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IntroductionIntroduction

• At the LHC many processes contain high-pT objects in the final state: 
e/γ, μ, τ, jets, ET.

miss
γ μ j T

• At the Level-2 trigger the full calorimeter granularity is available 
O(105) cells.

• At Level-2 the average processing time per event is ~10ms.

• The challenge of Level-2 Calorimeter algorithms is quick access to 
the necessary calorimeter data

• This is most crucial for the Jets and missing ET triggers.

• In this talk I will present the current status of the Level-2 jet trigger 
missing ET trigger in the High-Level Trigger (=Level-2 + Event Filter).
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The ATLAS calorimeterThe ATLAS calorimeter

•• EM calorimeterEM calorimeter
–– Liquid Ar/PbLiquid Ar/Pb

–– 3 longitudinal samplings (+ presampler)3 longitudinal samplings (+ presampler)

–– Barrel region (|Barrel region (|ηη|<1.475)|<1.475)

–– EndEnd--caps (1.375<|caps (1.375<|ηη|<2.5)|<2.5)

–– AccordionAccordion--shapeshape

H d i C l i tH d i C l i t•• Hadronic CalorimeterHadronic Calorimeter
–– Tiles/Iron plates in barrel (|Tiles/Iron plates in barrel (|ηη|<1.7)|<1.7)

–– EndEnd--caps (1 5 < |caps (1 5 < |ηη| 3 2) use| 3 2) use–– EndEnd--caps (1.5 < |caps (1.5 < |ηη| 3.2) use | 3.2) use 

LAr/Cu samplingLAr/Cu sampling

•• Forward CalorimeterForward Calorimeter
–– 3.1 < |3.1 < |ηη| < 4.9| < 4.9

–– 1 EM module, 2 HAD modules1 EM module, 2 HAD modules
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The ATLAS triggerThe ATLAS trigger
Level 1 (hardware):Level 1 (hardware):
Identifies Identifies Regions of Interest (RoI)Regions of Interest (RoI)
// j t did t b Ej t did t b E th h ldth h ld tim

e

e/e/γ, μ, τγ, μ, τ, jet candidates above E, jet candidates above ETT thresholdthreshold
Uses Calorimeters and Muon chambers Uses Calorimeters and Muon chambers 
with reduced granularity.with reduced granularity.
2 52 5 l tl t

75(100) kHzcu
tio

n 
t

2.52.5μμs latencys latency

Level 2 O(500PCs):Level 2 O(500PCs): H
i

H
i

Ex
ec

Seeded by LVL1 RoISeeded by LVL1 RoI
Full granularity of the detector availableFull granularity of the detector available
Performs caloPerforms calo--track matchingtrack matching

igh Level
igh Level

~2 kHz

gg
<latency> ~ 10ms<latency> ~ 10ms

Event Filter O(1900PCs):Event Filter O(1900PCs):
l Trigger 
l Trigger 

~200 Hz

OfflineOffline--like algorithmslike algorithms
Refines LVL2 decisionRefines LVL2 decision
Full event buildingFull event building

(P
C

 farm
(P

C
 farm
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The LevelThe Level--2 jet trigger2 jet trigger



The algorithmThe algorithm

Uses LevelUses Level--1 jet RoI as seed (in |1 jet RoI as seed (in |ηη| < 3.2)| < 3.2)

––Sum of trigger towers (2x2 3x3 or 4x4) with ESum of trigger towers (2x2 3x3 or 4x4) with E and (and (ηη ϕϕ) position) position––Sum of trigger towers (2x2, 3x3 or 4x4) with ESum of trigger towers (2x2, 3x3 or 4x4) with ETT and (and (ηη,,ϕϕ) position) position
(trigger towers ≡ sums of calorimeter cells in ΔϕxΔη≈0.2x0.2)

Top algorithm (T2CaloJet) executes three tools:Top algorithm (T2CaloJet) executes three tools:op a go t ( Ca oJet) e ecutes t ee too sop a go t ( Ca oJet) e ecutes t ee too s

1.1. Data preparation Data preparation (T2CaloJetGridFromCells or T2CaloJetGridFromFEBHeader):(T2CaloJetGridFromCells or T2CaloJetGridFromFEBHeader):

–– Read out selected calorimeter region around the LevelRead out selected calorimeter region around the Level--1 jet RoI position.1 jet RoI position.gg j pj p

2.2. Cone algorithm Cone algorithm (T2CaloJetCone):(T2CaloJetCone):

–– Assume coneAssume cone--shaped jet with defined Rshaped jet with defined Rconecone..conecone

3.3. Calibration Calibration (T2CaloSampling):(T2CaloSampling):

–– Apply calibration weights.Apply calibration weights.

Export final result (transverse jet energy EExport final result (transverse jet energy ETT, , ηη and and ϕϕ position).position).
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LevelLevel--2 jet trigger algorithm2 jet trigger algorithm
f

•• The LevelThe Level--1 RoI is passed to Level1 RoI is passed to Level--2  2  ≡≡ “jet0”.“jet0”.

•• Data preparationData preparation access data around jet0 access data around jet0 

Half Widthgrid element

ConeRadius

ROIROI

ata p epa at oata p epa at o access data a ou d jet0access data a ou d jet0
position with given position with given HalfWidthHalfWidth. . 

•• Creates grid of detector readout elementsCreates grid of detector readout elements

ConeRadius

•• Cone algorithm iteration:Cone algorithm iteration:

–– Set Set coneRadius RconeRadius Rconecone=(=(∆∆ηη22+ + ∆∆ϕϕ22))1/21/2 and and 
use grid elements inside coneuse grid elements inside cone

η

use grid elements inside coneuse grid elements inside cone

–– Calculate energyCalculate energy--weighted position (weighted position (ηη,,ϕ)ϕ)..

–– Update jet EUpdate jet ETT,, ηη,, ϕϕ ≡≡ “jet1”“jet1”

Niteration
ϕ

Update jet EUpdate jet ETT, , ηη, , ϕϕ jet1jet1

–– Iterate Iterate NNiterationiteration times: jet1     ...     jetN times: jet1     ...     jetN 

•• Apply Apply calibration weightscalibration weights..
L2 jetL2 jet

•• Export final values EExport final values ET,L2T,L2, , ηηL2L2, , ϕϕL2L2

Study jet trigger performance as a function of:
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Data preparationData preparation

The data preparation is the most critical step in terms of timing The data preparation is the most critical step in terms of timing 

performance (O(10performance (O(1055) calorimeter cells)) calorimeter cells)performance (O(10performance (O(10 ) calorimeter cells)) calorimeter cells)

Choice between two data preparation methods:Choice between two data preparation methods:

•• cellcell--based methodbased method::cellcell based methodbased method::

Uses full granularity (cells) of the ATLAS calorimetersUses full granularity (cells) of the ATLAS calorimeters

–– uses Euses ETT,, ηη,, ϕϕ for each calorimeter cellfor each calorimeter celluses Euses ETT, , ηη, , ϕϕ for each calorimeter cellfor each calorimeter cell

•• LArFEBLArFEB--based methodbased method::

Uses information from theUses information from the liquid argon front end boardsliquid argon front end boards ((LArFEBLArFEBs)s)Uses information from the Uses information from the liquid argon front end boardsliquid argon front end boards ((LArFEBLArFEBs)s)

–– One LArFEB receives signals from 128 calorimeter cells.One LArFEB receives signals from 128 calorimeter cells.

–– Uses EUses ETT, , ηη, , ϕϕ for each LArFEBfor each LArFEBUsesUses TT,, ηη,, ϕϕ o eaco eac

Choice between two different kind of jets: cellcell--based jetsbased jets or LArFEBLArFEB--based jetsbased jets!
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System performanceSystem performance

Number of grid elements read out  by Number of grid elements read out  by 
the data preparation methods.the data preparation methods. Cells LArFEBs

Timing performance (in ms)Timing performance (in ms)
2.8GHz CPU2.8GHz CPU

ROIROI
p pp p Cells LArFEBs

Half Width
Rcone

1.0
0.7

1.0
0.7

ROIROI

RegionSelector 2.92 2.16
LAr ByteStreamConv 9.38 0.44
Tile ByteStreamConv 3 15 2 95Tile ByteStreamConv 3.15 2.95
Prepare Grid 12.79 11.34
Cone algo (Niteration = 1) 16.63 1.08

Total 45.54 12.85

LArFEB method reduces the amount of data by one order of magnitude.LArFEB method reduces the amount of data by one order of magnitude.

x4 faster!
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LArFEBLArFEB--based method is ~4 times faster than cellbased method is ~4 times faster than cell--based method!!based method!!



L2 jet system performanceL2 jet system performance

Difference between two consecutive iterations of T2CaloJetConeToolDifference between two consecutive iterations of T2CaloJetConeTool
(Using 1000 dijet events pt>2240GeV)(Using 1000 dijet events pt>2240GeV)

∆∆E=E=jetN(E)jetN(E)−jetN−jetN--1(E)1(E) ∆∆R=jetN(R)R=jetN(R)−jetN−jetN--1(R)1(R)
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The cone algorithm converges after 3The cone algorithm converges after 3--4 iterations for both data preparation methods4 iterations for both data preparation methods



Data samplesData samples

Use QCD dijet samples:Use QCD dijet samples: Data filesData files

NameName pT range pT range 
(GeV)(GeV)

σσ (pb)(pb)

J3J3 7070 140140 5 8845 884 101066

From CSC production:From CSC production:
•• events generated with Pythia 6.323events generated with Pythia 6.323

J3J3 7070--140140 5.8845.884··101066

J4J4 140140--280280 3.0843.084··101055

J5J5 280280--560560 1.2471.247··101044

•• simulation & digitization with Athena 11.0.42simulation & digitization with Athena 11.0.42
files distributed on the GRID (LCG, OSG)files distributed on the GRID (LCG, OSG)

J5J5 280280 560560 1.2471.247 1010

J6J6 560560--11201120 360.4360.4

J7J7 11201120--22402240 5.7075.707

Private production:Private production:
•• offline and Leveloffline and Level--2 jet trigger reconstruction2 jet trigger reconstruction

J8J8 >2240>2240 0.02440.0244 with Athena 12.0.3 (+private code). with Athena 12.0.3 (+private code). 
~300K events~300K events use the GRID (LCG)!use the GRID (LCG)!
Fi l l i CBNT d d f ESDFi l l i CBNT d d f ESDFinal analysis on CBNTs produced from ESDsFinal analysis on CBNTs produced from ESDs
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MC truth vs. LevelMC truth vs. Level--2 jets2 jets

MC truth jets
MC truth jet definition:MC truth jet definition:
•• RRconecone=0.4, E=0.4, Eseedseed > 2GeV, E> 2GeV, Econecone > 10GeV> 10GeVj RRconecone 0.4, E0.4, Eseedseed  2GeV, E 2GeV, Econecone  10GeV 10GeV

LevelLevel--2 jet definition in this analysis:2 jet definition in this analysis:LevelLevel--2 jet definition in this analysis:2 jet definition in this analysis:
•• RRconecone=0.4, HalfWidth=0.7, N=0.4, HalfWidth=0.7, Niterationiteration=3=3

Compare L2 jets with MC truth jets |Compare L2 jets with MC truth jets |ηη| < 3.2: match MC truth | < 3.2: match MC truth –– L2 jet: L2 jet: ΔΔRRmatchmatch < 0.08< 0.08

C llC ll b db dCellCell--basedbased
compare MC truth jets with Level-2 jets

LArFEBLArFEB--basedbased
Two kind of LVL2 jets!!
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Two kind of LVL2 jets!!



Position resolutionPosition resolution
resol tion

CellCell--basedbased
η resolution ϕ resolution

σ=0.02 σ=0.01

LArFEBLArFEB--basedbased

σ=0 01σ=0.03 σ=0.01
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Compatible position resolution for cellCompatible position resolution for cell-- and LArFEBand LArFEB--based methods.based methods.



LVL2 jet energy LVL2 jet energy -- CalibrationCalibration

• Calibration weights applied to LVL2 jet are derived using sampling 
technique.technique.

•• E(rec)=E(em)+wE(rec)=E(em)+whadhad((ηη)E(had)E(had)

•• wwem hadem had = a+blog(E)= a+blog(E)wwem,hadem,had  a blog(E) a blog(E)

•• Estimate weights by minimizing SEstimate weights by minimizing S22 = = Σ Σ (E(Etruetrue –– EErecrec))22

• So far calibration weights only derived based on cell jets
jet jetm jets

• So far calibration weights only derived based on cell-jets.

• Apply computed weights to both cell-based and LArFEB-based jets.

•• Compute weights for bins in Compute weights for bins in ηη with ∆with ∆ηη(bin)=0.1(bin)=0.1
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LVL2 jet energy scaleLVL2 jet energy scale

cell jets LArFEB jets
<EL2/Etruth>

σEL2/Etruth

EL2/Etruth

l <1 d t diff i til Fit onl con erges in central region | |<1 5energy scale <1 due to difference in tile 
geometry in Athena 11.0.42 and 12.0.3

Fit only converges in central region |η|<1.5
remember: weights derived from cell-based
approach! See following slides

In the central region (|η|<1.5) the cell-based and the LArFEB-based jets 
have compatible performance (but LArFEB is faster!!).
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Cell jets Cell jets -- calibratedcalibrated
J3 J4 J5

J6 J7 J8
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LArFEB jets LArFEB jets -- uncalibrateduncalibrated
J3 J4 J5J3 J4 J5

J6 J7 J8
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LArFEB jets calibrated |LArFEB jets calibrated |ηη|<3.2|<3.2
J3 J4 J5

J6 J7 J8
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LArFEB jets |LArFEB jets |ηη|<1.5|<1.5
J3 J4 J5J3 J4 J5

J6 J7 J8
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LevelLevel--2 jet energy resolution2 jet energy resolution

cell-based jets LArFEB-based jets

η-range A (% GeV) B (%)

0 < |η| < 0.7 66.9 ± 2.1 3.2 ± 0.1

η-range A (% GeV) B (%)

0 < |η| < 0.7 64.9 ± 2.2 3.2 ± 0.1

0.7 < |η| < 1.5 93.2 ± 3.3 3.3 ± 0.10.7 < |η| < 1.5 94.7 ± 4.1 3.3 ± 0.2

Similar energy resolution in |Similar energy resolution in |ηη|<1 5 for both methods cell|<1 5 for both methods cell based and LArFEBbased and LArFEB based!!based!!
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Similar energy resolution in |Similar energy resolution in |ηη|<1.5 for both methods, cell|<1.5 for both methods, cell--based and LArFEBbased and LArFEB--based!!based!!



Status of the LVLStatus of the LVL--2 jet algorithm2 jet algorithm

In release 13.0.X

• Level-2 jet algorithm adapted to new steeringLevel 2 jet algorithm adapted to new steering

• Migration to configurables

Next steps:Next steps:

• Need LArFEB-jet calibration to access |η|>1.5

• Data-driven calibration.Data driven calibration.

• Validation with more complex event signatures (e.g. mSUGRA).

• Test the Jet trigger slice with the SLAC TDAQ farm.Test the Jet trigger slice with the SLAC TDAQ farm. 

• New measurements during upcoming Technical Run in May (21-25).

• Improve speed, resolution (using tracks?).p o e speed, eso ut o (us g t ac s )
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Missing EMissing ETT in the Highin the High--Level TriggerLevel Trigger



Missing EMissing ETT triggertrigger

• Missing ET trigger is the most challenging in terms of speed.

• Missing E is crucial for many physics scenarios• Missing ET is crucial for many physics scenarios

– SUSY, taus, W→eν

Focus on rejecting events with fake E (from shower leakage• Focus on rejecting events with fake ET  (from shower leakage, 
noisy/hot cells, dead material) ! 

The missing E slice is the least advanced slice of the High Level• The missing ET slice is the least advanced slice of the High-Level 
Trigger

• So far only missing E trigger at the Event Filter is implemented• So far only missing ET trigger at the Event Filter is implemented.
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MET trigger at LevelMET trigger at Level--22

• Level-2: RoI-based approach is not adequate, cannot read out the full 
calorimeter data

• possibility 1: refine LVL1 ET by including muons at LVL2

• possibility 2: use MHT trigger

miss

• Missing Hadronic Transverse Energy MHT = |ΣPT(jets)|

– Use Level-2 jets with PT > 20GeV ?

→

~
– Could implement this using the current LVL2-jet algorithm

– Study performance of MHT trigger

• as function of minimum jet PT

• calibration

• em fraction

• tracker
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MET at the Event Filter MET at the Event Filter –– cellscells

Currently two strategies implemented Currently two strategies implemented 
for missing Efor missing ETT in the Event Filterin the Event Filter

QCD dijet events

for missing Efor missing ETT in the Event Filterin the Event Filter

(i) (i) cellcell--basedbased: read out all cells from : read out all cells from 
the calorimeterthe calorimeterthe calorimeterthe calorimeter

•• Recent results with 12.0.X using Recent results with 12.0.X using 
dijet events (top) and SUSY events dijet events (top) and SUSY events d jet e e ts (top) a d SUS e e tsd jet e e ts (top) a d SUS e e ts
(bottom).(bottom).

shift of ~60GeV
for SUSY events
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MET at the Event Filter MET at the Event Filter –– LArFEB basedLArFEB based

Currently two strategies implemented for Currently two strategies implemented for 
missing Emissing ETT in the Event Filterin the Event Filter

LArFEB MET_X

missing Emissing ET T in the Event Filterin the Event Filter

(ii) (ii) LArFEBLArFEB--basedbased: read out all Ex, Ey : read out all Ex, Ey 
from LArFEB; cell from tile calorimeterfrom LArFEB; cell from tile calorimeterfrom LArFEB; cell from tile calorimeterfrom LArFEB; cell from tile calorimeter

•• Only results with release 11.0.5 Only results with release 11.0.5 
availableavailablea a ab ea a ab e

•• Worse resolution than cellWorse resolution than cell--based:based:

cell: s(MEx)cell: s(MEx) ≈ 42GeV; s(MEy) ≈ 37GeV≈ 42GeV; s(MEy) ≈ 37GeV

LArFEB MET_Y

cell: s(MEx) cell: s(MEx) ≈ 42GeV; s(MEy) ≈ 37GeV≈ 42GeV; s(MEy) ≈ 37GeV

LArFEB: s(MEx) LArFEB: s(MEx) ≈ 66GeVl s(MEy) ≈ ≈ 66GeVl s(MEy) ≈ 
60GeV60GeV60GeV60GeV

•• no calibrationno calibration
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Missing ET in the HLT Missing ET in the HLT –– statusstatus

• Missing ET only running at the Event Filter so far. Missing items:

– noise suppressionnoise suppression

– hadronic calibration

– muon and cryostat correction termmuon and cryostat correction term

• Work for ET miss at LVL2 has only started recently!

– development stalled due to migration to configurables and newdevelopment stalled due to migration to configurables and new 
steering
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Summary Summary –– LevelLevel--2 jets2 jets

• The Level-2 jet trigger has been tested

– LArFEB-based jets vs. cell-based jets give compatible resolutionLArFEB based jets vs. cell based jets give compatible resolution 
in |η|<1.5, but LArFEB is 4x faster than cell-based!!

– Need to understand LArFEB in the end-caps, compute 
calibration constants for LArFEB.

– Further improvements possible, e.g. mask hot/noisy cells, use 
Level-2 tracks, ...

– Run online tests on SLAC TDAQ farm.

– Test Level-2 jet with more complex event signatures (SUSY).
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Summary Summary –– Missing EMissing ETT in the HLTin the HLT

• The missing ET in the HLT

– In the Event Filter: choice between cell-based and LArFEB-In the Event Filter: choice between cell based and LArFEB
based method.

– Shift of approx. 60GeV observed in SUSY events.

– Work at Level-2 has started only recently.

– Plan: Implement MHT trigger using Level-2 jets.
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LevelLevel--2 jets 2 jets –– cellscells <EL2/Etruth>

Compare Level-2 jet energy to MC truth jet energy
Fit ELVL2/Etruth for different bins in Etruth and η

σEL2/Etruth

EL2/Etruth

η-range fit region (GeV) A (% GeV) B (%)

0 < |η| < 0 7 80 < Et th < 3000 64 9 ± 2 2 3 2 ± 0 10 < |η| < 0.7 80 < Etruth < 3000 64.9 ± 2.2 3.2 ± 0.1

0.7 < |η| < 1.5 100 < Etruth < 3000 94.7 ± 4.1 3.3 ± 0.2

1.5 < |η| < 2.5 100 < Etruth < 3000 118.4 ± 4.8 1.4 ± 0.1
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2.5 < |η| < 3.2 80 < Etruth < 3000 127.5 ± 15.1 2.4 ± 0.5



MET in Event Filter MET in Event Filter –– cells with 11.0.5cells with 11.0.5
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ATLASATLAS
Electromagnetic calorimeter Electromagnetic calorimeter |η||η|<3.2<3.2
liquid argon (LAr)/Pb accordionliquid argon (LAr)/Pb accordion
σσ/E /E ≈≈ 10%/√E ⊕ 0.7%

Muon spectrometer Muon spectrometer |η||η|<2.7<2.7
σσ(p(pTT) ) ≈≈ 10% @ p10% @ pTT = 1TeV= 1TeV

Hadron calorimeterHadron calorimeter
|η||η|<1 5 Tile; 1 5<<1 5 Tile; 1 5<|η||η|<3 2 LAr<3 2 LAr

106 readout cells

 
|η||η|<1.5 Tile; 1.5<<1.5 Tile; 1.5<|η||η|<3.2 LAr<3.2 LAr

)(
3.402.0

)(
67.0

E
)(

GeVEGeVE
E ⊕⊕=σ

acceptance |η|<5

Inner detector Inner detector |η||η|<2.5<2.5
Si pixel and strips (SCT)Si pixel and strips (SCT)
Transition radiation trackerTransition radiation tracker

Forward calorimeter 3.1<Forward calorimeter 3.1<|η||η|<4.9<4.9
σσ/E /E ≈≈ 100%/√E ⊕ 7.0%x

y

z
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Supraconducting magnet system: Supraconducting magnet system: solenoid (inner tracker) 2Tsolenoid (inner tracker) 2T; ; airair--core toroids 0.5Tcore toroids 0.5T



FEB cell organization in barrel middle samplingFEB cell organization in barrel middle sampling

0 20.2

φ 0 1

127

64

0 0

φ 0.1

0

2
3 15

1
16
17

31

32

47

48

63

η

0.0
0.20.1

0 16 32 48

0.3 0.4
η

Middle 
cell: Δφ x Δη = 0.025 X 0.025

ΤΤ Δφ Δ 0 1 X 0 1
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ΤΤ : Δφ x Δη = 0.1 X 0.1
16 cells/TT



FEB cell organization in barrel back samplingFEB cell organization in barrel back sampling

0 20.2

φ 0 1

127

64

0 0

φ 0.1

0

2
3 15

1
16
17

31

32

47

48

63

η

0.0
0.40.1

0 16 32 48

0.3 0.50.2 0.6 0.7 0.8

Back 
cell: Δφ x Δη = 0.025 X 0.05

η

ΤΤ : Δφ x Δη = 0.1 X 0.1
8 cells/TT
16 TT/FEB
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FEB cell organization in barrel front samplingFEB cell organization in barrel front sampling

Front 
cell: Δφ x Δη = 0.1 X 0.025/8

ΤΤ : Δφ x Δη = 0.1 X 0.1φ η
32 cells/TT
4 TT /FEB
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