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What are we trying to do?

« Hnd the most interesting physicssignalsat LHC
o Store them for off-line processing
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What Isthe problem?

1) Wedon't keep all these events » Selection
2) Old Physcs happens more often than New Piysics
3) New Physcsburied under aton of Old Pnysics



We don't keep all these events
« How many do we keep? About 150-200 Hz

« Why only so few? Not enough resources
200 Hz a 1-2 MB/event - Up to 25 GB per minute
Up to 4 000 000 GB of storage needed per year
Flus. about 30 secsto reconstruct every event off-line

o “Interesting” physicsoccursat ~10, 1 or < 1 Hz
We are only interested ina (tiny) fraction of al events
We don't redly want to keep all these events



Old Physics. more likely than New Pnysics
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It Is challenging (to say the least)

to find these rare exciting events



Proton

Parton
(quark, gluon)

Particle

LHC reference numbers

Luminosity

Collisions

Proton-Proton
Protons/bunch
Beam energy

Crossing rate
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2835 bunch/beam
1011

7 TeV (7x10'2 eV)
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New Physics buried under Old Physics

o |Nteraction rate:
*)
R=Lx0,=10"cm % ' x 8 mb ~ 0.8 GHz
(*) Total inelagtic cross section (£20%)
o Distance between bunch crossings.

At = 25 ns (or 7.5 m)

« Non-empty bunch crossings.
2835 out of 3564 (or € = 79.5% )

o Average # of Interactions per (non-empty) crossing:
n=RxAt/e ~25



New Pnysics buried under Old Pnysics

For every exciting interaction. ..
H - ZZ - 4u

Reconstructed tracks
with p; > 25 GeV

...expect 25 non-exciting
overlaid interactions
(at ~1000 tracks per event)

Reconstructed tracks
with p; > 2 GeV

Rleup: serious problem a LHC at high luminosities



The 25 nschallenge

Muon Detectors Electromagnetic Calorimeters

Solenoig Forward Calorimeters
-2l End Cap Toroid

Oredit: Danid Fradevaux

LS
Barrel Toroid Inner Detector L
ore! Hadronic Calorimeters Shielding

Interactionsevery 25ns... Cablelength ~100 meters ...
In 25 ns particlestrave 7.5 m In 25 nssignastravd 5m



What are we trying to do? (v.2)

o Sdect the most interesting physicssignalsat LHC
150-200 Hz out of ~ 1 GHz of “noise” (sdlection: 10-7)

e Inred time
o Sorethem for off-line processing



Background isa Disease

Meet the Cure




ATLAS and CM Stri ggers

40 MHz CMS
Detectors Detectors
Front end pipelines Front end pipelines
100 kHz

Readout buffers Readout buffers
2 kHz

‘; CD Switching network Switching network
Processor farms l Processor farms
ATLAS C;l 100-200 Hz CMS
o 3levels (traditiona design) e L2, L3 mergedintoHLT
e L1: hardware, firmware o L1: hardware, firmware
e L2+ EVvF: hignlevel software  « HLT: high-level software
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Particle-id at Level-1

Use prompt data (calorimetry MUON System
and muons) to identify: Segment and track finding

High p, electron, muon, jets, | Ll n
missing E. =

CALORIMETERSs

Cluster finding and energy 5
deposition evaluation \




Why not usetracker info a Leve-1?

Hadron Electromagnetic l I-”/-/ ThOughtS Of InCl Udl ng
. % tracker infoat L1 for SLHC

Cdorimeter, muon detectors:

 Thousands of channels

o Patter recognition fast

Tracking, vertexing detectors:

« Millions of channels

» Patter recognition ow N

« Reserved for later triggering stages (lower rates)



ATLASHigh Level Trigger

o L2and L3 (Event Hiter) form
High Level Trigger (HLT)

o L2 (~500 CPUs) accesses ~10% of

event info (full granularity)
seeded by L1 objects

« Event Hiter (~2000 CPUs) accesses
full event using “off-line quality”

algorithms
« Custom L2-steering system
eL1:25 s L2:40ms, L3: 4s

Interaction rate
~1 GHz

Bunch crossing
rate 40 MHz

<75(100) kHz

Regions of Interest | | || ||

LEVEL 2
TRIGGER

~1kHz

EVENT FILTER

~ 100 Hz

CALO MUON TRACKING

Pipeline
memories

Derandomizers

| Readout drivers
(RODs)

Readout buffers
(ROBs)

Event builder

Fu II-eve tb ffer
pronessor sub -farms

Datarecording




CMSHighLeve Trigger

Detector Frontend Event data parfitioned
Tngger into about 500 separated
j:’:t;ﬂimiaiﬂj? memor y units
Hamager Builder Networks || Controls

=50..100 kHz

Two \..
hi s = 200 Hz per BU

e L2 and L3 merged into
High Level Trigger (HLT)

o HLT (~2000 CPUs) accesses full event
Info (full granularity) seeded by EE B
L1 objects using “off-line quality” Farm of processors

. ONE event, ONE processor
algorlthms - High latency (larger buffers)
- Simpler /O

eL1:32 S HLT:40ms - Seguential programming




ATLASvs. CMSTriggers

« Moretraditiona, safer design
o Concrete steps & requirements for each of
Level-2, Level-3 steps of selection
o Accessesfraction of event at L2 (small throughput)
o But: Custom controls and separate farmsfor L2, L3

« Moreflexibility
Full event info (and offline reconstruction) asearly asL.2

HLT: continuous software environment in singlefarm CMS
 But;

Large data throughput (and switching network) needed

Risky design decison (at thetime)
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ATLASvs. CMSTriggers

Oveall:

« Vary smilar paformances

o Trigger bandwidth determined by detectors
and physics programs, not trigger design

o Systemsdill differ (twofamsvs. snglefamat HLT)
so; commissioning and debugging also different



Trigoer: A tricky business

10° Ev/s

99.99% Lv1l
| |
H Readout
] Systems
m ayer Se Event Run
Can’t Undo A %87 Manager Control
[l Cut e
Copy #HC .
Copy Merged <+3C H ;Illﬁil’
Paste A I I ystems
Paste Into £+ 38V
Clear 999 % HLT
1

Which begs the question’: o

Copy Merged <-38C

Will your favorite new physics signal raste v

be included inthe small fraction
of selected events? (unexpected signatures aways aworry)

® LHC upgrade: 1B CHF, CMS+ATLAS detectors: 1.2B CHF




What are we trying to do? (v.3)

S ect the most Interesting physicssignalsat LHC
150-200 Hz out of ~ 1 GHz of “noise” (sdlection: 10-7)

Inred time

Store them for off-line processing

Don't screw up



What to avoid

o Killing the Iinteresting physics atogether

o Blasing the selected event samples.
Uncertainties in topologies of regjected events
|ntroduction of large systematic errors

arXiv:hep-ex/0502042v3 9 Feb 2007

Reduction of the Statistical Power Per Event Due

RN Measurements

A cut on the may
the number of event
decreases the statist

The small loss of events due to a moderate upper lifetime cut is accompanied
by a large loss of information, because not only a few events outside the allowed
time window are lost, but also the information that there were only a few,
This can have dramatic effects on the precision of the measurement. As shown

parameter cut in the

to technical limitations, has the same effect. In this note we deseribe and
quantify the consequences of such a eut on lifetime measurements. We

— | s S |




How to build good triggers



Ask old people

Learn from previous experiments



How to build good triggers

« No single silver bullet
« Using common sense (and trigger studies)

Generd dtrategies

o Assampleaspossble

o Asinclusiveaspossible
« Robustness

« Redundancy



Smplicity

 Construct triggers with smple conditions
o« SMpletriggers easier to

commission

debug

understand

Gengrd drateges

o | Assmpleaspossble

o Asindudveaspossble
e Robugnes

« Redundancy




Beinclusve

o Better to have onetrigger covering smilar analyses
« Even better: covering other, unrelated analyses
 Should be able to discover the unexpected as well

Strong socia aspects, often ignored

« Competition ingde experiment
One (wo)man's sgnal 1s another (wo)man's background
I'sbest for your andysisto rely onapopular trigger

o Inertia peopleget usedto“old’ triggers

o Safety: peopletendtoignore “new” triggers

Gengd drateges

« Assmpleaspossble . .

» | Asindusveasposshle Your fa\/Oﬂte tn%er SIUJId tE

+ Robusiness deployed online as early as possible

« Redundancy



Robustness

« Make sure your trigger can run for many events
Including pathological events
Including events with x10 more hits than MC predicts
« Make sure your trigger iIsimmune
To beam conditions, detector problems

Missng E; : the popular trigger for
o SUSY particles
Generd drateges o Dark matter candidates

Asdmpleaspossble

. Acindusve sspossitie » But also: neutrinos (so: Ws, Higgs, €tc)
« | Raobustness
« Redundancy




Missing E. at D@

| Missing ET in MHT30 skim |

g 10 . MET includes cells with E»0 (ho CH)
2 B Noconection 1
. |:| Bad runs wetre removed It tal(% a |Org tl me to
10“ [] Noisy events were removed P Cornm| $ On tI’E wa:’tor
Bad cellsftowers were removed .
= for datartaking
. « Removed| problematic runs
« Understand noisy environment
2 o Discover (and remove)
! problematic channels
0 50 100 30 350 400
Missing ET, GeV
Missng E; :

« Notidedl for gartup
« Typicdly thelast trigger to be commissoned



Redundancy

« Make sure your signa can be selected

by more than onetriggers
Helps to understand biases
Ensuresthat if atrigger has problems (ratestoo high
or instalility) you still get your events

Gengrd drateges

o« Asgampeaspossble

o Asindudveaspossble
e Robugnes

| Redundancy




How Isthetrigger different at LHC?
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“I'f | have seen further it isby sanding on the
shoulders of Giants’



Evol utl on |n Computl ng

Advancesin

« Networking (Ethernet, Terabit/s networks)

 PC industry (computing power and memory abundance)
« SOftware sandards (Linux, http, XML, C++, Java)

offer affordable, modular, scalable, upgradable solutions



LHC trigger: scalable

Thetrigger at ATLASand CM S evolveswith luminosity
Aduststoincreasesin:

o DAQ capacity (L1 rate)

o CPU-power neededat HLT

By adding/upgrading PCs as necessary



Luminosity effects

H—>ZZ — puee event with M,;= 300 GeV for different luminosities

1032 em-2s5-1 1033 cm-2s-1




LHC trigger at low luminosities

Lower luminosities alow usto trigger

o With lower thresholds, looser requirements
e.g. no isolation on leptons

o ON physicsthat we cannat trigger on later
e.g. B physicsor other low-p, physics



Building triggers
o pp Indastic collisons: mainly hadrons at ~few GeV
Interesting physics: typicaly with larger p,

Make surewe can il trigger on events
with many soft particles

« Sgnatures (event topologies) compdtible
with new (or old but still interesting) physics
Smple objects: leptons, jets, photons
More advanced objects. taus, b ets

o Trigger's“sine quanon’:
High efficiency onsgnal events



Trigger examples

Nota Bene:
o Impossibleto cover al LHC New Pnysicschannels & thar triggers
o« ATLASand CM Sfocusing on early luminogity studies
o Listing only unprescaled “physics’ triggers here
|gnoring triggers for calibration, monitoring, etc. (~20% of total)




Electrons and photons

ATLAS: Very early luminosity 10 cm2 s

Trigger | Thresh (GeV) Notes
Electronsrate 40 Hz —Photonsrate 10Hz

le 10

2e 5

1 20

1 20 isolation
2 10

3 10

CMS:. Early luminosity 10%2 cm2 st

Trigger

Thresh (GeV)

Notes

Electrons/Photons — Total rate 30 Hz

le
le

High-E, EM
Vey high-E. EM

17
15
12
10
40
30
20
20
80
200

o Eectrons & photons share the same recongtruction code
o Hectrons also have an associated track (so: thresholds can be lower)

isolation

Isolation

isolation

isolation

looser cuts
looser cuts



Muons

ATLAS: Very early luminosity 10 cm2 s CMS:. Early luminosity 10%2 cm2 st
Trigger | Thresh (GeV) Notes Trigger | Thresh (GeV) Notes
Muons— Total rate 25 Hz Muons— Total rate 50 Hz
6 1 16
10 isolation 1 11 isolation

6 2 (3)

o Low threshold crucid for B physics
o Topological ATLAStrigger (including B physics) at 15 Hz

« Muonsaretypically cleaner than electrons
o Favoritetrigger for many channeswith even lower thresholds



Physics with leptons and photons

liggs discovery (E/W symmetry breaking scale)
115<m, <250 GeV/c*,with H - y,WW",ZZ"

H(120) - y: EY >50-60GeV/c?

H - WW' W - tv: pf >30-40GeV

H - ZZ7,Z - tt: pt >40GeV

CMStrigger efficiencies (%)
[solated | Relaxed | Isolated | Relaxed
Signal process single single | double | double
photon | photon | photon | photon
HLT: H — 9y (mp=120 GeV) 80.5 76.8 75.8 75.7
LT*HLT: H — y(mp=120 GeV) 78.8 76.8 58.7 72.7

Quggested triggers by ATLASand CM Sadequate for al channels



Physics with leptons and photons

« Randall-Sundrum modd searches
with dileptons, diphotons (extra dimensions)
L' - ee uu (TeV scde stabilize Higgs sector)
triggers with (one or) two e ectrons, muons, photons

Increase trigger efficiency by loosening up
trigger requirementsfor large EM deposits

CMStrigger efficiencies (%)
Signal process ‘/S-ingle high\ Single very hig
\energy EM N\ energy EM 2(1) GeV
Z' — ee (M > 200 GeV) e 7.0
Z'— ee (M = 500 GeV) 91 69
Z' — ee (M = 1000 GeV) 094 92
Z' — ee (M = 2000 GeV) 90 97
G — v (M = 2000 GeV) 01 97




Physics with leptons

« Rare or forbidden decays
By — Ui dimuon trigger (lowest possible threshold)

Z — elU,er, urt
triggers with combinations of different leptons

Leptonic flavor violation 7 - HY
snglemuonor + triggers



Physics with leptons

« W spin-1 boson, heavy partner of W
single-muon trigger



Jets, missing E, total E;

ATLAS: Very early luminosity 10 cm2 s

CMS:. Early luminosity 10%2 cm2 st

Trigger

Thresh (GeV)

Jets, MET, Total E;
Total rate 40Hz

1

100
23
70
340

Total rate 30Hz

Thresholds
HLT path (GeV)
Single-Jet 200
Double-Jet 150
Triple-Jet 85
Quad-Jet a0
T b5
Acopl. Double-Jet 125
Acopl. Single-Jet + ET (100, 60)
Single-Jet + E1 (180, 60)
Double-Jet + ET (125, 60)
Triple-Jet + ET (60, 60)
Quad-Jet + FT (35, 60)
Ht+ Kt (350, 65)
Single Jet Prescale 10 150
Single Jet Prescale 100 110
Single Jet Prescale 10% 60
VBF Double-Jet + Fr (40, 60)
SUSY 2-jet+ET (80,20,60)
Acopl. Double-Jet + Ft (60, 60)

o (Multi-)jets are another favorite trigger for BAM sgnals
« MET isadifficult trigger to commission (already discussed)

o Tota E. can be used to Study biases of jet agorithms




Pnysicswith jets, total E.
o Black holes
Events with high-multiplicity, energy deposit
multi-jet triggers

« Searchesfor new resonances (SUSY or Exotica)
multi-jet triggers + MET + total E;
or multiple-lepton triggers
o Di-jet mass
ook for excess compared to SM digtribution
single- or di-jet triggers



Physicswith MET

o Dark matter, lightest supersymmetric particle

MET trigger: will take time to commission




Taus, b-jets

ATLAS: Very early luminosity 10 cm2 s

Trigger | Thresh (GeV) Notes
Taus, b-jets— Total rate: 45 Hz

1 60

1 45 isolation
+ 45, 40
+ 20, 30 isolation

Plus. + , +e, +jetsand b-jets

CMS:. Early luminosity 10%2 cm2 st

Trigger | Thresh (GeV) Notes
Taus, b-jets— Total rate 17 Hz

1 80
+MET 30, 35
2 40
+ 20, 15
+e 20, 12

Plus: b-jets (displaced vertex or soft )

Total investment in combined triggers.
ATLAS 50Hz (102 cm?s?), CMS 20 Hz (102 cm? s?)

o Taus and b-jets popular for Higgs (and top) analyses
« More difficult to commission and fine-tune, not suitable for Sartup



Pnysics with taus, b-jets

« MSSM Higgs. h°,H® A°, H*®

H - bb,7r byet, sngle- and double-tau triggers
CMStrigger efficienciesat 10?2 cm? st

H* — 7 oCD
My = 200GeV/c? | My = 400GeV /& | pr 120-170

Level-2 Ky cut 0% B1% B%
Lewvel-2 Jet Reconstruction
and Ecal Isolation 81% B3% 53%
Level-2.5 Si5trip Isolation B7 M 76% 27%
Level-2 SiStrip Isolation 70% 72% 18%
HLT 23% 38% 0.15%
L1*HLT 16% 29% -

o SOp production

Excess in reconstructed top distributions b-jet triggers

|
o o B
ﬁl 1




Fit everything into O(100) Hz
« How should the bandwidth be shared among

the large number of available triggers?

A difficult question — many things to consider
Aretriggersinclusive enough?
Which triggers are used by what physics anayses?
What are the experiment’s priorities?

Example #1.
“Experiment X has astronger chance of discovering the Higgs first”

Example #2:
“*Rumors arethat experiment Y is seeing a bump on channd Z.
We must increase banawidth of corresponding trigger”



Epilogue
o Thetrigger isadynamic creature, made by human
baeings
Bound to imperfections, common sense, inertiaand strong
personalities
Must evolve with time, luminosity increases and better
detector understanding

It requires dedicated studies by analysis users

 But It remansthe single most important item in
hadron experiments. what makes the difference
between discovering New Physics a LHC or not



Epilogue




