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OUTLINE
1) “Why MET? - very exciting physics opportunities”

2) Concept of missing transverse energy (missing ET or) p g gy ( g T
MET) to infer the escaping particles - neutrinos,
weakly interacting non-SM particles (e.g., SUSY
dark matter particle), particles in very forward

CSI: CSI: METMET
CCollider ollider SScene cene IInvestigationnvestigation

region (|η| > 5)

3) Three different techniques to calculate MET in
C SCMS

4) Summary
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… if you see this, it is a CMS or HEP
jargon. Not in a physics textbook.



DISCOVERIES WITH “MET”DISCOVERIES WITH “MET”

Standard Model’s CV
1973 B.S. − Neutral current

@ CERN SPS (400 GeV p)
1983 M.S. – “W/Z discovery”

@ CERN SppS (540 GeV )pp
_ W eν

@ pp ( )
1995 Ph.D. – “Top discovery”

@ Fermilab Tevatron (1.8 TeV )
20?? ???

pp

pp
t W b

20?? ???
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MET MET -- inferring neutrinosinferring neutrinos



MET(& JETS) AT THE LHCMET(& JETS) AT THE LHC
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MET MET -- inferring inferring newnew physics (e.g., Dark Matter)physics (e.g., Dark Matter)



EExxaammppllee:: SSUUSSYY wwiitthh RR ppaarriittyy CCoonnsseerrvvaattiioonn
MET(& JETS) AT THE LHCMET(& JETS) AT THE LHC

EExxaammppllee::  SSUUSSYY wwiitthh RR--ppaarriittyy CCoonnsseerrvvaattiioonn  
 g~g~ , q~g~ , or q~q~  production will be dominant, followed

b h i d ( 0~~ ) Jby their decays (e.g., 0
2χ~qq~ → ). → JJeettss

 R parity conservation  
Stable lightest supersymmetric particle (LSP) Stable lightest supersymmetric particle (LSP) 

 If LSP is the lightest neutralino ( 0
1χ~ ),  

• it will escape the detector → MMEETT (( E/ ))• it will escape the detector → MMEETT (( TE/ ))
• 0

1
~χ  = Cold Dark Matter candidate → CCoossmmoollooggyy 

 Thus, the evidence of SUSY-like new physics will appear, p y pp
in the Jets+MET final states. 

 CCoossmmoollooggyy  ++  LLHHCC 
= [Exciting Motivation]++ [Right Place&Timing]= [Exciting Motivation]++ [Right Place&Timing] 
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STARTING WITH “TOWER” GEOMETRYSTARTING WITH “TOWER” GEOMETRY
A design to measure the direction of energy flow
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Forward Calorimeter, 
not shown
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PARTICLE IDENTIFICATION (ID) PARTICLE IDENTIFICATION (ID) 
Identify all particles and measure their 4-vectorsy p

Object ReconstructionObject Reconstruction Particle  IDParticle  ID PhysicsPhysics ObjectsObjects

Global muon reconstruction Muons

HCAL l t  / t k Ch d h dHCAL clusters w/ tracks Charged hadrons

ECAL clusters w/ tracks Electrons

HCAL clusters w/o tracks Neutral hadrons

ECAL clusters w/o tracks Photons

HCAL, ECAL w/ tracks Quarks, gluons
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COLLISION, PRODUCTION, DECAYSCOLLISION, PRODUCTION, DECAYS
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MOMENTUM IMBALANCEMOMENTUM IMBALANCE
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“MET” CREATION“MET” CREATION
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“MET” CORRECTIONS“MET” CORRECTIONS
MET corrections are necessary to bring to the true valueMET corrections are necessary to bring to the true value.

1)1) MuonMuon CorrectionCorrection
Replace muon calorimeter response with muon
track momentum

2)2) J tJ t EE S lS l (JES)(JES) C tiC ti2)2) JetJet EnergyEnergy ScaleScale (JES)(JES) CorrectionCorrection
Calibrate calorimeter towers (or cells) within jets as
a function of η, pT, and EM fraction

3)3) UnclusteredUnclustered EnergyEnergy andand PilePile‐‐upup CorrectionCorrection
Account for response variations due to unclustered
particles, soft particles, and double counting in JESparticles, soft particles, and double counting in JES
from (i) underlying event (UE) and (ii) pile‐up (PU).

4)4) TauTau CorrectionCorrection
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4)4) TauTau CorrectionCorrection
Account for difference in its energy scale between
hadronically‐decaying taus and light‐flavor jets



SEQUENCE OF MET CORRECTIONSSEQUENCE OF MET CORRECTIONS
MET corrections are necessary to bring to the true value:MET corrections are necessary to bring to the true value:

...EE TT +++++/−=/ τµ ∆∆∆∆
rrrrrr

PU&UEJES
calocorr

1 2 4 31 2 4

5

3

5

JME-09-010
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QCD PT > 800 GeV with at least one global muon PT > 10 GeV
MUONMUON SELECTION FOR METSELECTION FOR MET

T g T

With previous With previous muonmuon selectionselection With present With present muonmuon selectionselection
1

Corrected for Corrected for 
JES &&JES && muonsmuonsCorrectedCorrected Corrected forCorrected for Corrected Corrected 

for JES onlyfor JES only

9595%% ofof globalglobal muonsmuons inin
QCDptQCDpt800800 samplesample areare fake!fake!

JES && JES && muonsmuons
for JES onlyfor JES only JES && JES && muonsmuons for JES onlyfor JES only

“good” muons“good” muons “fake” muons“fake” muons

MET (GeV) MET (GeV)

good  muonsgood  muons fake  muonsfake  muons
Global Global muonsmuons, no cuts, no cuts 100% 100%
dd00 < 2 mm, number of hits > 10< 2 mm, number of hits > 10 96% 76%

13

Must be a tracker Must be a tracker muonmuon 95% 27%
χχ22 cut (< 10)cut (< 10) 93% 9.7%
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MUONMUON, JETS, AND TAU CORRECTIONS, JETS, AND TAU CORRECTIONS
2 4“Type I” =“Type I” = µµ + JES+ JES jetjet ≠≠ ττ1 2 4Type  I  = Type  I  = µµ + JES+ JES

“Type II” = UE + PU“Type II” = UE + PU
jet jet ≠≠ ττ

3

1

+2 +2 GeVGeV
(Summer08 Sample) Calo MET+PF τ

WW(( τντν)) ++ 00 jetsjetsWW(( eeνν )) ++ jetsjets

( p )

Calo MET+JES
Calo MET

−−7GeV7GeV

200 GeV
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MET USING TRACKSMET USING TRACKS
Track Single ParticleTrack Single Particle

range range

Track-corrected MET (tcMET)
( )TTT p,pRFEE

rrr
−++/−=/ ++ )( Σ

C B,

calotrackcalo η∆µ
µ

Teruki Kamon J Term IV : MET 14

tc∆



MET USING ALL SUBMET USING ALL SUB--DETECTORSDETECTORS
Particle Flow Algorithm: Individual particles (e, µ, τ, π, γ, N0, V0,Particle Flow Algorithm: Individual particles (e, µ, τ, π, γ, N , V ,
PU, NI) are reconstructed and identified by thoroughly exploiting
the characteristics of all sub-detectors simultaneously. This
algorithm will maximize its efficiency purity and accuracyalgorithm will maximize its efficiency, purity, and accuracy.

r
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C B,

PF  Σ TT pE
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−=/
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ROBUSTNESSROBUSTNESS
CaloMET tcMET and pfMET are conceptually different butCaloMET, tcMET, and pfMET are conceptually different, but
provide:
1) respective performances with largely independent systematic
uncertainties and different failure modes;

2) rapid understanding and a robust determination of the missing
transverse energy in CMS, especially for the first collision data att a sve se e e gy CMS, espec a y o t e st co s o data at
the LHC.
Example [EWK-e group]: understanding the MET shape in dijet & γ+jet events for σ(W eν)

caloMET(type 1) tcMET pfMET
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MET “EXERCISE” BOXESMET “EXERCISE” BOXES
All MET-related tasks are interconnected with DPG, POG and PAG.

Abnormal Cell HandlingAbnormal Cell Handling

N i  ClN i  Cl MET T i  M it iMET T i  M it i

MET & MHT TriggersMET & MHT Triggers

MET Data Quality MonitoringMET Data Quality Monitoring

Noise CleanupNoise Cleanup

Cosmic Ray Cosmic Ray MuonMuon TagTag
B  H l  B  H l  MM TT

MET Trigger MonitoringMET Trigger Monitoring
MET > 100 Express StreamMET > 100 Express Stream

MET Data Quality MonitoringMET Data Quality MonitoringBeam Halo Beam Halo MuonMuon TagTag

φ φ //ηη CalibrationCalibration

JESJES CorrectionCorrection

MET Creation/CorrectionMET Creation/Correction
•• CaloMETCaloMET, Type I (JES, mu), tau , Type II, Type I (JES, mu), tau , Type II
•• MHTMHT
•• TrackTrack--corrected MET corrected MET 

MET Scale Validation MET Scale Validation 
with Datawith Data

•• No real MET sample:  Z ( ll ) + jets
L  MET l  W ( l )  j t

17

•• PFPF--METMET
•• MET & MHT significancesMET & MHT significances
•• Optimization of  tower energy thresholdsOptimization of  tower energy thresholds

•• Low MET sample: W ( lν ) + jets
•• Medium MET sample: t t
• Explore new physics with high MET 

_
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AN EXCESS AN EXCESS –– NOT DISCOVERY NOT DISCOVERY 

-1

103

B k d

V/
10

0 
pb

-

102

~SUSY

Background

nt
s/

50
 G

e 10

1

q~GeV 600

Ev
en

10-1

[G V])(
4

∑/ EEM [GeV])( ∑+/=
i

i,TTeff EEM
CMS MET Conveners

Filip Moortgat (filip.moortgat@cern.ch)
T ki K (t k @t d )Teruki Kamon (t-kamon@tamu.edu)

US CMS Institutions
Brown UC San Diego UC Santa Barbara UC Riverside Cornell
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Brown, UC San Diego, UC Santa Barbara, UC Riverside, Cornell,
Fermilab, Florida, U of Illinois at Chicago, Iowa, Maryland, Princeton,
Rockefeller, Texas A&M, …



““SUPERSYMMETRISTSSUPERSYMMETRISTS, BEWARE!”, BEWARE!”

IS SUPERSYMMETRY FOUND?IS SUPERSYMMETRY FOUND?
CERN-TH.3968/84

J Ellis SUSY07J Ellis SUSY07

CERN-EP/84-42
29 March 1984

IS SUPERSYMMETRY FOUND?IS SUPERSYMMETRY FOUND?J. Ellis, SUSY07J. Ellis, SUSY07

Experimental Observation of Events with LargeLarge
MissingMissing TransverseTransverse EnergyEnergy Accompanied By a Jet
or Photon(s) in ppbar Collisions at /s = 540 GeV
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(submitted to Phys. Lett. B)
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