 GbE

06 Gbps IB-FDR

84x 64 (56 Gbps)

56 Gbps IB-FDR

40 GbE

36 x 40 GbE

10 GbE

Surface Counting room

FU PCs

EVM/RUs. 84 PC D 1]

H

=
=)
1

Event Builder 84 x 64 (3.5 Tbs )

& Data Backbone

InfiniBand-FDR CLOS-216 network

pd 36 x 40 GbE switch

S
10T T332 .00 IR

b4 540x32 (1/10 GbE)

|ﬁ| Eaaxm GbE FUSE

_

(216 external ports)

M |Dam

I
SM W CFS

BU, BU,
£=eb 64 BU-FU =< 5x40 GbE = _gis y
b/ 36 x appliances M 36 x 40GbE switch [ M
~ 15000 cores r
P

i‘ 1068510 ﬁ

Data backbone (10/40 GbE)

@ZX1GDEFUS l

BU-FU appliance

-1BU (256 GB RAM, 2TB magnetic disks)

- 16 FU nodes
- FU: Dual E5-2670 8 core (2 x1 GbE)
- FU: Dual X5650 6 core (2 x1 GbE)

BU-FU appliance
- 1BU (256 GB RAM, 2TB magnetic disks)
-8 FU nodes

- FU: Dual Haswell with 14 cores (10 GbE)

CDR backbone




the Filter Farm

* each HLT node in the Filter Farm runs an “HLTd" service
e wait for the start of a new run
* spawn and monitor the health of the HLT jobs

e in 2015, the HLT farm was composed by three type of computers
» 288 dual Westmere Xeon processor, 2x 6 cores (from 2011)
e 256 dual Sandy Bridge Xeon processor, 2x 8 cores (from 2012)
* 360 dual Haswell Xeon processor, 2x 12 cores (from 2015)

e 16192 cores

» takinginto account the different performance of the machines, this corresponds to ~14400 "Haswell-
equivalent" cores

* ~144 ms/ev. running at an L1 rate of 100 kHz
 ~125 ms/ev. scaled to the performance of the machine used for the benchmarks

* in2016
* replace the Westmere machines with brand new Broadwell machines
* 324 dual Broadwell Xeon processor, 2x 14 cores
e 21800 cores, ~22000 “Haswell-equivalent” cores
* increase the Farm processing power by 40%~50%

2015.09.10 CMS Week Ischia 2015 - A. Bocci - the Trigger for (the rest of) 2015
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Storage Manager and Transfer System

 Storage Manager
* collect the output “streams” from the filter farm
- one file per stream per “luminosity section” per HLT job
* low-latency, hierarchical merge of data into smaller number of files

- micro-merger :
merge files on each HLT node

HeH

®
o
m
=

- mini-merger D
merge files at the "builder unit” level

P
13

- macro-merger
merge files for the whole farm

Average Throughput [GB/s]

— additional metadata files insure the
integrity of the data through the chain

 based on a distributed Lustre FS

- COpy'IESS merge (agg Fegate Fragments Number of Builder Units
without reading/writing them back i i
of ) ) LFS bandwidth benchmarking

n
hY)
a

e Transfer System
» transfer the fully merged Ffiles to the Tier-0 for offline processing and reconstruction
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Storage Manager and Transfer System

 Storage Manager

* collect the output “streams” from the filter farm
- one file per stream per “luminosity section” per HLT job

* low-latency, hierarchical merge of data into smaller number of files

— micro-merger
merge files on each HLT node ®rcas Duwite

1.00 GBIs
954 MB/s

- mini-merger
merge files at the "builder unit” level

- macro-merger
merge files for the whole farm

381 MB/s

— additional metadata files insure the - o
integrity of the data through the chain -
 based on a distributed Lustre FS
- copy-less merge (aggregate fragments 572 Mels

WlthOUt reading/writing them back) 16 18:13:20 16 23:46:40 17 05:20:00 17 10:53:20 17 16:26:40

e Transfer System
» transfer the fully merged Ffiles to the Tier-0 for offline processing and reconstruction
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High Level Trigger

* full detector readout, full granularity

Silicon Tracker

muon chambers
(RPC, CSC, DT)

* implementation
» software: CMSSW
» cluster of commercial PCs
e quasi-online
100 kHz L1-accept rate

e constraints
 ~200 ms average processing time to take a decision
* 1 kHz average output rate (limited by offline resources)

2015.07.16 Andrea Bocci - Trigger For LHC Physics
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CMSSW

CMSSW software
« written in C++, configured in Python
- uses ROOT files (in special “EDM"” format) for persistency

« organised in modules, corresponding to C++ classes
- data processing: Producers, Filters, Analyzers
- organised in Sequences and Paths
- Event Setup: access to conditions and calibrations, based on different IOVs

- Services: tools, e.g. performance monitoring, logging

* multi-threading
- multiple events processed at the same time

HLT uses same software as the Offline simulation, reconstruction and analysis
* code and configuration optimised for speed
* similar or same algorithms used for HLT and Reconstruction
» calibrations close to those used in the Prompt Reconstruction

trigger “path”

2015.07.16 Andrea Bocci - Trigger for LHC Physics
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CMSSW and the HLT

« Trigger Paths

read RAW data
e . » succession of Producers, Analyzers, and Filters

ol S * Filters can stop the execution along a Path
check evenl Type

- other Paths are not affected

e el - logically parallel execution

local ik » stop each Path as early as possible

reconstruction . : A N
- reject events not meeting the selection criteria

* what methods can we use to speed up the HLT ?

infermediate
camo(ida’fes Producer

* regional reconstruction

- around L1 candidates
regional tracking

parficle flow

* reject often, reject early
- intermediate reconstruction steps

HLT camo[iola’(es Producer
- reject events as soon as possible

* modularity and reuse of the reconstructed quantities

)
{}

{}
<
)
| prodcer |
}

}

{}
|
<
b
¥
|
}

e oulou! ogls « good enough reconstruction

trigger “path” - trade large speed gains for small accuracy drops
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single source:
RAW data
events selected by the L1 Trigger

trigger paths
run independently
of each other

common modules and sequences
are shared
across different paths

selected events are output to
different data streams

with different rates,

content and size

2015.07.16

HLT menu

Producer Producer Producer Producer
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High Level Trigger objects

what can we reconstruct at HLT ?

* muons * taus

e« “L2" stand alone muons * particle flow reconstruction

« “L3" global and “tracker” muons

e jets, MET, HT

 photons « calorimteric jets and MET

* based on ECAL superclusters « particle flow-based jets and MET

* calorimeter-based id » pileup correction to Jets and HT energy
» electrons « b-tagging

 based on ECAL superclusters, * secondary vertex reconstruction

pixel tracks, and GSF tracking o S of\Bpton b EliE e

 calorimeter and track-based id

but also

general « razor, a, dE/dx, ...

« particle-flow based isolation ,
e jetsubstructure, ...

» pileup correction for isolation ,
and jet energy « displaced decays for non-prompt searches

2015.07.16 Andrea Bocci - Trigger for LHC Physics
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the CMS HLT “menu” in 2015 - muons

Single muon (global or tracker-based) A whole family of muon triggers for "quarkonia"
* isolated muon, pT > 18 GeV and B physics

* isolated muon, n<2.1,pT > 17 GeV + tau cross trigger
* isolated muon, n<2.1, pT > 16 GeV + MET cross trigger Muon + E/Gamma cross triggers

* looselyisolated muon, pT > 8 GeV, loosely isolated
electron, pT > 17 GeV

* non-isolated muon, n< 2.1, pT > 45 GeV . )
* looselyisolated muon, pT > 17 GeV, loosely isolated

* non-isolated muon, pT > 50 GeV electron, pT > 12 GeV
Double muons (global or tracker-based) «  double muon, pT > 9 GeV, single electron, pT > 9 GeV
* looselyisolated muons, pT > 17, 8 GeV * single muon pT > 8 GeV, double electron, pT > 12 GeV

. non-isolated muons, pT > 17, 8 GeV, same sign

. non-isolated muons, pT > 27, 8 GeV

Triple muons
*  triple muons, pT >12,10, 5 GeV
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muon performance at HLT
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the CMS HLT “menu” in 2015 - e/y

Single electron Single photon
* looselyisolated electron, n < 2.1, pT > 22 GeV * isolated photon, pT > 36 GeV, MET or VBF cross triggers
* looselyisolated electron, pT > 23 GeV (disabld at 7e33, * non-isolated photon, H/E selection, pT > 165 GeV

backed up b -tri
Eckeduppyeioss triggers) * non-isolated photon, no H/E selection, pT > 250 GeV

* loosely isolated electron, pT > 27 GeV

* non-isolated electron, pT > 105 GeV
Double photons

* isolated double photons, pT > 30, 18 GeV, electron veto,

Double electrons mass cuts
* isolated double electrons, pT > 17, 12 GeV * isolated double photons, pT > 36, 22 GeV
* looselyisolated double ele., n < 2.1, pT > 24, 22 GeV * non-isolated double photons, pT > 60 GeV

. non-isolated double electrons, pT > 33 GeV

Triple electrons
. triple electron, pT > 16, 12, 8 GeV
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electron performance at HLT

Cluster Shape Distribution Single Electron Turn On for 32 GeV Online Cut
2015, 13 TeV 2015, 13 TeV
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the CMS HLT “menu” in 2015 - calo

Jets HT, MHT and MET
* single particle flow jet, pT > 450 GeV *  particle flow HT > 800 GeV
* single calorimetric jet, pT > 500 GeV e calorimetric HT > 2000 GeV
o di-jets, pT> *  calorimetric HT > 450 GeV (for parking)
A familiy of triggers For displaced jet topologies *  particle flow MET > 170 GeV
»  calorimetric MET > 200 GeV
B-tagged jets «  particle flow MET > 90 GeV, MHT > 90 GeV
«  double pf. jets, pT > 160 GeV (pT > 100 GeV central), - and higher threshold backups, as these triggrs

double b-tagging have a very large rate at high pilup

* quadruple pf. or calo. jets, single, double or triple b-

tagging «  HT plus multijets
*  HT plus high-mass wide jets
Taus «  Afamily of a; triggers
. double isolated tau, n < 2.1, pT > 35 GeV «  Afamily of Razor triggers
« isolated tau, n<2.1, pT > 50 GeV + MET cross trigger «  MET cross-triggers with muons or monojets
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HLT output and streams

* the HLT is responsible for splitting
the data in different streams m Physics
* different purposes [ 400Hz RN >
« different event content BT Cxpress
e different rates m Scouting )
) ey S s D NanoDST }
» physics, calibrations, monitoring, etc.
| T00HZI > Luminosity meas. b
(a]
| 200KHZ™T " ECAL calibration oS
| 300Hz ™ ECAL calibration w/ e > C L
WN2I8KEZ - Muon monitoring 3 ';:
IIMOOHZIN - HCAL calibration 5 =
| 100'HZ"" " ECAL calibration g 3_‘,3,
S
| 10Hz - Event Display o
~ 100Hz  DQM e
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HLT output and streams

* Physics streams
» full event content
« prompt reconstruction

« events for physics analyses

 EXpress stream

» subset of the Physics streams

* reconstructed immediately

» used for monitoring and calibration of the

detectors

* Parking
* full events content

* not (prompt) reconstructed

e Scouting
* reduced event content

» events for physics analyses

2016.02.22

The Trigger of the CMS Experiment

Physics

Parking
Express

Scouting
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HLT output and streams

* NanoDST stream
» saves trigger information for 10% of all
L1-accepted events TG NanoDST }

» used for trigger studies

| T00HZ = Luminosity meas. 2

| (a]

. | 20 kHz > ECAL calibration w35

e AlCa streams collect events for dedicated o a g
_ : | 300 Hz > ECAL calibration w/ e > =3
calibration workflows | 28kHz ™ Muon monitoring 3. A

» only a fraction of the detector is read: | 100HZI - HCAL calibration § %
small event size, high rate | T00HZI = ECAL calibration g E',_J,

S

* DQM streams | 10Hz Event Display o
* online monitor of the detector conditions, 100 Hz  DOM O
online reconstruction performance, etc. ‘ <
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Data Scouting at CMS

~

HLT

Reconstruct
Objects

Prompt RECO

| O(1 kHz)

HLT Decision

100 kHz

Oo Se

L

» In Data Scouting, we reconstruct at the
HLT all physics objects needed for an

offline analysis
Scouting

« After a loose trigger selection, the HLT Datasets

objects are saved directly for offline use

A few kHz

* The event is not sent to Prompt RECO,
and no RAW data is saved

2016.02.22 The Trigger of the CMS Experiment 48



Data Scouting at CMS

A.U.
ﬁ e B
‘ 2 : HT > 250 GeV. Scoutlng W|th calo-jets
alo Scouting
‘ . Rate 1.5 kHz (too h|gh for parkmg)
F: ANy

HT-> 450 GeV: Parklng
* Rate: 160 Hz

s PP AT Jidn .

[HT > 450 GeV: -
"~ PF Scoutin ' Scouting with PF candidates
. ‘ * Peakrate: 160 Hz

HT (GeV)

" J‘b (Not to scale)

Parking '

250 GeV 450 GeV 800 GeV

2016.02.22 The Trigger of the CMS Experiment 49



HLT processing time

look at L1 information
fast accept/reject

leptons and calorimetric
object

e.g. muons, photons

2015.07.16
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average time is critical

slow events have a large
impact on the average time
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HLT processing time

Paths processing time

107! E!

input: L1 menu for 2e33 cm2s1: 65 ms/fev

102 1 —_— input: L1 menu for 533 cm?s™: 80 ms/ev
3L o o
107 E tighter L1 selection
- leads to a higher average
] processing time at HLT
10 W ‘
10-5 E o ol by a1y [

200 400 600 800 1000 1200 1400 1600 1800 2000
processing time [ms]
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HLT and multithreading

Throghput vs. number of threads

|III|[1I|III|III|III|III|IIIIIIIIII]

_|_
_|_

+

+
+

no Hyperthreading
8 logical cores

Hyperthreading enabled
16 logical cores

Throughput (ev./s)

* 8corelvyBridge
Xeon processor

* data with pileup ~17

* L1 and HLT menus
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HLT and multithreading

Throghput vs. number of threads
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HLT and multithreading

configurations that use

too much memory Throghput vs. number of threads
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Filcer Farm — extrapolation to 2016

Level 1 Trigger rate — extrapolation to 2016

Filter Farm occupancy — extrapolation to 2016
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Questions ?



