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• I will try to do my part, dissecting the MET 

• aka: why we did not find  
(yet) an astonishing excess  
of events when we try to  
unbalance them.

Since we are dissecting the LHC results…

jet

jet

jet
jet

MET!!!!

2



An event display…
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An event display…
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Another event display…
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Another event display…
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…and here the last!
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…and here the last!

jetjet
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…and here the last!

jetjet

Something is missing  
on this hemisphere… 9



Why?

• Problem (hole) with the detector? - Several check to make 
sure we are not encountering problematic issues 

• Only events in which all the  
detectors had good quality  
of data, and not bad jets,  
are used in analysis
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Why?
• Physics origine: neutrinos produced by SM processes: 

• W(lν) in W+jets, di-boson, multi-boson, single top, ttbar+X, H(WW), WH, etc… 

• Note that BR(W→lν) ~ 32.4% 

• Z(νν) in Z+jets, di-boson, multi-boson, H(ZZ), ZH, etc…  

• Note that BR(Z→νν) ~ 20% 

• Physics origine: New physics with weakly interacting particles 

• Dark Matter candidates 

• Lightest Supersymmetric Particles 

• etc etc…
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Well established idea…  
as advertised at the Metropolitan Museum @ NYC



Building the MET: 
Well established assumptions and measurements

• How can we measure something that is not interacting 
with our detector? 

• Measure all the rest, and impose the momentum 
conservation!  

• 0= Σ(what we see)+Σ(what we do not see) 
(bold meaning 2D vectors in the plane transverse to 
the beam axis) 

• Σ(what we do not see)= - Σ(what we see) = MET
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What do we see? - First qualitative try

• Charge tracks:  
Momentum of the charged particles thanks to the inner tracker (e,μ,ch_had) 
|η|<2.5, pT > 500 MeV 

• Energy depositions in calorimeters:   
Energy deposition due to charged (e, ch_had)  and neutral particles (γ,neu_had) 
Muons deposit ~2 GeV in the calorimeter.  
|η|<4.9 

• Muon detector:  
Muon momentum can be measured thanks to the combination of the inner tracker  
and the muon spectrometer.   
|η|<2.7  pT >7 GeV 

• First "naive" option: Use the calorimeter, and refine the measurement adding 
information from the muon reconstruction when there are muons.  
At the end, was not this one of the benefits in having a calorimeter up to |η|~5 ?  
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From the calorimeter to the objects

• We can use the calorimeter information as it is, maybe with some 
calibration to take into account the dead material in front of it, and the 
non-compensating nature of the detector,  

BUT: 

• if we know that there are e, γ, τ, jets in our event, maybe we can do 
better by using these objects, and their dedicated calibration 
instead of the signals from the calorimeter  
→ Object based MET 

• additional benefit: we can inherits from each individual object its 
uncertainty.  
This allows a consistent estimation and propagation of the errors.
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Building the MET
• Ingredients: 

• Hard pT objects 

• Electrons, pT>10 GeV, |η|<2.47 

• Photons, 

• Taus 

• Jets 

• Muons 

• Rules to handle the overlap between objects 

• Soft pT object  

• They are needed to “close” the event 

• Vectorial sum on the all these on the transverse plane 

• Done! 

e
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e

γ

Building the MET
• Ingredients: 

• Hard pT objects 

• Electrons, 

• Photons, pT>10 GeV 
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• Jets 
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e

γ

τ

Building the MET
• Ingredients: 

• Hard pT objects 

• Electrons, 

• Photons, 

• Taus pT>10 GeV, |η|<2.5 

• Jets 

• Muons 

• Rules to handle the overlap between objects 

• Soft pT object  

• They are needed to “close” the event 

• Vectorial sum on the all these on the transverse plane 

• Done! 
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e

γ

τ

jet

Building the MET
• Ingredients: 

• Hard pT objects 

• Electrons, 

• Photons, 

• Taus 

• Jets pT>7 GeV 

• Muons 

• Rules to handle the overlap between objects 

• Soft pT object  

• They are needed to “close” the event 

• Vectorial sum on the all these on the transverse plane 

• Done! 
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e

γ

μτ

jet

Building the MET
• Ingredients: 

• Hard pT objects 

• Electrons, 

• Photons, 

• Taus 

• Jets 

• Muons pT>5 GeV, |η|<2.7 

• Rules to handle the overlap between objects 

• Soft pT object  

• They are needed to “close” the event 

• Vectorial sum on the all these on the transverse plane 

• Done! 
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e

γ

μτ

jet

no association  
to e,γ,μ,τ,jets 

Soft Term

Building the MET
• Ingredients: 

• Hard pT objects 

• Electrons, 

• Photons, 

• Taus 

• Jets 

• Muons 

• Rules to handle the overlap between objects 

• Soft pT object ??? 

• They are needed to “close” the event 

• Vectorial sum on the all these on the transverse plane 

• Done! 

28



Ex,y Soft Term = Σ px,y what is left out from the hard objects

e

γ

μτ

jet
MET

no association  
to e,γ,μ,τ,jets 

Soft Term

Building the MET
• Ingredients: 

• Hard pT objects 

• Electrons, 

• Photons, 

• Taus 

• Jets 

• Muons 

• Rules to handle the overlap between objects 

• Soft pT object  

• They are needed to “close” the event 

• Vectorial sum on the all these on the transverse plane 

• Done! 
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• Which options do I have to measure the soft terms? 

• Option 1: Depositions in the calorimeter 

• + It has a good coverage in pT and η 

• - it suffer from pile-up: 

• deterioration in resolution:  
 
dσReso/d(NPV)=0.5 - 1. GeV per addit. primary vertex  
for NPV=30: 
Resolution ~20-30 GeV just from pile-up effect on soft terms

SoftTerm: How to measure it?
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• Which options do I have to measure the soft terms? 

• Option 2: Tracking 

• + We can identify the primary vertex, and suppress any pile-up 
effect (but we need to identify the right primary vertex) 

• - it suffer from: missing the neutrals at low pT  + forward region 
 

• MET resolution due to Soft Terms done with tracks: 8 GeV. 

• But we are slightly underestimating the Soft Term.

SoftTerm: How to measure it?
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Measuring EtMiss where 
we expect no EtMiss

Using calorimeter clusters for the SoftTerms Using tracks from PV for the SoftTerms

Eur. Phys. J. C77 (2017) 241
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Measuring EtMiss where 
we expect no EtMiss Events with MET ~50 GeV  

diminished by ~ a factor 4• Using the tracks from the 
primary vertex as soft terms 
seems to allow an improved 
resolution (lower MET values) 
in events with no real MET.


• By the end of the Run1 it 
become the new standard in 
ATLAS, and it is our default 
algorithm right now. 


• BUT, we do not leave just of 
resolutions in events without 
EtMiss

Eur. Phys. J. C77 (2017) 241
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Measuring EtMiss where 
we expect no EtMiss

• Again resolution, and its 
dependence on pile-up and 
activity in the event


• ΣET(CST) is the scalar sum of 
the transverse energy, using 
calorimeter clusters for Soft 
Terms

Eur. Phys. J. C77 (2017) 241
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Measuring EtMiss where 
we expect no EtMiss

• But for searches are are 
interested in tails:


• Step 0: Make sure that we do 
not have problematic events 
(detector malfunctioning) 


• Step 1: reduce as much as 
possible the tails in SM events 
where do not expect real MET


• Z+jets: reduction of a factor 
105 for MET>120 GeV

Eur. Phys. J. C77 (2017) 241
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EtMiss Response

• In events with 0 truth MET, we expect 
the the MET to be average 0, 
irrespectively of the direction in which 
we project the MET.


• This is what we see in x or y 
directions.


• In Z+jets we have another interesting 
directing to test: the Z direction. 


• So doing <(MET+pT(Z)) // Z > / pT(Z) 
we expect 1 for a perfect response


• MET+pT(Z) is the recoil of the Z boson

Z 

recoil 

para
lleltransverse

MET 

Eur. Phys. J. C77 (2017) 241
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From EtMiss Response to 
Soft Term performance

• <(MET+pT(Z)) // Z > / pT(Z)


• <MET // Z>

Eur. Phys. J. C77 (2017) 241
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Z W

From EtMiss Response to 
Soft Term performance

T.J.Khoo - ATLAS HCW 201340



Z W

From EtMiss Response to 
Soft Term performance

T.J.Khoo - ATLAS HCW 201341



Z W

From EtMiss Response to 
Soft Term performance

T.J.Khoo - ATLAS HCW 201342



To get a feeling of the quality of the MET (and soft terms), 
one can project the δpTsoft on the direction of the pThard 

NOTE: δETmiss= - δpTsoft

Z W

From EtMiss Response to 
Soft Term performance

T.J.Khoo - ATLAS HCW 201343



Soft Terms - Truth studies

Pythia8 private 
samples  
Z+jets 
W+Jets 
TTBar 
<δL>=<δpTsoft // pThard>

if we use all the 
particles, we get  
perfect soft term-  
not so surprising… 

e, μ: pT>7 GeV and |η|<2.5  
jets: anti-kt with R=0.4 with pT>20 GeV and |η|<5 
All the rest enters in the Soft Term regime. 44



Soft Terms - Truth studies

NoST: 
If we do not use any  
soft term, we have a bias of the MET 
in the direction of the pThard as big as 
the pThard. 
NOTE: pThard=pTW/Z for W/Z+jets

Not a big difference between samples.

Z+jets 
W+Jets 
TTBar

We need the soft terms!
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Soft Terms - Truth studies

Charge ST 
If we use only the charge particles, 
we recover ~ 60% of the bias from 
not using any soft term

Not a big difference between samples.

Z+jets 
W+Jets 
TTBar
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Soft Terms - Truth studies

TST 
If we use only the charge particles 
with pT>0.5 GeV and |η|<2.5, we 
recover ~ 50% of the bias from not 
using any soft term

Not a big difference between samples.

Z+jets 
W+Jets 
TTBar
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Soft Terms - from truth studies to measurements

Z+jets 
W+Jets 
TTBar

Calorimeter based Soft Terms have a better closure 
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Systematics

Using this 
information to 
estimate the 
systematics

not strong dependence on sample, but some on generator-tune

Eur. Phys. J. C77 (2017) 241
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Soft Terms - from truth studies to measurements
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Eur. Phys. J. C77 (2017) 241
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Measuring EtMiss 
where we expect EtMiss

• Z→μμ is particularly interesting 
to measure how well we 
"close" the MET, but no “real" 
MET in it.


• Checking in events with real 
MET:


• W+jets

Eur. Phys. J. C77 (2017) 241
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Measuring EtMiss 
where we expect EtMiss

• Even if we have some 
convolution of the resolution 
with the shape of the 
distribution of the particle level 
mT, we can check the linearity 
of our MET, and its angular 
resolution.

Eur. Phys. J. C77 (2017) 24153
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Measuring EtMiss 
where we expect EtMiss

• Even if we have some 
convolution of the resolution 
with the shape of the 
distribution of the particle level 
mT, we can check the linearity 
of our MET, and its angular 
resolution.

missing the neutrals

using jets

transition due to jet 
below threshold

resolution  
effect+ 
mT>0

Eur. Phys. J. C77 (2017) 24155



MET or not MET

• ATLAS adopted different  
definitions of MET significance 

• All based on the assumption that 
 
σ(MET) is proportional to sqrt(ΣET) 

• Good assumption for  
calorimeter based MET  
(stochastic fluctuations) 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Can we go beyond this?  
Probably adopting CMS strategy 
(propagating each object resolution) is not 
a bad idea…

CMS PAS JME-16-004



Conclusions
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Model dependent limits

• We have seen in these days several  
analysis using MET to categorise  
events, or its shape to look for excesses. 

• In most of the cases, these are interpreted in some model. 

• Model dependent limits are  
provided, usually for "simplified"  
models, which can be  
re-interpreted in others.

ATLAS-CONF-2017-024
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A bit more of information

• Attempts to provide limits  
which are less model dependent. 
 
Limits in bins of MET.  
 
For which other models is this valid?

 Tested for a wide range of (mZ', mA)

ATLAS-CONF-2017-028
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A bit more of information

• Attempts to provide limits  
which are less model dependent. 
 
Limits in bins of MET.  
 
For which other models is this valid?

 Tested for a wide range of (mZ', mA)

Can we go beyond these first approaches, 
defining limits or measurements on unfolded 
quantities?

ATLAS-CONF-2017-028
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Unfolded measurements
• Unfolded measurements can provide very useful information on excluded phase space for searches. 

• An example: 7 TeV ATLAS dijet cross section measurement, used to put limits on contact interaction. 

• Another example: Butterworth et al. (1606.05296)

1606.05296

63



Unfolded measurements
• Unfolded measurements can provide very useful information on excluded phase space for searches. 

• An example: 7 TeV ATLAS dijet cross section measurement, used to put limits on contact interaction. 

• Another example: Butterworth et al. (1606.05296)

1606.05296

no 8 and 13 TeV data

for sure, searches are (usually)faster  
than measurements…
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Unfolded measurements

• No unfolded measurement  of MET distributions 

• Is it doable?  

• MET is a complex variable, but we are getting more and 
more experience and understanding on it 

• Is it worth doing it? 

• If yes, what can we measure? SM background with 
“equivalent" final state? how easy would be to use it?
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Conclusions

• A lot of progresses in MET definition since the LHC first 
collisions 

• (and for the moment we managed to avoid big wrong 
tails - spoiling our searches and measurements) 

• MET used in several different ways, and several different 
final states, from precision measurements to searches, to 
removal of hard to model backgrounds.
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CMS

• CMS using PFlow 
objects to build the 
MET 

• PU suppressed 
MET (PUPPI).
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CMS
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CMS 

• as far as I understand, these are the resolution, after 
taking out the "bias"
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