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Outline	  
•  Missing	  transverse	  momentum	  (ETmiss)	  at	  LHC:	  	  

–  MoEvaEon	  for	  measuring	  ETmiss	  

–  How	  it	  is	  defined	  and	  reconstructed	  

•  ETmiss	  challenge	  with	  LHC	  data:	  
–  Events	  cleaning	  	  
–  Pile-‐up	  	  

•  Strategy	  for	  ETmiss	  reconstrucEon	  and	  calibraEon:	  
–  Suppressing	  the	  pile-‐up	  effects	  

	  
•  How	  to	  study	  of	  ETmiss	  performance:	  

–  ResoluEon	  
–  Scale	  
–  Tails	  

•  ETmiss	  	  systemaEc	  uncertainEes	  
	  

•  Conclusions	  
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The	  two	  ETmiss	  components,	  	  Exmiss	  and	  Eymiss,	  are	  
calculated	  as	  the	  opposite	  sum	  of	  the	  momenta	  
of	  all	  parEcles	  seen	  in	  the	  detector	  

Missing	  transverse	  momentum	  definiEon	  

In	  a	  hadron	  collider	  event	  the	  missing	  transverse	  momentum	  (ETmiss)	  
is	  defined	  as	  the	  event	  momentum	  imbalance	  in	  the	  plane	  transverse	  to	  the	  
beam	  axis,	  where	  momentum	  conservaEon	  is	  expected.	  
Such	  an	  	  imbalance	  may	  signal	  the	  presence	  of	  non	  detected	  parEcles,	  
such	  as	  neutrinos	  and	  or	  new	  weakly-‐interacEng	  parEcles	  
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è A	  very	  good	  measurement	  of	  ET
miss,	  i.e.	  of	  pTν,	  is	  

a	  crucial	  requirement	  for	  the	  study	  of	  many	  
physics	  measurements	  

• 	  W→lν,	  semi-‐leptonic	  top	  decays,	  Z→ττ	  	  

MoEvaEon	  for	  measuring	  ETmiss	  
ETmiss	  is	  due	  to	  non-‐interacEng	  parEcles	  
in	  	  detector	  (ν,	  LSP)	  	  ⇒	  True	  ETmiss	  	  
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CERN	  	  	  	  	  	  	  	  	  	  collider	  630	  GeV	  
	  UA2	  CollaboraEon	  
Measurement	  of	  W	  mass	  

CDF	  Top	  Tevatron	  	  	  	  	  	  	  	  collider	  1.8	  	  TeV	  
	  CDF	  CollaboraEon	  
Top	  quark	  discovery	  
	  

Phys.	  Le`.	  B	  241	  (1990)	  

Phys.	  Rev.	  D	  50	  (1994)	  

50 EVIDENCE FOR TOP QUARK PRODUCTION IN pp. . . 2975

photon energy in the cases where the photon is actually a
m . Thus we will use 10%%uo as the jet energy uncertainty in
what follows. Studies are in progress to provide a better
understanding of these issues.

E. g~ measurement

This missing transverse energy (gr ) is defined to be the
negative of the vector sum of transverse energy in all
calorimeter towers with ~g ~

(3.6 [22]. The g range is re-
stricted because the final focusing magnets of the Tevat-
ron obscure parts of the forward hadron calorimeter. To
be included in the sum, individual tower energies (E, not
Ez) must exceed detector-dependent energy thresholds.
These thresholds are 100 MeV in the CEM, CHA, and
WHA, 300 MeV in the PEM, 500 MeV in the PHA and
FEM, and 800 MeV in the FHA. For events with muon
candidates, the vector sum of the calorimeter transverse
energy is corrected by vectorially subtracting the energy
deposited by the muon and then adding the PT of the
muon candidate as measured in the CTC. This is done
for muons passing the high-PT threshold, and in the case
of the SLT analysis, for muon candidates with PT &10
GeV/c, which pass the soft lepton cuts described in Sec.
V C 1. For the dilepton search, the gr is calculated using
the corrected jet energies. The ET resolution is given ap-
proximately by 0.7+QEr, where QEr is the scalar sum
of the transverse energy measured in units of GeV.

F. Monte Carlo programs
We use several different Monte Carlo generators to

evaluate acceptances and, in certain cases, backgrounds.
The primary Monte Carlo generator used for the signal
acceptance in both the dilepton analysis and the lepton
+ jets analyses is IsAJET [23]. We use version 6.36 of
ISAJET. ISAJET is a parton shower Monte Carlo program
based on the leading-order QCD matrix elements for the
hard-scattering subprocess, incoherent gluon emission,
and independent fragmentation of the outgoing partons.
ISAJET is also used to model 8'8' background and bb
backgrounds in the dilepton analysis. For both the bb
and tt Monte Carlo samples, we use the CLEO Monte Car-
lo program [24] to model the decay of b hadrons. Ver-
sion 5.6 of the HERwIG Monte Carlo generator [25) is
also used and compared to ISAJET to estimate systematic
uncertainties. In addition, HERWIG is the primary Monte
Carlo used to model the kinematics of tt production in
Secs. VIII and IX. HERWIG is a Monte Carlo program
based on the leading order QCD matrix elements for the
hard process, followed by coherent parton shower evolu-
tion, hadronization, and an underlying event model based
on data.
In the lepton + jets analysis, the dominant back-

ground is production of 8' bosons in association with
heavy quark pairs. As discussed in Sec. V B3, this back-
ground is estimated directly from the data.
The Monte Carlo program used to study the kinemat-

ics of the W+jet background is vacaos [26], which is de-
scribed in Sec. VIII A. vECBOS is a parton-level Monte
Carlo program based on tree-level matrix element calcu-
lations. We developed two techniques to transform the

partons produced by VECBOS into hadrons and jets, which
can then be processed by the CDF detector simulation.
One employs ISAJET, evolving the final-state light quarks
and gluons according to a Field-Feynman fragmentation
function [27] tuned on CDF data. The other uses
HERWIG, adapted to perform the coherent shower evolu-
tion of both initial and final-state partons from an arbi-
trary hard-scattering subprocess [28].
With all Monte Carlo samples, the response of the

CDF detector to the resulting final-state particles is simu-
lated, and jets and leptons are reconstructed using the
CDF reconstruction algorithms. This enables the sample
of Monte Carlo events to be subjected to the same cuts as
are applied to the data.

IV. HIGH-P~ DILEPTON SEARCH

A. Event selection
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FIG. 5. Monte Carlo distributions for M„~=160GeV/c .
(a) Lepton P& spectrum from t~8'~l. (b) E& for events with
two leptons with PT & 20 GeV/c. (c) Leading-jet ET for dilep-
ton events. (d) Next-to-leading jet Ez. for dilepton events.

The search for tt in the dilepton channel concentrates
on the process

pp~tt+X —+O'+ 8' bb+X~l+vl v+X .
The presence of two oppositely charged, high-PT leptons
(e or p), together with large gr, is a clean signature for
the production and decay of a tt pair. Backgrounds to
this signature come from WR', y/Z~ee, pp (Drell-
Yan), Z ~re, bb, and lepton misidentification. For high
mass top, above 120 GeV/c, the two b quarks can have
significant energy and are detected with good eSciency as
hadronic jets in the calorimeter. Therefore, an additional
two-jet requirement preserves most of the tt signal for
high mass top and significantly reduces the backgrounds,
which contain extra jets only through higher-order pro-
cesses Figure. 5 shows the lepton Pr, ET, and jet ET dis-
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• 	  W→lν,	  top	  decays,	  Z→ττ	  	  

l 	  SM	  Higgs	  (Hàττ,	  HàWWàlνlν/lν+jets)	  	  

• 	  MSSM	  Higgs	  (A/H→ττ	  ,	  H±→τν)	  

• 	  Higgs	  to	  invisible	  decays	  
• 	  SUSY	  →	  Large	  ET

miss	  signature	  from	  lsp	  

MoEvaEon	  for	  measuring	  ETmiss	  

ETmiss	  is	  due	  to	  non-‐interacEng	  parEcles	  
in	  	  detector	  (ν,	  LSP)	  	  ⇒	  True	  ETmiss	  
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 BSM neutral Higgs searches
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In	  Hàττ	  events	  can	  reconstruct	  the	  invariant	  ττ	  
mass	  from	  the	  two	  ET

miss	  components	  

è ETmiss	  plays	  a	  major	  role	  for	  the	  physics	  at	  LHC	  	  

è A	  very	  good	  ET
miss	  measurement,	  i.e.	  of	  pTν or	  of	  

pT(lsp)	  is	  a	  crucial	  requirement	  for	  the	  study	  of	  many	  
physics	  measurements	  and	  for	  discovery	  physics	  
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ETmiss	  reconstrucEon	  and	  calibraEon	  
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	  ETmiss	  is	  a	  complex	  event	  quan?ty:	  
	  
•  It	  is	  calculated	  adding	  all	  significant	  signals	  from	  all	  detectors	  	  

–  Calorimeter	  input	  signals	  (from	  charged	  and	  neutral	  parEcles)	  
•  used	  to	  reconstruct	  	  high	  pT	  physics	  objects	  (e,	  γ, τ, jets)	  
•  not	  used	  in	  high	  pT	  physics	  objects	  

–  Muons	  
–  Reconstructed	  tracks	  (from	  charged	  parEcles)	  

•  Avoid	  double	  counEng	  	  	  	  
•  Coherent	  CalibraEon	  	  
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Figure 16: The EmissT and effective mass distributions of the SUSY signal and background processes
for the no-lepton mode with an integrated luminosity of 1 fb−1. The open circles show the SUSY signal
(SU3 point). The shaded histogram shows the sum of all Standard Model backgrounds; different symbols
show the various components.

3.3.1 Replace method: Z→ !!̄ from Z→ �+�−

Introduction The Z→ !!̄ background is one of the main background process in the no-lepton channel.
In order to estimate and reproduce the number of expected background events, as well as the shape of
the EmissT and Meff distributions, Z → �+�− events are selected, and the charged leptons are replaced
by neutrinos. However, as the ratio of branching-ratios Br(Z→ �+�−)/Br(Z→ !!̄) is small, statistical
uncertainties will tend to be relatively large. Two solutions are proposed :

1. Taking the distribution shape from Z→ �+�− data but constraining it via a fit plus the assumption
of a smooth evolution of the fitting parameters when relaxing the cuts. This is the method described
in this section.

2. Taking the distribution shape from Monte Carlo simulation as described in the next section ( Sec-
tion 3.3.2).

The Monte Carlo method is more sensitive to generator-level and detector systematic uncertainties, but
does not suffer from the larger statistical uncertainties, whereas the replace method precision is limited
by the number of events in the control sample, but less sensitive to systematic uncertainties from the
detector. Both methods have to account for the fact that the detected charged lepton pairs will not cover
the full phase space of the neutrinos.

Control Sample Selection The control sample selection is identical to the no-lepton SUSY search
selection, except that two electrons or two muons are required, and that the missing ET (EmissT ) is replaced
by pT (�+�−)� pT (Z). Thus it is assumed that neutrinos are the main contribution to EmissT when the Z
boson decays into two neutrinos, such that EmissT is roughly equivalent to pT (Z) for this physics process.
The EmissT resolution of ATLAS is sufficient for this to be a good approximation. In addition to pairs of
isolated charged leptons, a sample composed of Z→ e±X is added, where X is a non-isolated electron
or an electron-like object with very loose cuts. This additional sample is used to increase the statistics
and measure the electron identification efficiency via the “tag-and-probe” method. The goal of the tag-
and-probe method is to select on one side a good electron (tag) and look at the other side to the nature
of the object (the probe) which matches the constraint on the Z mass. Two cuts are added to reject the

26

SUPERSYMMETRY – DATA-DRIVEN DETERMINATIONS OF W , Z AND TOP BACKGROUNDS . . .

38

1550
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Fake	  ETmiss	  
ETmiss	  is	  due	  to	  non-‐interacEng	  parEcles,	  BUT	  	  
ETmiss	  	  can	  	  also	  due	  to:	  
	  
•  Problems	  in	  detector:	  

–  dead,	  hot,	  noisy	  channels	  
•  Backgrounds:	  

–  cosmic	  rays,	  beam-‐halo,	  beam-‐gas	  
•  Cracks/gaps	  in	  the	  detector,	  azimuthal	  

response	  variaEons	  
•  Energy	  lost	  in	  dead	  materials	  (cracks,	  

cryostats..)	  
•  Noise,	  pile-‐up	  noise	  
•  Mis-‐measurements	  of	  muons,	  jets	  

	   	   	   	  ⇒	  “Fake”	  ETmiss	  	  
	  
 
⇒  First	  require	  detailed	  understanding	  of	  

instrumental	  ETmiss	  sources	  	  
	  	  	  	  	  →	  Event	  Cleaning	  	  
⇒  Then	  understand	  other	  source	  of	  “fake”	  ETmiss	  
	  

⇒  Suppress	  pile-‐up	  at	  LHC	  !	  	  
       
 
 

	  

èQCD	  with	  “fake”	  ETmiss	  are	  
background	  for	  inclusive	  	  no-‐
lepton	  SUSY	  events	  
Can	  fake	  “new	  physics”	  
èunderstanding	  this	  background	  is	  
crucial	  for	  	  SUSY	  searches	  	  ! 

Susy	  no-‐leptons	  (SU3)	  and	  backgrounds	  

COEPP	  2013	   Donatella	  Cavalli	  
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Table 2
Expected and observed numbers of events in the four signal regions. Uncertainties shown are due to “MC statistics, statistics in control regions, other sources of uncorrelated
systematic uncertainty, and also the jet energy resolution and lepton efficiencies” [u], the jet energy scale [ j], and the luminosity [L]. Totals are correct within rounding
errors.

Fig. 1. The distributions of meff (separately for the ! 2 and ! 3 jet regions) and mT2 are shown for data and for the expected SM contributions after application of all
selection criteria — cuts on the variables themselves are indicated by the red arrows. Also shown is the Emiss

T distribution after the ! 2 jet preselection cuts only. For
comparison, each plot includes a curve showing the expectation for an MSUGRA/CMSSM reference point with m0 = 200 GeV, m1/2 = 190 GeV, A0 = 0, tanβ = 3 and µ > 0.
This reference point is also indicated by the star on Fig. 3. Below each plot the ratio of the data to the SM expectation is provided. Black vertical bars show the statistical
uncertainty from the data, while the yellow band shows the size of the Standard Model MC uncertainty. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this Letter.)

The results are interpreted in both a simplified model con-
taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM models
with tanβ = 3, A0 = 0 and µ > 0. In the simplified model, gluino

masses below 500 GeV are excluded at the 95% confidence level
with the limit increasing to 870 GeV for equal mass squarks and
gluinos. In the MSUGRA/CMSSM models equal mass squarks and
gluinos below 775 GeV are excluded.

Phys.	  Le`.	  B	  701	  (2011)	  186	  



Data-‐quality	  requirements	  and	  Event	  cleaning	  
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Data-‐quality	  (detector	  level)	  

•  	  Stable	  proton	  beams,	  	  nominal	  magneEc	  field	  condiEons.	  
•  	  NO	  detector	  problems:	  use	  only	  data	  with	  a	  fully	  funcEoning	  calorimeter,	  inner	  

detector	  and	  	  muon	  spectrometer	  	  	  

	  	  	  Cleaning	  (event	  level)	  
	  	  Discard	  events	  with	  bad	  jets:	  
àJets	  due	  to	  non-‐collision	  background	  	  
•  Beam-‐gas	  events	  
•  Beam-‐halo	  events	  	  
•  Cosmic	  ray	  muons	  overlapping	  in-‐Eme	  	  
	  	  	  	  	  	  with	  collision	  events	  

àJets	  from	  calorimeter	  noise	  	  
•  Sporadic	  noise	  bursts	  in	  the	  hadronic	  endcap	  calorimeter	  

•  	  few	  noisy	  calorimeter	  cells	  contribute	  to	  	  
	  	  	  	  	  	  	  almost	  all	  of	  the	  jet	  energy.	  	  

•  Coherent	  noise	  in	  the	  electromagneEc	  calorimeter.	  	  

ATLAS-‐CONF-‐2010-‐038	  
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MET reconstruction algorithms 

negative of the vector sum over all transverse momentum of PF-candidates 
used in most current CMS analyses 

Particle-Flow (PF) MET 

No-PU PF MET MVA PF MET 
divide PF particles into: particles 

from hard scattering and particles 
from pile-up 

contribution from “pile-up” 
particles is scaled down 

re-calculate MET from two 
particles categories above 

multivariate regression (BDT) 
that produces a correction for the 
hadronic recoil 

5 MET variables calculated from 
PF particles 

Trainings have been done to 
optimize the MET resolution 

New 

6 

22 April 2013 CHEF2013 

Event	  cleaning	  	  
8 4 Large E/T due to Misreconstruction
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Figure 4: PF E/T distributions for events passing the dijet selection without the 2012 cleaning

algorithms applied (open markers), with the 2012 cleaning algorithms applied including the

one based on jet identification requirements (filled markers), and events from the simulation

(filled histograms).

early stages of the online trigger selection; however, the veto is not fully efficient and some

of these events are read out and reconstructed. In such events, there are several fake tracks

reconstructed with pT of hundreds or thousands of GeV. These fake tracks can mimic charged

particles, which are then clustered in jets with very high pT, thus creating a large fake E/T.

The affected events are removed based on the number of clusters in the silicon strip and pixel

detectors.

Although the rejection of anomalous high-E/T events due to noise in HB and HE were studied in

Ref. [3], further developments were necessary to cope with different LHC running conditions,

including high luminosities and a shorter bunch crossing interval of 50 ns. A set of algorithms

was developed to exploit the differences between noise and signal pulse shapes in order to

reject noise hits from event reconstruction. The CMS hadron calorimeter signals are digitized

in time intervals of 25 ns, and signals in neighboring time intervals are used to define the pulse

shape. In these algorithms, a comparison of the measured and the ideal signal pulse shape is

made, and a compatibility test to a signal hypothesis is performed. A log of the ratio of the χ2

of the two hypotheses is used to identify a channel as noisy. An energy dependent cut is chosen

for these algorithms using events collected during runs with no circulating beams in the LHC.

Figure 4 shows the PF E/T distribution for dijet events. The anomalous events with PF E/T

around 600 GeV are mainly due to misfires of the HCAL laser calibration system and the

anomalous events with PF E/T around 2 TeV are mainly caused by the electronics noise in HB

and HE. Even after all the anomalous event cleaning algorithms developed for the 2012 data

are applied, we still find some residual anomalous �E/T events in the tail of the PF E/T distribu-

tion. These events are confirmed to be removed by a jet identification requirement (in which

the neutral hadron energy fraction of the jet is less than 0.90 and the photon energy fraction is

CMS	  PAS	  JME-‐12-‐002	  

	  
•  Anomalous	  high	  ETmiss	  events	  in	  data	  

before	  2012	  cleaning	  mainly	  come	  from:	  
•  Misfires	  of	  the	  HCAL	  laser	  calibraEon	  

system	  
•  Electronic	  noise	  in	  HCAL	  	  
•  Fake	  ETmiss	  from	  track	  reconstrucEon	  

•  Few	  remaining	  anomalous	  events	  are	  
removed	  by	  applying	  jet	  idenEficaEon	  cut	  

•  	  neutral	  hadron	  energy	  fracEon	  of	  	  	  
	  	  	  	  	  	  	  the	  jet	  <	  0.90	  	  
•  	  photon	  energy	  fracEon	  <	  0.95	  



ATLAS	  calorimeters	  

ATLAS	  Fiducial	  Regions	  
•  Hadronic	  Calorimeter:	  

•  Barrel:	  |η|	  <	  1.7	  
•  Endcap:	  1.5	  <	  |η|	  <	  3.2	  

•  ElectromagneEc	  Calorimeters	  
•  Barrel:	  |η|	  <	  1.4	  
•  Endcap:	  1.375	  <	  |η|	  <	  3.2	  

•  Forward:	  3.2	  <	  |η|	  <	  4.9	  
	   	  	  

Main	  features	  for	  	  ETMiss	  
reconstrucEon	  and	  calibraEon:	  
	  
•  Noise	  suppression	  
•  Non-‐compensaEng	  (e/h	  >1)	  :	  

•  Response	  to	  hadrons	  is	  	  
	  	  	  	  	  lower	  than	  that	  to	  	  
	  	  	  	  	  electrons	  and	  photons	  
•  Developed	  specific	  calibraEons	  

•  Dead	  material:	  	  
•  Energy	  loss	  before	  EM	  calorimeter	  

and	  	  between	  EM	  and	  HAD	  barrel	  
calorimeters:	  
• dead	  material	  correcEons	  

•  Different	  technologies	  and	  many	  
transiEon	  regions:	  
•  “Crack”	  regions:	  η	  ≈	  1.4,	  3.2	  

•  MagneEc	  field	  bending	  	  	  

η=	  -‐log(tan(θ/2))	  
COEPP	  2013	   Donatella	  Cavalli	   10	  
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•  	  Hard	  signal	  in	  calorimeters	  	  
	  	  	  	  	  	  Fully	  reconstructed	  &	  calibrated	  parEcles	  and	  jets	  

à  detector	  inefficiencies	  already	  corrected	  for	  physics	  objects	  
à 	  have	  to	  avoid	  mis-‐measured	  objects	  

•  SoJ	  signals	  in	  calorimeters	  	  
	  	  	  	  	  	  Signals	  not	  used	  in	  reconstructed	  physics	  objects	  

à	  need	  to	  be	  included	  in	  ETmiss	  to	  reduce	  scale	  biases	  and	  improve	  resoluEon	  	  
	  	  	  	  	  	  à	  need	  to	  suppress	  noise	  (electronic	  and	  pile-‐up	  noise)	  

•  Applying	  symmetric	  or	  asymmetric	  noise	  cuts	  to	  cell	  signals	  can	  introduce	  a	  bias	  
•  Topological	  clustering	  applies	  more	  reasonable	  noise	  cut	  	  

	  	  	  	  	  	  à	  need	  to	  be	  calibrated	  
•  low-‐pT	  parEcles	  can	  easily	  be	  lost	  due	  to	  magneEc	  field	  or	  because	  their	  energy	  	  
	  does	  not	  survive	  noise	  cuts	  à	  use	  tracks	  to	  correct	  for	  calorimeter	  inefficiency	  

•  Need	  to	  avoid	  double	  coun?ng	  
	  	  	  	  	  	  Same	  signal	  can	  only	  be	  used	  in	  one	  	  
	  	  	  	  	  	  physics	  object	  	  
	  	  	  	  	  à	  Veto	  ETmiss	  contribuEon	  from	  already	  	  
	  	  	  	  	  used	  signals	  
	  	  	  	  	  	  	  	  

Calorimeter	  input	  signals	  to	  ETmiss	  	  

UA2:	  The	  neutrino	  transverse	  momentum	  was	  
esEmated	  from	  the	  transverse	  component	  of	  the	  
momentum	  balance	  of	  the	  electron	  and	  of	  the	  
calorimeter	  calibrated	  cells.	  
To	  avoid	  double	  coun?ng	  the	  cells	  in	  the	  electron	  
core	  are	  not	  used.	  	  



Fake	  ETmiss	  from	  jets	  mis-‐measurement	  
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Fake	  ETmiss	  can	  be	  created	  by	  mis-‐measurement	  of	  any	  objects:	  
electrons,	  photons,	  taus,	  muons	  and	  hadronic	  jets.	  
	  
In	  parEcular	  jet	  mis-‐measurement	  can	  be	  a	  dangerous	  source	  of	  fake	  ETmiss,	  
à	  suppression	  strategies	  are	  needed	  
•  Mis-‐measured	  jets	  in	  cracks	  à	  event	  topology	  analysis	  
•  Jet	  leakage	  from	  the	  calorimeters	  or	  fluctuaEons	  in	  large	  jet	  energy	  deposits	  in	  

non-‐instrumented	  regions	  	  à	  check	  energy	  sharing	  between	  calorimeters	  	  
•  Jets	  mis-‐calibraEon	  à	  compare	  with	  track	  jets	  	  

à Generates	  ETmiss	  poinEng	  to	  this	  jet:	  	  
•  study	  angular	  correlaEon	  between	  ETmiss	  and	  jets	  

	  	  	  	  	  	  	  	  	  à	  Careful	  analysis	  of	  full	  event	  topology	  	  
	  

	  
	  



Calorimeter	  noise-‐suppressed	  input	  signals	  to	  ETmiss	  	  	  
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Topoclusters:	  group	  of	  calorimeter	  cells	  topologically	  connected	  opEmized	  for	  
electronic	  noise	  and	  pile-‐up	  suppression	  
•  Cluster	  cells	  in	  3D	  via	  noise-‐driven	  thresholds:	  

•  Seed:	  |E	  cell|	  >4	  σnoise	  
•  Neighbours:	  |E	  cell|	  >2	  σnoise	  
•  Perimeter	  cells	  	  |E	  cell|	  >	  0	

•  σnoise	  =	  √	  (σnoise	  

electronic	  	  )2	  	  +	  (	  σnoise	  
pile-‐up	  )2	  

	  

-‐	  No	  bias.	  Cells	  with	  very	  small	  signals	  can	  survive	  based	  on	  	  
the	  signals	  in	  neighboring	  cells	  
-‐  Improve	  correspondence	  between	  clusters	  and	  stable	  parEcles	  	  
-‐  Intrinsically	  noise	  and	  pile-‐up	  suppressed,	  but	  contribuEon	  from	  pile-‐up	  

fluctuaEons	  can	  survive,	  more	  pile-‐up	  suppression	  techniques	  needed	  
	  

Topoclusters	  calibraEon	  (Local	  Hadron	  WeighEng-‐	  LCW)	  
•  ClassificaEons	  as	  “em-‐like”	  or	  “hadron-‐like”	  clusters	  based	  	  
	  	  	  	  	  	  on	  cluster	  shape	  variables:	  energy	  density	  and	  depth.	  
•  Hadronic	  weights,	  derived	  from	  pion	  MC	  simulaEon,	  	  
	  	  	  	  	  	  applied	  to	  “hadron-‐like”	  clusters.	  
•  CorrecEons	  for	  dead	  material	  and	  out	  of	  cluster	  	  
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•  Hard	  signal	  in	  muon	  spectrometer	  
	  	  	  	  	  	  Fully	  reconstructed	  &	  calibrated	  muons	  	  
	  	  	  	  	  	  	  à	  Any	  muons	  which	  are	  not	  reconstructed,	  badly	  measured	  or	  fake	  
	  	  	  	  	  	  	  	  	  	  can	  be	  a	  source	  of	  fake	  ETmiss!	  

•  	  includes	  	  all	  muons	  reconstructed	  in	  muon	  spectrometer	  	  
•  use	  tracks	  in	  the	  region	  of	  inefficiency	  of	  muon	  spectrometer	  

•  Choose	  best	  measurement	  
•  Apply	  quality	  criteria	  to	  avoid	  bad-‐measured	  muons	  
•  	  Have	  to	  avoid	  fake	  muons:	  

•  Fake	  muons	  from	  jet	  punch-‐through	  

à	  Muons	  may	  generate	  isolated	  or	  embedded	  so{	  calorimeter	  signals	  	  
•  Care	  needed	  to	  avoid	  double	  counEng	  	  

subtract	  muon	  energy	  deposited	  in	  calorimeters	  
when	  the	  combined	  muon	  momentum	  	  
(from	  muon	  spectrometer	  and	  inner	  detector)	  
	  is	  used)	  

Input	  Muon	  signals	  to	  ETmiss	  	  

	  CDF:	  ETmiss	  is	  defined	  to	  be	  the	  negaEve	  
of	  the	  vector	  sum	  of	  transverse	  energy	  in	  
calorimeter	  towers.	  
For	  events	  with	  muon	  candidates,	  the	  
vector	  sum	  of	  the	  calorimeter	  transverse	  
energy	  is	  corrected	  by	  vectorially	  
subtracEng	  the	  energy	  deposited	  by	  the	  
muon	  and	  then	  adding	  the	  PT	  of	  the	  
muon	  candidate	  as	  measured	  in	  the	  CTC.	  	  



Ex(y)miss	  =	  	  Ex(y)miss,e	  +Ex(y)miss,γ +Ex(y)miss,τ + Ex(y)miss,jets	  +Ex(y)miss,	  So{	  Term	  	  	  +	  Ex(y)miss,	  µ	  	  	  
	  

ETmiss	  	  =√	  	  (	  Exmiss	  )2	  +	  (	  Eymiss	  )2	  	  

15	  

ETmiss	  reconstrucEon	  and	  calibraEon	  in	  ATLAS	  

Very	  flexible	  algorithm:	  different	  definiEons	  and	  calibraEons	  for	  physics	  objects	  are	  allowed	  	  
Coherence	  with	  Physics	  analysis	  

ΣET	  =	  ΣETe	  +ΣETγ +ΣETτ +ΣETjets	  +ΣETSo{	  Term+	  ΣET	  µ	  	  	  	  

→	  SelecEon	  of	  input	  physics	  objects:	  order	  is	  defined	  by	  reconstrucEon	  uncertainEes	  
→	  DecomposiEon	  into	  consEtuent	  topo-‐clusters	  to	  veto	  mulEple	  	  	  	  	  
	  	  	  	  	  contribuEons	  and	  avoid	  energy	  double	  counEng	  
→	  CalibraEon	  dependent	  on	  the	  object	  	  
àTopoclusters+tracks	  not	  associated	  to	  physics	  objects	  form	  the	  So{	  term	  	  
à	  Keep	  separate	  contribuEons	  calculated	  from	  the	  negaEve	  sum	  of	  	  
	  	  	  	  	  calibrated	  px(y)	  	  of	  physics	  objects	  and	  so{	  energy	  

highly	  affected	  by	  pileup	  

Electrons	   Photons	   Taus	  

	  
Jets	  

pT>20	  Gev	  
	  

Muons	   Topoclusters	  and	  tracks	  	  
not	  in	  objects	  
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(1)	  Track	  selec?on	  	  

All	  reconstructed	  tracks	  	  

Apply	  quality	  criteria	  
Veto	  on	  tracks	  associated	  to	  high	  physics	  objects	  
Veto	  on	  tracks	  associated	  to	  TopoClusters	  already	  used	  

Add	  good	  tracks	  to	  ETmiss	  calculaEon	  

All	  TopoClusters	  not	  associated	  to	  
physics	  objects	  

Veto	  on	  TopoClusters	  associated	  to	  good	  tracks	  

Add	  remaining	  TopoClusters	  to	  ETmiss	  	  
calculaEon	  	  

(2)	  Cluster	  removal	  

èImprove	  calculaEon	  of	  the	  low	  	  	  	  	  	  
	  	  	  	  contribuEon	  to	  So{	  Term	  
èTracks	  are	  added	  to	  recover	  	  	  	  	  	  
	  	  	  	  	  the	  contribuEon	  from	  low-‐pT	  	  	  	  	  
	  	  	  	  	  	  	  parEcles	  which	  do	  not	  reach	  	  
	  	  	  	  	  the	  calorimeter	  or	  do	  not	   	  	  
	  	  	  	  	  seed	  a	  TopoCluster.	  	  
èNo	  associaEon	  with	  PV	  =>	  no	  	  
	  	  	  	  	  pile-‐up	  suppression	  at	  this	  	  level	  

The	  ATLAS	  So{	  Term	  algorithm	  

COEPP	  2013	   Donatella	  Cavalli	  
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The	  pile-‐up	  
è The	  LHC	  luminosity	  increased	  from	  2010	  to	  2012	  
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è The	  Pile-‐up,	  i.e.	  the	  contribuEon	  of	  	  
addiEonal	  pp	  collisions	  superimposed	  
to	  the	  hard	  physics	  process,	  is	  the	  price	  
to	  pay	  for	  this!	  
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Pile-‐up	  is	  one	  of	  the	  main	  challenges	  for	  	  ETmiss	  at	  LHC	  
•  ETmiss	  has	  the	  largest	  	  acceptance	  (coverage	  area)	  of	  any	  given	  

reconstructed	  quanEty.	  
•  Considerable	  contribuEon	  to	  ETmiss	  	  (and	  jets)	  fluctuaEons	  from	  

pile-‐up	  

The	  pile-‐up	  
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Jet	  Area	  based	  on	  the	  idea	  that	  noise	  
(pile-‐up)	  has	  a	  lower	  pT	  density	  (ρ)	  than	  signal:	  
•  event	  pT	  density	  ρ 	  is	  calculated	  from	  all	  jets	  (kt	  jets)	  as	  median	  (pTjet/Ajet)	  
•  Each	  jet	  is	  then	  corrected	  subtracEng	  ρA	  	  where	  A	  is	  	  the	  jet	  area	  	  

Some	  pile-‐up	  jets	  remain	  a{er	  subtracEon	  	  	  
à	  Further	  pile-‐up	  suppression	  using	  tracks	  associated	  	  
with	  the	  primary	  vertex	  (Jet	  Vertex	  Frac?on	  JVF)	  	  	  	  	  
	  
	  	  
	


	  
If	  pTjet<50	  GeV	  and	  |η|<2.4,	  keep	  jet	  only	  if	  |JVF|>0	  
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(b) Dependence of jet pT on �µ� for fixed NPV.

Figure 6: Dependence of the reconstructed jet pT (anti-kt, R = 0.4, LCW scale) on in-time pile-up (a)

and out-of-time pile-up (b), at various correction stages: before any correction, after ρ ·A subtraction, and

after the residual correction. The dependence is shown in bins of jet |η| and fit using the same functional

form as in the residual correction itself. The dependence was obtained by comparison to truth particle

jets in simulated dijet events, and corresponds to a truth-jet pT of approximately 25 GeV.

by comparison to truth particle jets in simulated dijet events, and it is completely analogous to the average458

pile-up offset correction used previously in ATLAS [8]. Due to the preceding ρ·A subtraction, the residual459

correction is generally quite small for jets with |η| < 2.1. However, in the forward region the negative460

dependence in jets on out-of-time pile-up results in a significantly higher residual correction.461

Due to the fact that pile-up sensitivity is related to local occupancy in the calorimeter, the effect of462

pile-up on the reconstructed jet pT is itself dependent on the jet pT. As the jet pT increases, so does the463

signal occupancy at the core of the jet, leading to increased pile-up sensitivity. This is observed during464

the derivation of the residual correction, as the coefficients of the NPV and �µ� terms are seen to vary as465

a function of the pT of the matched truth particle jet.466

Figure 7 shows this dependence for both the NPV term and the �µ� term, for anti-kt R = 0.4 jets at the467

LCW scale in the pseudorapidity range 0.3 < |η| < 0.8. A logarithmic functional form fits the data well468

for both terms, though the pT dependence of the �µ� term is opposite to that of the NPV term. The fits are469

evaluated at 25 GeV to obtain the nominal coefficients of the correction.470

The residual correction is not explicitly pT-dependent. To account for the pT dependence observed471

in simulation, the logarithmic fits are used to obtain a pT-dependent systematic uncertainty, defined by472

the coefficients αNPV
and α�µ� from473

∂pT

∂NPV

(pT) =
∂pT

∂NPV

(25) + αNPV
× log

� pT

25

�
(5)

and474
∂pT

∂�µ� (pT) =
∂pT

∂�µ� (25) + α�µ� × log

� pT

25

�
. (6)
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6 Methods for pile-up suppression in Emiss
T199

In Ref. [2], it was shown that a clear deterioration of the resolution (defined in Section 7.3) is observed200

when the average number of pile-up interactions per event increases. In the same note it was shown that201

the pile-up affects also the Emiss
T response. Methods to suppress pile-up are therefore needed which202

can restore the Emiss
T resolution to values more similar to the ones observed in the absence of pile-up,203

without spoiling the Emiss
T response and without creating fake Emiss

T .204

All Emiss
T terms in Equations 1 and 3 are affected by pile-up, but the terms which are most affected205

are the jets and soft term, because they are reconstructed from larger regions in the calorimeters. Methods206

for the suppression of pile-up in these terms are summarized in this section.207

6.1 Pile-up suppression in the Emiss
T jet term based on tracks208

The pile-up not only distorts the energy reconstructed in jets but can also create additional jets. As said209

in Section 5, the jets used in the Emiss
T reconstruction are already corrected for pile-up effects, using210

the jet area method [27]. The corrected jet pjetcorrT is calculated as pjetT − ρ × Ajet, where ρ is the211

transverse momentum density in the event, calculated as the median of pjetT /Ajet from the jets built with212

the recursive recombination algorithm kt [28, 29] with distance parameter R = 0.4 in |η| < 2 and Ajet
213

is the area of the jet [30]. This correction captures event-by-event fluctuations and has no dependence on214

pile-up modeling.215

To further suppress the jets largely originating from pile-up, a cut is applied based on the jet vertex216

fraction, JVF [31], i.e. the fraction of momenta of tracks matched to the jet which are associated with217

the hard scattering vertex. JVF is defined as:218

JVF =
�

tracksjet,PV

pT/
�

tracksjet

pT, (5)

where the sums are taken over the tracks matched to the jet and PV denotes the tracks associated to219

the first primary vertex4, which are selected by requiring pT > 400MeV in addition to further quality220

criteria relating to impact parameters and number of hits in different ID sub-detectors. Jets with no221

associated tracks are assigned JVF = −1. Within this note, any jet with pT < 50GeV and with222

|η| < 2.4 which does not satisfy |JVF| > 0 is discarded in the calculation of the pile-up suppressed223

Emiss,jets
T . This requirement, which discards only those jets which have no tracks originating from the224

leading primary vertex, reduces the jets originating from pile-up.225

6.2 Pile-up suppression in the Emiss
T soft term based on tracks226

The pile-up largely affects the soft term. Since the Emiss,SoftTerm
T can have an important contribution to227

the momentum balance in the event, completely neglecting its contribution in the Emiss
T reconstruction228

gives a poorer performance [2]. Two different methods for suppressing the pile-up in the soft term are229

described in the following, one based on the use of tracks and the other one based on the jet area method.230

Tracks are an essential ingredient for pile-up suppression methods, since they can be associated with231

the primary vertex from the hard scattering collision. Pile-up suppression can be achieved by scaling the232

Emiss,SoftTerm
T with the soft term vertex fraction (STVF) i.e. the fraction of momenta of tracks matched233

to the Emiss,SoftTerm
T which are associated with the hard scattering vertex. It is calculated, in a similar234

way as JVF, as:235

STVF =
�

tracksSoftTerm,PV

pT/
�

tracksSoftTerm

pT, (6)

4Defined as the primary vertex that has maximal
�

pT
2 of the tracks associated with it.

Jets	  are	  corrected	  for	  pile-‐up	  using	  Jet	  Area	  

•  	  Jet-‐by-‐jet	  subtracEon	  =>	  improves	  jet	  resoluEon	  
•  Captures	  event-‐by-‐event	  fluctuaEons	  	  
•  Data	  driven	  method:	  no	  dependence	  on	  pile-‐up	  modelling	  
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(b) Dependence of jet pT on �µ� for fixed NPV.

Figure 6: Dependence of the reconstructed jet pT (anti-kt, R = 0.4, LCW scale) on in-time pile-up (a)

and out-of-time pile-up (b), at various correction stages: before any correction, after ρ ·A subtraction, and

after the residual correction. The dependence is shown in bins of jet |η| and fit using the same functional

form as in the residual correction itself. The dependence was obtained by comparison to truth particle

jets in simulated dijet events, and corresponds to a truth-jet pT of approximately 25 GeV.

by comparison to truth particle jets in simulated dijet events, and it is completely analogous to the average458

pile-up offset correction used previously in ATLAS [8]. Due to the preceding ρ·A subtraction, the residual459

correction is generally quite small for jets with |η| < 2.1. However, in the forward region the negative460

dependence in jets on out-of-time pile-up results in a significantly higher residual correction.461

Due to the fact that pile-up sensitivity is related to local occupancy in the calorimeter, the effect of462

pile-up on the reconstructed jet pT is itself dependent on the jet pT. As the jet pT increases, so does the463

signal occupancy at the core of the jet, leading to increased pile-up sensitivity. This is observed during464

the derivation of the residual correction, as the coefficients of the NPV and �µ� terms are seen to vary as465

a function of the pT of the matched truth particle jet.466

Figure 7 shows this dependence for both the NPV term and the �µ� term, for anti-kt R = 0.4 jets at the467

LCW scale in the pseudorapidity range 0.3 < |η| < 0.8. A logarithmic functional form fits the data well468

for both terms, though the pT dependence of the �µ� term is opposite to that of the NPV term. The fits are469

evaluated at 25 GeV to obtain the nominal coefficients of the correction.470

The residual correction is not explicitly pT-dependent. To account for the pT dependence observed471

in simulation, the logarithmic fits are used to obtain a pT-dependent systematic uncertainty, defined by472

the coefficients αNPV
and α�µ� from473

∂pT

∂NPV

(pT) =
∂pT

∂NPV

(25) + αNPV
× log

� pT

25

�
(5)

and474
∂pT

∂�µ� (pT) =
∂pT

∂�µ� (25) + α�µ� × log

� pT

25

�
. (6)
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STVF	  is	  a	  correcEon	  based	  on	  	  
	  frac6on	  of	  tracks	  from	  PV:	  

	  

use	  tracks	  not	  matched	  to	  high-‐pT	  physics	  
	  objects	  
PV	  is	  the	  the	  first	  primary	  vertex	  	  
(vertex	  with	  max	  ΣpT_trk2)	  
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6 Methods for pile-up suppression in Emiss
T199

In Ref. [2], it was shown that a clear deterioration of the resolution (defined in Section 7.3) is observed200

when the average number of pile-up interactions per event increases. In the same note it was shown that201

the pile-up affects also the Emiss
T response. Methods to suppress pile-up are therefore needed which202

can restore the Emiss
T resolution to values more similar to the ones observed in the absence of pile-up,203

without spoiling the Emiss
T response and without creating fake Emiss

T .204

All Emiss
T terms in Equations 1 and 3 are affected by pile-up, but the terms which are most affected205

are the jets and soft term, because they are reconstructed from larger regions in the calorimeters. Methods206

for the suppression of pile-up in these terms are summarized in this section.207

6.1 Pile-up suppression in the Emiss
T jet term based on tracks208

The pile-up not only distorts the energy reconstructed in jets but can also create additional jets. As said209

in Section 5, the jets used in the Emiss
T reconstruction are already corrected for pile-up effects, using210

the jet area method [27]. The corrected jet pjetcorrT is calculated as pjetT − ρ × Ajet, where ρ is the211

transverse momentum density in the event, calculated as the median of pjetT /Ajet from the jets built with212

the recursive recombination algorithm kt [28, 29] with distance parameter R = 0.4 in |η| < 2 and Ajet
213

is the area of the jet [30]. This correction captures event-by-event fluctuations and has no dependence on214

pile-up modeling.215

To further suppress the jets largely originating from pile-up, a cut is applied based on the jet vertex216

fraction, JVF [31], i.e. the fraction of momenta of tracks matched to the jet which are associated with217

the hard scattering vertex. JVF is defined as:218

JVF =
�

tracksjet,PV

pT/
�

tracksjet

pT, (5)

where the sums are taken over the tracks matched to the jet and PV denotes the tracks associated to219

the first primary vertex4, which are selected by requiring pT > 400MeV in addition to further quality220

criteria relating to impact parameters and number of hits in different ID sub-detectors. Jets with no221

associated tracks are assigned JVF = −1. Within this note, any jet with pT < 50GeV and with222

|η| < 2.4 which does not satisfy |JVF| > 0 is discarded in the calculation of the pile-up suppressed223

Emiss,jets
T . This requirement, which discards only those jets which have no tracks originating from the224

leading primary vertex, reduces the jets originating from pile-up.225

6.2 Pile-up suppression in the Emiss
T soft term based on tracks226

The pile-up largely affects the soft term. Since the Emiss,SoftTerm
T can have an important contribution to227

the momentum balance in the event, completely neglecting its contribution in the Emiss
T reconstruction228

gives a poorer performance [2]. Two different methods for suppressing the pile-up in the soft term are229

described in the following, one based on the use of tracks and the other one based on the jet area method.230

Tracks are an essential ingredient for pile-up suppression methods, since they can be associated with231

the primary vertex from the hard scattering collision. Pile-up suppression can be achieved by scaling the232

Emiss,SoftTerm
T with the soft term vertex fraction (STVF) i.e. the fraction of momenta of tracks matched233

to the Emiss,SoftTerm
T which are associated with the hard scattering vertex. It is calculated, in a similar234

way as JVF, as:235

STVF =
�

tracksSoftTerm,PV

pT/
�

tracksSoftTerm

pT, (6)

4Defined as the primary vertex that has maximal
�

pT
2 of the tracks associated with it.

So{Term	  scaled	  by	  the	  “so{	  term	  
vertex	  fracEon”	  STVF	  

•  LimitaEons:	  calculated	  in	  limited	  	  
coverage	  (ATLAS	  ID	  |η| < 2.5)	  
and	  does	  not	  take	  into	  account	  
neutral	  contribuEons	  

•  Jet	  Area	  is	  based	  on	  the	  idea	  that	  noise	  
(pileup)	  has	  a	  lower	  density	  (ρ)	  than	  signal	  

•  Similar	  to	  pile-‐up	  subtracEon	  in	  jets	  
•  Here	  “jet”	  means:	  jet	  0<pT<20GeV	  

For	  each	  event	  compute	  the	  pT	  density	  ρref	  
(esEmate	  of	  event-‐by-‐event	  pile-‐up	  acEvity)	  	  
à	  reclusterize	  jets	  from	  topoclusters	  and	  tracks	  
from	  so{	  term	  with	  kt	  algorithm	  

ET , jet
corr =

0 ET , jet ! N!ref Ajet

ET , jet " !ref Ajet ET , jet > N!ref Ajet

#
$
%

&%

+	  	  Filter	  jets	  asking	  for	  |JVF|>0.25	  

•  captures	  event-‐by-‐event	  fluctuaEons	  	  
•  jet-‐by-‐jet	  correcEon	  

So{	  Term	  is	  very	  similar	  to	  pile-‐up,	  so	  any	  correcEon	  should	  be	  based	  or	  on	  PV	  
associaEon	  or	  on	  exploiEng	  the	  small	  difference	  between	  signal	  and	  pile-‐up	  
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pTmiss	  reconstructed	  from	  tracks	  in	  ATLAS	  

• TrackMET is a pileup-independent track-based calculation of the signal event MET, that is 
uncorrelated to the Calorimeter MET measurement and provides a complementary method to 
estimate the MET magnitude and direction in events. 

• The main advantage of Track MET is that it can be calculated for a single vertex (within the 
vertex resolution), therefore greatly reducing the effect of pileup on the measurement.

• Track MET is calculated from the momenta of all tracks in the event that pass the following 
standard track quality cuts. In addition, we ensure any leptons in the event that pass the lepton 
requirements are included in the Track MET (associated lepton track is used; special care is taken 
to avoid double-counting with included tracks).

• The TrackMET is then calculated as:

Claire Lee (UJ/Academia Sinica)

Introduction to TrackMET

Standard Cuts

pT > 500 MeV                                   |η| < 2.5
at least 1 pixel hit                  |d0_wrtPV| < 1.5mm
at least 6 SCT hits           |z0sinθ_wrtPV| < 1.5mm

The association to the PV with the highest (sumpT)2 is through the cuts on d0 and z0sinθ (_wrtPV)

Electrons Muons

Medium++ Staco Combined

Cluster pT > 10 GeV pT > 6 GeV

|η| < 2.47 |η| < 2.5

pxmiss = −
�

tracks

px pymiss = −
�

tracks

py

pTmiss =
�
p2xmiss

+ p2ymiss
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Compact Muon Solenoid (CMS) 
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MET reconstruction algorithms 
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particles is scaled down 

re-calculate MET from two 
particles categories above 
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that produces a correction for the 
hadronic recoil 

5 MET variables calculated from 
PF particles 

Trainings have been done to 
optimize the MET resolution 
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MET reconstruction algorithms 
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MET reconstruction algorithms 
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The No-PU PF MET algorithm 

29 

22 April 2013 CHEF2013 

! Principle: divide PF particles into two categories  
•  PF particles from hard scatter interaction (HS particles): leptons/photons, PF 

particles within jets of pT > 30 GeV and pass the MVA PU-jet ID, charged hadrons not 
clustered within jets of pT > 30 GeV and associated to the HS vertex  

•  PF particles from pile-up (PU particles): charged hadrons that are neither within jets 
of pT > 30 GeV nor associated to the HS vertex, neutral PF particles within jets of pT > 
30 GeV, PF particles within jets of pT > 30 GeV and fail the MVA PU-jet ID  

 

! PF particles from pile-up are scaled down by a factor : 
 
 
 

! No-PU PF MET is computed from : 
 
 
 
 
!,",#,$ optimized on Z ! µµ to get the best MET resolution   

The No-PU PF MET algorithm 
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! Principle: divide PF particles into two categories  
•  PF particles from hard scatter interaction (HS particles): leptons/photons, PF 

particles within jets of pT > 30 GeV and pass the MVA PU-jet ID, charged hadrons not 
clustered within jets of pT > 30 GeV and associated to the HS vertex  

•  PF particles from pile-up (PU particles): charged hadrons that are neither within jets 
of pT > 30 GeV nor associated to the HS vertex, neutral PF particles within jets of pT > 
30 GeV, PF particles within jets of pT > 30 GeV and fail the MVA PU-jet ID  

 

! PF particles from pile-up are scaled down by a factor : 
 
 
 

! No-PU PF MET is computed from : 
 
 
 
 
!,",#,$ optimized on Z ! µµ to get the best MET resolution   

Chayanit	  Asawatangtrakuldee	  
CHEF2013	  
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Performance	  has	  to	  be	  studied	  in	  terms	  of:	  
	  
-‐	  	  	  	  ResoluEon	  (important	  for	  mass	  reconstrucEon	  in	  decays	  to	  non	  
	  	  detected	  parEcles)	  
-‐  Scale	  (important	  for	  mass	  reconstrucEon	  and	  when	  applying	  
	  	  threshold	  	  cuts	  on	  ETmiss)	  
-‐	  	  	  	  Tails	  (NO	  fake	  ETmiss)	  
	  
-‐	  	  	  	  Agreement	  between	  data	  and	  MC	  simulaEon	  
	  

ETmiss	  Performance	  evaluaEon	  



Data-‐MC	  comparison	  	  
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Important	  to	  understand	  ETmiss	  both	  in	  data	  and	  simulaEon	  
	  
-‐  Check	  if	  the	  data	  are	  well	  described	  by	  MC	  simulaEon	  

-‐  Check	  that	  there	  are	  no	  tails	  from	  fake	  Etmiss	  	  in	  events	  where	  	  
	  	  	  	  	  	  no	  true	  ETmiss	  is	  expected	  	  
	  



Data-‐MC	  comparison	  ATLAS	  
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	  	  	  	  	  MC	  simulaEon	  describes	  data	  well.	  	  	  
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•  The	  ETmiss	  	  measurement	  is	  obtained	  from	  what	  is	  seen	  in	  the	  detector,	  so	  it	  
depends	  on	  the	  total	  transverse	  energy	  measured	  in	  the	  detector,	  mainly	  on	  
the	  total	  transverse	  energy	  in	  calorimeters	  (the	  muon	  momenta	  are	  be`er	  
measured)	  

The	  resoluEon	  of	  the	  two	  ETmiss	  components	  is	  esEmated	  from	  the	  width	  
of	  the	  distribuEons	  

•  It	  is	  studied	  as	  a	  funcEon	  of	  ΣET	  	  
•  The	  stability	  of	  the	  resoluEon	  vs	  the	  pile-‐up	  can	  be	  studied	  looking	  at	  its	  

dependence	  on	  <µ>	  or	  on	  the	  number	  of	  reconstructed	  verEces	  Npv.	  
	  
Can	  be	  studied	  in:	  
•  	  data	  in	  events	  with	  NO	  true	  Etmiss	  	  
•  	  in	  events	  with	  true	  ETmiss,	  the	  resoluEon	  can	  be	  directly	  studied	  only	  in	  MC	  	  

àImportance	  of	  	  ETmiss	  resoluEon	  in	  mass	  reconstrucEon	  in	  Hàττ	

	  
	  

June 24, 2013 – 17 : 37 DRAFT 43

(Emiss
x -Emiss,True

x , Emiss
y -Emiss,True

y )709
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	  	  ResoluEon	  vs	  ΣET	  in	  data	  at	  7	  TeV	  

	  the	  ETMiss	  resoluEon	  follows	  approximately	  a	  stochasEc	  behaviour:	  	  
	  
sigma	  =	  k	  *	  sqrt(sumet)	  because	  deviaEons	  from	  this	  	  simple	  law	  are	  expected	  in	  the	  low	  sumet	  region	  due	  to	  noise	  and	  in	  the	  
very	  large	  sumet	  region	  due	  to	  the	  constant	  term.	  	  
	  
The	  fits	  obtained	  with	  the	  simple	  law	  are	  acceptable	  and	  show	  a	  similar	  quality	  for	  all	  different	  channels	  studied,	  this	  allows	  to	  
use	  the	  parameter	  k	  as	  an	  esEmator	  of	  the	  resoluEon	  and	  in	  parEcular	  it	  allows	  to	  compare	  different	  channels	  and	  data	  to	  MC.	  
	  
Fi�ng	  with	  a	  2	  parameters	  curve	  (sigma	  =	  k	  *	  sqrt(sumet)	  +	  c),	  that	  is	  adding	  also	  a	  constant	  term,	  gives	  be`er	  quality	  fits	  
respect	  to	  the	  fit	  done	  with	  the	  simple	  law,	  but	  the	  2	  parameters	  are	  strongly	  correlated	  and	  it's	  difficult	  to	  compare	  results	  for	  
different	  channels.	  
	  
For	  the	  above	  reasons,	  a	  table	  with	  the	  chi2	  of	  the	  fits	  from	  the	  simple	  law	  is	  not	  so	  useful	  for	  the	  reader	  and	  also	  superimposing	  
only	  one	  fit	  curve	  does	  not	  add	  much	  informaEon	  and	  moreover	  it	  makes	  the	  picture	  too	  crowded.	  

ETmiss	  resoluEon	  highly	  affected	  by	  pile-‐up	  
	  
à	  fi�ng	  with	  	  
	  	  	  	  	  	  k	  	  ~	  0.5	  Gev1/2	  	  in	  2010,	  	  	  	  ~	  0.7	  Gev1/2	  	  in	  2011	  

June 4, 2012 – 16 : 47 DRAFT 12

The distributions of Emiss

T
, ∑ET and φ miss

in data and in MC simulation are shown in Figure 7 for252

W → eν events.253

Some disagreement between data and MC simulation is observed in the Emiss

T
distribution, which can254

be due to the fact that the background from jets faking electrons, which would predominantly populate255

the region of low Emiss

T
[6], is not included in the MC expectation shown. A large disagreement is256

observed in the ∑ET distribution at values above 500 GeV. The φ miss
distribution in data is rather well257

reproduced by MC simulation.258

The contributions given by the electrons, jets, soft jets and topoclusters outside reconstructed objects259

are shown in Figure 8 for W → eν events. The MC expectations are also shown, both from W →260

�ν events, and from the dominant backgrounds. The MC simulation describes all of the quantities well,261

with the exception that very small data-MC discrepancies are observed in the distribution of the Emiss,e
T

262

at low Emiss

T
values for the same reasons already explained above for the Emiss

T
distribution.263

Better data-MC simulation agreement is observed in the distributions for W → µν where the contri-264

bution from the jet background is expected to be smaller.265

Figure 9 shows the distribution of Emiss

T
in three different regions: central, end-cap and forward.266

There is a strong disagreement between data and MC simulation in particular in the forward region267

which is not well described by PYTHIA6.268

6.2.1 Emiss

T
linearity in W → �ν MC events269

The Emiss

T
linearity, which is defined as the mean value of the ratio: (Emiss

T
−Emiss,True

T
)/Emiss,True

T
, is270

shown as a function of Emiss,True

T
in Figure 10 for W → eν and W → µν MC events. The mean value of271

this ratio is expected to be zero if the reconstructed Emiss

T
has the correct scale. In Figure 10, it can be seen272

that there is a displacement from zero which varies with the true Emiss

T
. The bias at low Emiss,True

T
values273

is up to 15% and is due to the finite resolution of the Emiss

T
measurement. The reconstructed Emiss

T
is274

positive by definition, so the relative difference is positive when the Emiss,True

T
is small. The effect extends275

up to 40 GeV. Considering only events with Emiss,True

T
> 40 GeV, the Emiss

T
linearity is better than 3% in276

W → µν events, while there is a non-linearity up to about 5% in W → eν events.277

6.3 Emiss

T
resolution278

A more quantitative evaluation of the Emiss

T
performance can be obtained from a study of the (Emiss

x ,Emiss

y )279

resolutions as a function of the total transverse energy in the event. In Z → �� events, as well as in min-280

imum bias and jet events, no genuine Emiss

T
is expected, so the resolution of the two Emiss

T
components281

is measured in data directly from reconstructed quantities, assuming that the true values of Emiss

x and282

Emiss

y are equal to zero. The resolution is estimated from the width of the combined distribution of Emiss

x283

and Emiss

y (denoted (Emiss

x ,Emiss

y ) distribution) in bins of ∑ET. The core of the distribution is fitted, for284

each ∑ET bin, with a Gaussian over a range spanning twice the expected resolution obtained in previous285

studies [1] and the fitted width, σ , is examined as a function of the total transverse energy in the event.286

The Emiss

T
resolution follows an approximately stochastic behaviour as a function of the total transverse287

energy, which can be described with the function σ = k ·
√

ΣET. Deviations from this simple law are288

expected in the low ∑ET region due to the calorimeter noise and in the very large ∑ET region where the289

constant term in the jet energy resolution dominates.290

Figure 11 (a) shows the resolution from data at
√

s = 7 TeV for Z → �� events as a function of the291

total transverse energy in the event, obtained by summing the pT of muons and the ∑ET in calorimeters,292

defined in Section 5. If the resolution is shown as a function of the ∑ET in calorimeters, a difference293

between Z → ee and Z → µµ events is observed due to the fact that ∑ET includes electron momenta294

in Z → ee events while the muon momenta are not included in Z → µµ events.295
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Fig. 15 Emiss
x and Emiss

y resolution as a function of the total transverse
energy in the event calculated by summing the pT of muons and the
total transverse energy in the calorimeter in data at

√
s = 7 TeV (left)

and MC (right). The resolution of the two Emiss
T components is fitted

with a function σ = k ·√ΣET and the fitted values of the parameter k,
expressed in GeV1/2, are reported in the figure

Table 1 Variations of the
default simulation settings used
for the estimate of the
Emiss

T
,CellOut term systematic

uncertainty. See Ref. [21] for
details of the parameters

Variation Description

Dead Material 5% increase in the inner detector material

0.1 X0 in front of the cryostat of the EM barrel calorimeter

0.05 X0 between presampler and EM barrel calorimeter

0.1 X0 in the cryostat after the EM barrel calorimeter

density of material in barrel-endcap transition of the EM calorimeter ×1.5

FTFP_BERT An alternative shower model for hadronic interaction in GEANT4

QGSP An alternative shower model for hadronic interaction in GEANT4

PYTHIA Perugia 2010 tune An alternative setting of the PYTHIA parameters with increased final state
radiation and more soft particles

Emiss
T , as defined in Sect. 5.3, is the sum of several terms cor-

responding to different types of reconstructed objects. The
uncertainty on each individual term can be evaluated given
the knowledge of the reconstructed objects [8, 23] that are
used to build it and this uncertainty can be propagated to
Emiss

T . The overall systematic uncertainty on the Emiss
T scale

is then calculated by combining the uncertainties on each
term.

The relative impact of the uncertainty of the constituent
terms on Emiss

T differs from one analysis to another depend-
ing on the final state being studied. In particular, in events
containing W and Z bosons decaying to leptons, uncertain-
ties on the scale and resolution in the measurements of the
charged leptons, together with uncertainties on the jet energy
scale, need to be propagated to the systematic uncertainty
estimate of Emiss

T . Another significant contribution to the
Emiss

T scale uncertainty in W and Z boson final states comes
from the contribution of topoclusters outside reconstructed
objects and from soft jets. In the next three subsections,
two complementary methods for the evaluation of the sys-
tematic uncertainty on the Emiss

T
,CellOut and the Emiss

T
,softjets

terms are described. Finally the overall Emiss
T uncertainty

for W → #ν events is calculated.

7.1 Evaluation of the systematic uncertainty
on the Emiss

T
,CellOut scale using Monte Carlo simulation

There are several possible sources of systematic uncertainty
in the calculation of Emiss

T
,CellOut. These sources include in-

accuracies in the description of the detector material, the
choice of shower model and the model for the underlying
event in the simulation. The systematic uncertainty due to
each of these sources is estimated with dedicated MC sim-
ulations. The MC jet samples, generated with PYTHIA, are
those used to assess the systematic uncertainty on the jet en-
ergy scale [21]. Table 1 lists the simulation samples consid-
ered, referred to in the following as “variations” with respect
to the nominal sample.

The estimate of the uncertainty on Emiss
T

,CellOut for a vari-
ation i is determined by calculating the percentage differ-
ence between the mean value of this term for the nomi-
nal sample, labelled µ0, and that for the variation sample,
labelled µi . This approach assumes that the variations af-
fect the total scale and none of the variations introduces a
shape dependence in the Emiss

T
,CellOut term, as verified in

Ref. [24]. In order to cross-check for a possible dependence

EPJ	  -‐	  C	  72	  (2012)	  1844	  
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Figure 12: Emiss
x and Emiss

y resolution as a function of the total transverse energy in the event calculated
by summing the pT of muons and the total transverse energy in the calorimeter in data at

√
s = 7TeV

(a) and MC (b). The resolution of the two Emiss
T components is fitted with a function σ = k ·

√
ΣET

and the fitted values of the parameter k, expressed in GeV 1/2, are reported in the figure. An example of
fitted curve is drawn only for the Z → ee resolution.

around 0.7GeV1/2.
In Figure 12 (b) the Emiss

T resolution is shown for MC events. In addition to the Z → �� events, the
resolution is also shown for W → �ν MC events. In W events the resolution of the two Emiss

T com-
ponents is estimated from the width of (Emiss

x − Emiss,True
x , Emiss

y − Emiss,True
y ) in bins of

�
ET, fitted

with a Gaussian as explained above. There is a reasonable agreement in the Emiss
T resolution in the dif-

ferent MC channels. The Emiss
T resolution is better in Z → �� events with respect to W → �ν events.

The resolution in W → �ν events, shown as a function of the total
�

ET in the event including the
transverse momentum of the neutrino in addition to the transverse visible energy, is very similar to the
resolution in Z → �� events.

Comparing the Emiss
T resolution in 2010 [1] and in 2011 data and MC simulation shown in Figure

12, a significant degradation of the resolution is observed in 2011 (k ∼ 0.7GeV1/2) with respect to 2010
(k ∼ 0.5GeV1/2) due to the increased pile-up conditions described in Section 3. Methods to suppress
pile-up were studied and results are shown in Section 8.

7 Evaluation of the systematic uncertainty on Emiss
T

The Emiss
T , as defined in Section 5, is the sum of several terms corresponding to different types of recon-

structed objects. The uncertainty on each individual term can be evaluated given the knowledge of the
reconstructed objects that are used to build it and this uncertainty can be propagated to Emiss

T . The overall
systematic uncertainty on the Emiss

T measurement is then calculated by combining the uncertainties on
each term.

The relative impact of the uncertainty of the constituent terms on Emiss
T depends on the final state

being studied. In particular, in events containing W and Z bosons decaying to leptons, uncertainties on
the scale and resolution in the measurements of the charged leptons, together with uncertainties on the
jet energy scale and resolution, need to be propagated to the systematic uncertainty estimate for Emiss

T .
Another significant contribution to the Emiss

T uncertainty in W and Z boson final states comes from

16

Data	  2010	  

Data	  2011	  
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Study	  of	  resoluEon	  with	  increasing	  	  
pile-‐up	  condiEons:	  
•  Ex,ymiss	  resoluEon	  doubles	  
	  from	  <µ>	  =	  0	  to	  20	  (2012	  pile-‐up	  condiEons)	  
	  	  	  	  	  	  	  	  à	  
	  	  
	  

	  
	  
	  
	  

	  

8.3 Summary of Emiss
T performance after pile-up suppression in Z → µµ events

In this section, the performance of the STVF+JVF method for pile-up suppression is summarized. Only

the results for this method are shown here because the STVF+JVF method is the track-based method

which gives the best performance in terms of resolution and response and the jet area method for the

pile-up suppression is presently tested only in events without jets with pT above 20 GeV.

The (E
miss
x , E

miss
y ) resolution as a function of the

�
ET in the event is shown in Figure 24 for

samples simulated with different values of �µ� after applying the STVF+JVF pile-up suppression method

described in Section 8.1.1. In Figure 24 (a) the
�

ET in the event after pile-up suppression is used on

the abscissa. This leads to the impression that the resolution is similar to the resolution before pile-up

suppression shown in Figure 17 (a) , because
�

ET is systematically shifted to a smaller value for the

same event after pile-up suppression has been applied. In fact the average resolution, integrated over the

full
�

ET range is definitively better, as can also be seen in Figure 18. The uncorrected
�

ET in the

event, i.e. with no pile-up suppression is used in Figure 24 (b), so it is possible to compare the resolutions

with the resolutions shown in Figure 17 (a) because the same
�

ET value is used on the abscissa in both

cases. After pile-up corrections the resolutions, when shown as a function of the uncorrected
�

ET, are

better than the resolutions before pile-up corrections and become very similar for samples with different

�µ� .

Figure 25 (a) compares the resolution coefficient k obtained from the fit with the formula

σ(Emiss
x , E

miss
y ) = k ·

√
ΣET, where E

miss
x and E

miss
y before and after the pile-up suppression are

used and
�

ET is always taken without pile-up suppression, as a function of µ. The dependence of

σ(Emiss
x , E

miss
y ) on

�
ET and on �µ� can be described with:

σ(Emiss
x , E

miss
y ) = (0.4GeV1/2 + 0.09GeV1/2 ·√µ) ·

�
ΣET, (15)

before pile-up suppression, while it becomes almost flat as a function of µ above �µ� = 9 after applying

pile-up suppression, with k taking the value 0.5 GeV
1/2

.

Figure 25 (b) shows the bias of the projection of Emiss
T onto the transverse Z direction with respect

to the expected value of zero, for the bin centered at p
Z
T= 40 GeV (see Figure 17 (b)) as a function of

µ before and after pile-up correction. The bias increases by about 1.5 GeV at �µ� = 9, but this difference

becomes smaller with increasing �µ�.

8.4 Performance of pile-up suppression methods in events with genuine Emiss
T

The pile-up suppression methods described above were checked in simulated events with true Emiss
T . The

samples chosen were W → �ν and H → WW followed by both W s decaying leptonically.

8.4.1 Emiss
T performance in W → �ν events after pile-up suppression

Figures 26 (a) and (b) show that, after correcting the E
miss,SoftTerm
T with the STVF and the jets with the

JVF method, the dependence of the Emiss
T resolution on Npv is reduced in W → eν MC events. Figure

26 (c) shows that the E
miss
T is closer to E

miss,True
T after the pile-up suppression, and Figure 26 (d) shows

that the transverse mass mT is also improved.

Figure 27 shows that the pile-up suppression with the jet area method improves the resolution in MC

W → µν events and both the Emiss
T and the mT reconstruction.

Figure 28 compares the performance of the STVF method and of the jet area method for the sup-

pression of pile-up in W → eν events without jets. The resolution is slightly better after the pile-up

suppression with the STVF method, while the E
miss
T is closer to E

miss,True
T after the pile-up suppression

with the jet area method. The improvement in the mT reconstruction after the pile-up suppression is

28
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	  	  Effect	  of	  pile-‐up	  on	  ResoluEon	  

•  Ex,ymiss	  resoluEon	  closer	  to	  the	  resoluEon	  in	  absence	  of	  pile-‐up	  
a{er	  pile-‐up	  suppression	  with	  STVF	  
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ResoluEon	  a{er	  pile-‐up	  suppression	  in	  data	  at	  8	  TeV	  
	  	  STVF	  method:	  ResoluEon	  less	  dependent	  on	  Npv	  
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Jet	  area	  method:	  
•  Improves	  the	  resoluEon	  but	  some	  

residual	  dependence	  on	  NPV	  sEll	  present	  
•  Some	  more	  improvement	  combining	  

with	  a	  track	  based	  filter	  (JVF)	  on	  kt	  jets	  
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ResoluEon	  a{er	  pile-‐up	  suppression	  CMS	  
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Figure 19: Parallel (top) and perpendicular (bottom) resolution as a function of the number
of reconstructed vertices for PF�E/T, No-PU PF�E/T, and MVA PF�E/T in Z → µ+µ− (left) and
Z → e+e− (right) events.
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Zàµµ events	


CMS	  PAS	  JME-‐12-‐002	  

-‐  ResoluEon	  less	  dependent	  on	  Npv	  a{er	  pile-‐up	  suppression	  

CMS	  shows	  the	  resoluEon	  of	  the	  hadronic	  recoil	  	  
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 H+2-jet VBFhade + had!•Second in branching ratio but highest sensitivity due to 
experimental signature
•Accessible thanks to VBF production mode
•Hadronic tau decays reconstructed from calorimeter jets 
and identified with BDT discriminator based on tracking and 
calorimeter performance
•10 categories based on tau decay type (ll, lhad, hadhad) 
and jet/event topology (targeting different production 
modes)

•Irreducible Z→ττ background from hybrid data-MC 
technique (Z→μμ data events with muons replaced by 
simulated taus)
•Z+jets, W+jets, top from MC, normalised/checked in data 
control regions, diboson from MC
•Multijet fully data driven
•Mass reconstruction exploiting knowledge of tau decay 
kinematics
•No significant excess above SM is observed, limit at 125 
GeV: 1.9 x σSM  (expected 1.2 x σSM)

ATLAS-CONF-2012-160

ATLAS-‐CONF-‐2012-‐160	  

The	  full	  reconstrucEon	  of	  the	  Hàττ mass	  
	  
	  
	  requires	  solving	  equaEons	  with	  more	  unknown	  
than	  constraints.	  
-‐  Collinear	  approximaEon	  assumes	  that	  	  
	  	  	  	  the	  visible	  and	  undetectable	  τ	  decay	  	  	  	  	  	  
	  	  	  	  products	  are	  collinear	  
-‐  Missing	  Mass	  Calculator	  (MMC)	  scans	  over	  	  	  
	  	  	  	  the	  neutrino	  direcEons	  and	  picks	  the	  most	  	  
	  	  	  	  likely	  value	  of	  mττ,	  according	  to	  the	  	  	  
	  	  	  simulated	  probability	  funcEons	  from	  the	  	  	  
	  	  	  τ	  decay.	  
	  
A	  good	  ETmiss	  	  resoluEon	  is	  crucial	  for	  the	  mττ	  
reconstrucEon.	  	  
-‐	  ETmiss	  a{er	  pile-‐up	  suppression	  gives	  a	  be`er	  
invariant	  mττ	  reconstrucEon	  with	  the	  collinear	  
approximaEon	  (efficiency	  and	  resoluEon)	  
-‐  Improved	  MMC	  results	  with	  Etmiss	  a{er	  pile-‐

up	  suppression	  with	  STVF.	  	  	  

Search for BSM
Higgs Bosons

with the ATLAS
detector at the

LHC

Arnaud Ferrari

Introduction

Search for light
charged Higgs
bosons

Search for MSSM
neutral Higgs
bosons

Conclusion

. . . . . .

h/A/H → ττ channel: MMC in one slide
The full reconstruction of the
h/A/H → ττ events requires
solving equations with more
unknowns than constraints.

More information is available from the angular distance
∆R between the visible and missing τ decay products.

An mττ distribution is produced by scanning a grid in
φmis1, φmis2 and mmis,i (only for leptonic τ decays);
Each point gets a weight P(∆R1, pτ1)× P(∆R2,pτ2);
The most probable value of mττ is chosen.
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Figure 10: MMC mass distributions of the selected events in the Boosted and VBF categories of the

H → τlepτhad channel for the 8 TeV analysis. The selected events in data are shown together with

the predicted Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For

illustration only, the signal contributions in the Boosted category have been scaled by a factor 5. The last

bin in the histograms contains the overflow.
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July 8, 2013 – 03 : 04 DRAFT 42

Object Selection/Algo pT threshold Calibration Symbol

Electrons ElectronID MediumPP > 10 GeV default electron calibration METRefele

Photons PhotonIdTight > 10 GeV EM scale METRefγ
Taus BDTMedium > 20 GeV offset+LCW+TES METRefTau

+EleBDTMedium+Muon veto

Jets anti-kt R=0.4 > 20 GeV JetArea+LCW+JES METRefJet

Topoclusters LCW+eflow METSoftTerm

outside objects

Table 2: Selection and calibration for the various terms used for the calculation of the RefFinal Emiss
T . .

Used photon calibration only in analysis with photons in the final states (photon efficiency and purity676

too poor for the general case)677

Emiss
T =

�
(Emiss

x )2 +
�
Emiss

y

�2
(10)

(11)

678

Emiss
x,y = −

�

particles

px,y (12)

(13)

679

�
ET =

�

particles

pT (14)

tt̄ → �ν + jets680

W → eν681

pp682

mττ =
�
(2(Eτhad +Eν1)(Elep +Eν2)(1− cosθ)683
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It	  is	  important	  to	  have	  a	  reconstructed	  	  ETmiss	  as	  much	  as	  possible	  
close	  to	  the	  	  the	  ETmiss,True.	  
	  

This	  can	  be	  checked:	  
	  
•  in	  data	  Zàll	  events	  from	  	  the	  projecEon	  of	  the	  ETmiss	  along	  the	  

transverse	  direcEon	  of	  the	  Z	  boson	  

•  in	  events	  with	  true	  ETmiss,	  the	  linearity	  	  
	  	  	  	  	  can	  be	  studied	  in	  MC	  events	  
	  
•  reconstrucEng	  the	  mass	  in	  Wàlν	  and	  Zàττ	  each	  of	  which	  

contain	  true	  ETmiss	  from	  unobserved	  neutrinos.	  

March 26, 2012 – 19 : 36 DRAFT 9
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Figure 4: Mean values of Emiss
T ·AZ as a function of pZ

T in Z → ee (a) and Z → µµ (b) events.

6.2 Emiss
T performance in W → �ν events199

In this section the Emiss
T performance is studied in W → eν events. In these events genuine Emiss

T is200

expected due to the presence of the neutrino, therefore the Emiss
T scale can be checked.201

The distributions of Emiss
T , ∑ET and φ miss in data and in MC simulation are shown in Figure 5 for202

W → eν and W → µν events. The contributions given by the electrons, jets, soft jets and topoclusters203

outside reconstructed objects are shown in Figure 6 for W → eν events. The MC expectations are204

also shown, both from W → �ν events, and from the dominant SM backgrounds. The MC simulation205

describes all of the quantities well, with the exception that very small data-MC discrepancies are observed206

in the distribution of the Emiss,e
T at low Emiss

T values. This can be attributed to the QCD jet background,207

which would predominantly populate the region of low Emiss
T [7], but which is not included in the MC208

expectation shown.209

Figure 7 shows the distribution of Emiss
T in three different regions: central, endcap and forward.210

6.2.1 Emiss
T linearity in W → �ν MC events211

The expected Emiss
T linearity, which is defined as the mean value of the ratio: (Emiss

T −Emiss,True
T )/Emiss,True

T ,212

is shown as a function of Emiss,True
T in Figure 8 for W → eν and W → µν MC events. The mean value of213

this ratio is expected to be zero if the reconstructed Emiss
T has the correct scale. In Figure 8, it can be seen214

that there is a displacement from zero which varies with the true Emiss
T . The bias at low Emiss,True

T values215

is about 5% and is due to the finite resolution of the Emiss
T measurement. The reconstructed Emiss

T is216

positive by definition, so the relative difference is positive when the Emiss,True
T is small. The effect extends217

up to 40 GeV. The bias is in general larger for W → µν events than for W → eν events. Considering218

only events with Emiss,True
T > 40 GeV, the Emiss

T linearity is better than 1% in W → µν events, while219

there is a non-linearity up to about 5% in W → eν events.220

6.3 Emiss
T resolution221

A more quantitative evaluation of the Emiss
T performance can be obtained from a study of the (Emiss

x ,Emiss
y )222

resolutions as a function of ∑ET. In Z → �� events, as well as in minimum bias and QCD jet events,223

no genuine Emiss
T is expected, so the resolution of the two Emiss

T components is measured directly from224
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ETmiss	  	  scale	  in	  Zàll	  events	  
ETmiss	  projecEon	  onto	  the	  pTZ	  

The	  hadronic	  recoil	  is	  under-‐esEmated	  mainly	  in	  events	  with	  NO	  jets	  dominated	  by	  So{	  Term	  

Adding	  tracks	  improves	  the	  hadronic	  recoil	  

The	  longitudinal	  axis	  is	  defined	  by	  the	  vectorial	  sum	  of	  the	  2	  
leptons	  momenta	  and	  it	  is	  sensiEve	  to	  the	  balance	  between	  
the	  muons	  and	  the	  hadronic	  recoi.	  If	  the	  leptons	  perfectly	  
balance	  the	  hadronic	  recoil	  the	  projecEon	  of	  ETmiss	  along	  the	  
longitudinal	  axis	  (Az)	  should	  be	  zero	  à	  ETmiss	  Diagnos?c	  plot	  

EPJ	  -‐	  C	  72	  (2012)	  1844	  

Eur. Phys. J. C (2012) 72:1844 Page 13 of 35

Fig. 9 Mean value of Emiss
T · AZ as a function of pZ

T requiring either zero jets with pT > 20 GeV or at least 1 jet with pT > 20 GeV in the event
for Z → ee (left) and Z → µµ (right) events

Fig. 10 Mean value of Emiss
T ·AZ as a function of pZ

T in Z → ee (left)
and Z → µµ (right) for events with no jets with pT > 7 GeV. The de-
fault Emiss

T is compared with Emiss
T calculated in the same way with

the exception that the track-cluster matching algorithm is not used for
the calculation of Emiss,CellOut

T

underestimation of the E
miss,calo,µ
T term, in which too few

calorimeter cells are associated to the reconstructed muon.

6.4 Emiss
T resolution

A more quantitative evaluation of the Emiss
T performance

can be obtained from a study of the (Emiss
x ,Emiss

y ) resolu-
tions as a function of

∑
ET. In Z → !! events, as well as

in minimum bias and QCD jet events, no genuine Emiss
T is

expected, so the resolution of the two Emiss
T components is

measured directly from reconstructed quantities, assuming
that the true values of Emiss

x and Emiss
y are equal to zero.

The resolution is estimated from the width of the combined
distribution of Emiss

x and Emiss
y (denoted (Emiss

x ,Emiss
y ) dis-

tribution) in bins of
∑

ET. The core of the distribution is
fitted, for each

∑
ET bin, with a Gaussian over twice the

expected resolution obtained from previous studies [17] and
the fitted width, σ , is examined as a function of

∑
ET. The

Emiss
T resolution follows an approximately stochastic be-

haviour as a function of
∑

ET, which can be described with
the function σ = k · √ΣET, but deviations from this simple
law are expected in the low

∑
ET region due to noise and in

the very large
∑

ET region due to the constant term.
Figure 15 (left) shows the resolution from data at

√
s = 7

TeV for Z → !! events, minimum bias and di-jet events as a
function of the total transverse energy in the event, obtained
by summing the pT of muons and the

∑
ET in calorime-

ters, calculated as described in Sect. 6.1. If the resolution
is shown as a function of the

∑
ET in calorimeters, a dif-

ference between Z → ee and Z → µµ events is observed
due to the fact that

∑
ET includes electron momenta in

Z → ee events while muon momenta are not included in
Z → µµ events.

The resolution of the two Emiss
T components is fitted with

the simple function given above. The fits are acceptable and
are of similar quality for all different channels studied. This
allows to use the parameter k as an estimator for the res-
olution and to compare it in various physics channels in
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Fig. 7 Distribution of Emiss
T computed with cells associated to elec-

trons (Emiss,e
T ) (top left), jets with pT > 20 GeV (Emiss,jets

T ) (top right),

jets with 7 GeV < pT < 20 GeV (Emiss,softjets
T ) (bottom left) and from

topoclusters outside reconstructed objects (Emiss,CellOut
T ) (bottom right)

for Z → ee data. The expectation from Monte Carlo simulation is su-
perimposed and normalized to data, after each MC sample is weighted
with its corresponding cross-section

Fig. 8 Mean values of Emiss
T · AZ as a function of pZ

T in Z → ee (left) and Z → µµ (right) events

from zero which varies with the true Emiss
T . The bias at low

Emiss,True
T values is about 5% and is due to the finite resolu-

tion of the Emiss
T measurement. The reconstructed Emiss

T is
positive by definition, so the relative difference is positive
when the Emiss,True

T is small. The effect extends up to 40

GeV. The bias is in general larger for W → µν events
than for W → eν events. Considering only events with
Emiss,True

T > 40 GeV, the Emiss
T linearity is better than 1%

in W → eν events, while there is a non-linearity up to
about 3% in W → µν events. This may be explained by an
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ETmiss	  	  scale:	  effect	  of	  pile-‐up	  
The	  pile-‐up	  also	  affect	  the	  Etmiss	  scale:	  

	  

	  

-‐  A{er	  pile-‐up	  suppression	  with	  STVF	  method:	  the	  bias	  increases	  
-‐  Smaller	  bias	  with	  Jet	  Area	  pile-‐up	  suppression	  

-‐  Some	  more	  bias	  is	  observed	  in	  the	  ETmiss	  projecEon	  
onto	  the	  pTZ	  (DiagnosEc	  plot)	  
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Scale	  a{er	  pile-‐up	  suppression	  CMS	  

Zàµµ events	


CMS	  PAS	  JME-‐12-‐002	  

-‐  The	  MVA	  response	  is	  around	  0.9	  because	  the	  BDT	  training	  for	  the	  MVA	  used	  in	  this	  
study	  is	  opEmized	  for	  the	  improved	  resoluEon	  rather	  than	  for	  the	  unity	  response.	  	  
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Figure 14: MVA PF E/T distributions in Z → µ+µ− (left) and Z → e+e− (right) events. The
recoil correction is applied to simulated events.
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Figure 15: Response as a function of qT for No-PU PF�E/T in Z → µ+µ− (left) and Z → e+e−
(right) events.

PF�E/T used here includes all the corrections described in Section 3, i.e. the type-0, type-1, and
φ-asymmetry corrections for both data and simulation and additionally jet smearing for simu-
lation, unlike uncorrected PF�E/T used in comparison with MVA PF�E/T in Ref. [20]. The No-PU
PF�E/T and particularly MVA PF�E/T show significantly reduced dependence of the resolution
on pileup interactions in both data and MC simulation.

7 Conclusions
The performance of �E/T reconstruction algorithms has been studied using data collected in
8 TeV pp collisions with the CMS detector at the LHC. The data samples used in this note
were collected from February through October 2012 and correspond to an integrated luminos-
ity up to 12.2 ± 0.5 fb−1. The �E/T reconstruction algorithms and corrections are described with
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Figure 16: Response as a function of qT for MVA PF�E/T in Z → µ+µ− (left) and Z → e+e−
(right) events.

an emphasis on changes compared to those used with the 7 TeV pp collision data collected in
2010 [3]. Events with artificially high E/T in a dijet event sample are examined, and it is found
that a majority of such events can be identified and removed by the anomalous event cleaning
algorithms.

The scale and resolution of PF�E/T as well as the degradation of the PF�E/T due to pileup interac-
tions have been measured in Z → µ+µ−, Z → e+e−, and photon events. The measured PF�E/T
scale and resolution in data agree with the expectations from the simulation after correcting for
the jet energy scale and resolution differences between data and MC simulation. Pileup inter-
actions are found to degrade the PF�E/T resolution by 3.3–3.7 GeV in quadrature per additional
pileup interaction.

The performance of two advanced �E/T reconstruction algorithms specifically developed to cope
with large numbers of pileup interactions has also been studied. They show a significantly
reduced dependence of the �E/T resolution on pileup interactions in Z → µ+µ− and Z → e+e−
events.

The studies presented in this note provide a solid foundation for all CMS measurements with
�E/T in the final state, including measurements of the W boson and top quark, searches for new
neutral weakly interacting particles, and studies of the properties of the Higgs-like boson.
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Figure 4: Mean values of Emiss
T ·AZ as a function of pZ

T in Z → ee (a) and Z → µµ (b) events.

6.2 Emiss
T performance in W → �ν events199

In this section the Emiss
T performance is studied in W → eν events. In these events genuine Emiss

T is200

expected due to the presence of the neutrino, therefore the Emiss
T scale can be checked.201

The distributions of Emiss
T , ∑ET and φ miss in data and in MC simulation are shown in Figure 5 for202

W → eν and W → µν events. The contributions given by the electrons, jets, soft jets and topoclusters203

outside reconstructed objects are shown in Figure 6 for W → eν events. The MC expectations are204

also shown, both from W → �ν events, and from the dominant SM backgrounds. The MC simulation205

describes all of the quantities well, with the exception that very small data-MC discrepancies are observed206

in the distribution of the Emiss,e
T at low Emiss

T values. This can be attributed to the QCD jet background,207

which would predominantly populate the region of low Emiss
T [7], but which is not included in the MC208

expectation shown.209

Figure 7 shows the distribution of Emiss
T in three different regions: central, endcap and forward.210

6.2.1 Emiss
T linearity in W → �ν MC events211

The expected Emiss
T linearity, which is defined as the mean value of the ratio: (Emiss

T −Emiss,True
T )/Emiss,True

T ,212

is shown as a function of Emiss,True
T in Figure 8 for W → eν and W → µν MC events. The mean value of213

this ratio is expected to be zero if the reconstructed Emiss
T has the correct scale. In Figure 8, it can be seen214

that there is a displacement from zero which varies with the true Emiss
T . The bias at low Emiss,True

T values215

is about 5% and is due to the finite resolution of the Emiss
T measurement. The reconstructed Emiss

T is216

positive by definition, so the relative difference is positive when the Emiss,True
T is small. The effect extends217

up to 40 GeV. The bias is in general larger for W → µν events than for W → eν events. Considering218

only events with Emiss,True
T > 40 GeV, the Emiss

T linearity is better than 1% in W → µν events, while219

there is a non-linearity up to about 5% in W → eν events.220

6.3 Emiss
T resolution221

A more quantitative evaluation of the Emiss
T performance can be obtained from a study of the (Emiss

x ,Emiss
y )222

resolutions as a function of ∑ET. In Z → �� events, as well as in minimum bias and QCD jet events,223

no genuine Emiss
T is expected, so the resolution of the two Emiss

T components is measured directly from224

	  The	  bias	  at	  low	  ETmiss,True	  is	  due	  to	  the	  finite	  
resoluEon	  of	  ETmiss.	  
	  	  	  à	  The	  reconstructed	  ETmiss 	  is	  posiEve	  by	  
definiEon,	  so	  the	  relaEve	  difference	  is	  	  	  	  
posiEve	  when	  the	  ETmiss,True	  	  is	  small.	  	  
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T linearity in W → eν and W → µν MC events as a function of the true Emiss
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is small. The effect extends up to 40GeV. Considering only events with Emiss,True
T > 40GeV, the

Emiss
T non-linearity is better than 3% in W → µν events, while there is a non-linearity up to about

5% in W → eν events. The difference observed in the electron and muon channels needs further
investigation; it could be due to the calculation of the energy deposited by muons in calorimeters in the
presence of pile-up, as already discussed in Section 6.1.1.

6.3 Emiss
T resolution

A more quantitative evaluation of the Emiss
T performance can be obtained from a study of the (Emiss

x ,
Emiss

y ) resolutions as a function of the total transverse energy in the event. In Z → �� events, as
well as in minimum bias and jet events, no genuine Emiss

T is expected, so the resolution of the two
Emiss
T components is measured in data directly from reconstructed quantities, assuming that the true

values of Emiss
x and Emiss

y are equal to zero. The resolution is estimated from the width of the combined
distribution of Emiss

x and Emiss
y (denoted ( Emiss

x , Emiss
y ) distribution) in bins of

�
ET. Both Emiss

x and
Emiss

y are plotted for each event, so the distribution contains two entries per event. The core of the
distribution is fitted, for each

�
ET bin, with a Gaussian over a range spanning twice the expected

resolution obtained in previous studies [1] and the fitted width, σ, is examined as a function of the total
transverse energy in the event. The Emiss

T resolution follows an approximately stochastic behaviour as
a function of the total transverse energy, which can be described with the function σ = k ·

√
ΣET.

Deviations from this simple law are expected in the low
�

ET region due to the calorimeter noise and in
the very large

�
ET region where the constant term in the jet energy resolution dominates.

Figure 12 (a) shows the resolution from data at
√
s = 7TeV for Z → �� events as a function

of the total transverse energy in the event, obtained by summing the pT of muons and the
�

ET in
the calorimeters, calculated from Equation 3. If the resolution is shown as a function of the

�
ET in

the calorimeters, a difference between Z → ee and Z → µµ events is observed due to the fact that�
ET includes electron momenta in Z → ee events while the muon momenta are not included in

Z → µµ events.
The resolution of the two Emiss

T components is fitted with the simple function given above. The fits
are acceptable and are of similar quality for all the different channels studied. This allows one to use
the parameter k as an estimator for the resolution and to compare it in various physics channels in data
and MC simulation. There is a reasonable agreement in the Emiss

T resolution in the different physics
channels, as can be seen from the fit parameters k reported in Figure 12. The k parameter has fit values
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Figure 26: Emiss
x and Emiss

y resolution as a function of the event Npv in events without jets with
pT> 20GeV (a) and in all W → eν selected events (b), Emiss

T (c) and mT (d) before and after pile-up
suppression with the STVF + JVF method.

30

The	  reconstructed	  	  
is	  closer	  to	  the	  Truth	  a{er	  pile-‐up	  
suppression	  
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Fig. 16 Fractional systematic uncertainty (calculated as in (9)
and (10)) on different Emiss

T terms as a function of respective∑
ET

term (left) and contributions of different term uncertainties on
Emiss

T uncertainty as a function of
∑

ET (right) in MC W →

eν events (top) and W → µν events (bottom). The overall systematic
uncertainty on the Emiss

T scale, obtained combining the various contri-
butions is shown in the right plots (filled circles). The uncertainties on
Emiss

T
,softjets and Emiss

T
,CellOut are considered to be fully correlated

the Emiss
T are used to calculate mT as:

mT =
√

2p"
TEmiss

T (1 − cosφ), (11)

where φ is the azimuthal angle between the lepton momen-
tum and Emiss

T directions. The true mT is reconstructed from
the simulation under the hypothesis that Emiss

T is entirely due
to the neutrino momentum, pν

T. Template histograms of the
mT distributions are generated by convoluting the true trans-
verse mass distribution with a Gaussian function:

Emiss,smeared
x(y) = α Emiss,True

x(y) ∗ Gauss
(
0, k ·

√
ΣET

)
, (12)

where the parameters α and k are the Emiss
T scale and reso-

lution respectively.
The α and k parameters are determined through a fit of

the mT distribution to data using a linear combination of
signal and background mT distributions obtained from sim-
ulation. All the backgrounds, with the exception of the jet
background, are evaluated from the same MC samples used
in Sect. 6.3 and the normalization is fixed according to their

cross-sections. The shape of the jet background is also eval-
uated from MC simulation and its normalization is obtained
from the fit, in addition to α and k.

To select W → µν events, the same criteria as described
in Sect. 3.3 are used, with the exception that no cut on
Emiss

T is applied and a looser cut, mT > 30 GeV, is ap-
plied in order that the background normalization can be
fitted. The α and k parameters obtained from the fit are
shown in Table 4, together with the numbers of events for
the signal and backgrounds and the χ2/ndof of the fit. In
the table, instead of the values of α, the values of α − 1 =
〈(Emiss

x(y) − Emiss,True
x(y) )/Emiss,True

x(y) 〉 are reported, in order to
compare with the result in Sects. 6.3.1 and 8.2. The results
for the α and k parameters using the mT distribution of the
simulated signal are also shown in Table 4, and they are in
good agreement with the results from data. The result of the
fit to data and MC simulation is shown in Fig. 17.

To select W → eν events, the selection described in
Sect. 3.3 is used with the addition of tighter cuts. A cut
Emiss

T > 36 GeV is applied to exclude the region where the
Emiss

T response is not linear (see Fig. 14). A cut mT > 40
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The	  esEmaEon	  of	  the	  systemaEc	  uncertainEes	  on	  the	  ETmiss	  
measurement	  is	  needed	  for	  physics.	  
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    EvaluaEon	  of	  ETmiss	  systemaEc	  uncertainty	  
ET

miss	  makes	  use	  of	  	  reconstructed	  objects,	  so	  its	  	  
systemaEc	  uncertainty	  can	  be	  calculated	  from	  the	  uncertainty	  on	  each	  	  
object	  and	  from	  the	  uncertainty	  on	  the	  So{	  Term	  
The	  contribuEon	  of	  each	  term	  varies	  for	  different	  channels	  
•  	  in	  Z	  and	  W	  events	  the	  contribuEon	  of	  So{	  term	  is	  important.	  
	  
EvaluaEon	  of	  systemaEc	  uncertainty	  on	  So{	  Term	  (scale	  and	  resoluEon)	  	  
with	  two	  	  methods:	  
•  from	  data/MC	  raEo	  in	  Zàµµ events	  with	  NO	  jets	  

• 	  	  	  	  Scale	  uncertainty	  from	  	  ET
miss projection onto the pT

Z 

•  ResoluEon	  uncertainty	  from	  resoluEon	  	  
•  from	  the	  balance	  between	  the	  So{Term	  and	  pT

Hard	  in	  Zàµµ events 	  
•  	  Scale	  and	  resoluEon	  from	  decomposiEon	  	  of	  	  Et

miss,SoftTerm along	  	  
pTHard	  and	  its	  orthogonal	  direcEon	  

Scale	  uncertainty	  from	  the	  topocluster	  energy	  uncertainty	  (from	  e/p)	  	  
-‐ difficult	  to	  determine	  clustering	  efficiency	  and	  scale	  in	  busy	  environment	  	  
-‐ the	  cluster	  energy	  uncertainty	  in	  the	  forward	  region	  is	  conservaEvely	  
esEmated,	  since	  the	  uncertainty	  cannot	  be	  evaluated	  using	  tracks	  
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•  Uncertainty	  on	  scale	  from	  

Data/MC	  raEo	  in	  
DiagnosEc	  plot	  (5%)	  

•  	  Uncertainty	  on	  resoluEon	  
from	  Data/MC	  raEo	  in	  
ResoluEon	  plot	  (2%)	  
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Figure 13: Mean values of the projection of Emiss
T onto the transverse direction of the Z boson (a)

and Emiss
x and Emiss

y resolution (b) as a function of
�

ET in Z → µµ events without jets with
pT > 20GeV . The lower parts of the figures show the ratio between data and MC.

The data/MC ratios both for the mean Emiss
T projected onto the transverse Z direction and the

Emiss
T resolution have a weak dependence on the number of primary vertices reconstructed with more

than two associated tracks, Npv, which is a measure of the amount of in-time pileup in an event. More-
over there is a strong correlation between

�
ET and Npv, so no further correction is applied for different

numbers of vertices. The pile-up has a large effect on the Emiss
T resolution as shown in Section 6.3, but

the pile-up effect is well described by MC simulation.

7.1.2 Evaluation from the balance between soft terms and hard objects

This method uses inclusive Z → µµ events and exploits the balance between the Emiss,SoftTerm
T and the

total transverse momentum of the hard objects in the events, defined as:

phardx(y) = Σµ p
µ
x(y) + Σe p

e
x(y) + Σjets p

jets
x(y) + Σγ p

γ
x(y) + Σν p

ν
x(y),

phardT =
�
(phardx )2 + (phardy )2. (7)

phardx(y) can be regarded as the true values of Emiss,SoftTerm
x(y) and allows one to evaluate the Emiss,SoftTerm

T

mean and resolution in events with jets 5.
To evaluate systematic uncertainties on the Emiss,SoftTerm

T , the mean and the resolution of the Emiss,SoftTerm
T

components have been studied in Z → µµ events for data and MC simulation, both with respect to phardT
and to Npv in the event to study the effect of pile-up. In these events pνx(y) is close to zero and it is
assumed to be zero in data. The mean and resolution parametrization with respect to phardT takes into
account the response of the Emiss,SoftTerm

T in different event topologies (e.g. with different numbers of
jets, with or without neutrinos). Therefore the parametrization determined from Z → µµ events can be
used to evaluate the systematic uncertainties on the Emiss,SoftTerm

T in other samples as well. It should be
noted that this method makes use of the neutrino information, so it can be applied only in MC simulation
or in events where no genuine Emiss

T is present.
5To be fully coherent with the choice of objects made in the Emiss

T calculation, the phard
x(y)

components are calculated as
phard
x(y)

= − (Emiss

x(y)
− Emiss,softjets

x(y)
− Emiss,CellOut

x(y)
) + Emiss,True

x(y)
.
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Etmiss,So{Term	  	  uncertainty	  from	  Data/MC	  raEo	  in	  Zàµµ	  events	  with	  NO	  jets>20GeV	  

    EvaluaEon	  of	  ETmiss	  systemaEc	  uncertainty	  
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Figure 16: Fractional systematic uncertainty (calculated as in Equations 9 and 10) on contributions of
different term uncertainties on Emiss

T uncertainty as a function of
�

ET in MC W → eν events. The
overall fractional systematic uncertainty on the Emiss

T scale, obtained combining the contributions from
various terms, is also shown. The uncertainty on Emiss,SoftTerm

T is calculated with the Data/MC ratio
method described in Section 7.1.1 (a) or with the soft-vs-hard method described in Section 7.1.2 (b).

8 Methods for pile-up suppression in Emiss
T soft terms

As already underlined in Section 6.3, a large deterioration of the resolution is observed in 2011 data and
MC simulation with respect to that in 2010 due to the increased average number of pile-up interactions
per event, as can be seen in Figure 17 (a) which shows the (Emiss

x , Emiss
y ) resolution as a function of the

�
ET in the event (which is also affected by pile-up). The pile-up also affects the Emiss

T response, as
can be seen in Figure 17 (b) which shows the mean values of the projection of Emiss

T onto the direction
of the Z boson , Emiss

T · AZ, as a function of the transverse momentum of the Z in Z → µµ MC events.
Results are shown for samples simulated with different values of the average number of interactions per
bunch crossing: �µ� = 0 is close to the conditions in 2010 data taking, where �µ� was about 2, �µ� = 9
corresponds to the 2011 data used in this note while larger �µ� values are observed in 2012 data.

Different methods for pile-up suppression in high-pT reconstructed objects have been studied. A
large contribution from pile-up is observed in the Emiss,SoftTerm

T , defined in Section 7.1. Since the
Emiss,SoftTerm
T can have an important contribution to the momentum balance in the event, completely

neglecting its contribution in the Emiss
T reconstruction gives a poorer performance. Methods for the

suppression of pile-up in this term are described in the following sections.

8.1 Pile-up suppression methods based on tracks

Two methods are studied to correct the pile-up effect in Emiss,SoftTerm
T using reconstructed tracks. Tracks

are an essential ingredient for pile-up suppression methods, since they can be associated with the primary
vertex from the hard scattering collision.

8.1.1 Pile-up suppression scaling the Emiss,SoftTerm
T with the soft term vertex fraction

This method scales the Emiss,SoftTerm
T with the soft term vertex fraction (STVF) i.e. the fraction of tracks

matched to the Emiss,SoftTerm
T which are associated with the hard scattering vertex. It is calculated, in a
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àThe	  overall	  systemaEc	  uncertainty	  in	  Wàeν	  
events	  ,	  calculated	  propagaEng	  the	  systemaEc	  
uncertainEes	  from	  all	  objects	  and	  So{Term	  
and	  adding	  in	  quadrature	  is	  increasing	  with	  ΣET	  
and	  around	  3%	  in	  average	  (in	  2011).	  
à	  SystemaEc	  uncertainty	  is	  topology	  
dependent	  
	  
	  	  



Use	  mT	  distribuEon	  in	  data	  Wàlν	  to	  evaluate	  scale	  and	  resoluEon	  
	  
àScale/smear	  the	  mT	  distribuEon	  in	  MC	  with:	  	  
 
	  
	  and	  compare	  with	  data	  
	  Can	  determine	  the	  ETmiss	  absolute	  with	  a	  global	  	  uncertainty	  
	  of	  about	  2%	  (integrated	  luminosity	  of	  36pb-‐1)	  

- Also used EtMiss vs pT
e 
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7.3 Evaluation of the systematic uncertainty on796

Emiss
T

,softjets
797

The same procedure described in the previous sections is used798

to assess the systematic uncertainty on the Emiss
T term calcu-799

lated from soft jets (see Section 5.1).800

Using the MC approach described in Section 7.1, it is found801

that the uncertainty on Emiss
T

,softjets does not show a large de-802

pendence on the event ∑ET, as was also found for the uncer-803

tainty on Emiss,CellOut
T . The results show consistency between804

the QCD jet samples and the W samples, as can be seen from805

Table 3 which shows the relative difference Ri as computed in806

jet samples and the W → �ν samples.807

Variation jet events W production
Dead Material (−1.5±0.1)% (−1.5±0.2)%
FTFP BERT (0.3±0.4)% (0.8±0.2)%

QGSP (−2.6±0.4)% (−2.5±0.2)%
PYTHIA Perugia 2010 tune (−1.4±0.1)% (−1.0±0.2)%

Table 3. Systematic uncertainties (Ri) on Emiss
T

,softjets associated to
variations in the dead material, in the calorimeter shower modelling
(FTFP BERT, QGSP) and in the event generator settings ( PYTHIA
Perugia 2010 tune).

A total, symmetric, systematic uncertainty of about 3.3%808

on the Emiss
T

,softjets term is obtained combining the results in809

Table 3, as was done in Section 7.1. With the same data-driven810

approach utilising the uncertainty on the topocluster energy811

scale described in Section 7.2, the systematic uncertainty on812

Emiss
T

,softjets is evaluated to be about 10%.813

Also for the Emiss
T

,softjets, the uncertainty estimated by shift-814

ing the topocluster energy scale is larger than the uncertainty815

estimated from MC. To give a conservative estimate of the sys-816

tematic uncertainty on Emiss
T

,softjets, the systematics from the817

calorimeter part can be taken from the data-driven evaluation818

and the systematics from the event generator settings is taken819

from Table 3. This results in an overall systematic uncertainty820

of about 10.5% on Emiss
T

,softjets, slightly increasing with ∑ET in-821

creases.822

7.4 Evaluation of the overall systematic uncertainty823

on Emiss
T824

Using as input the systematic uncertainties on the different re-825

constructed objects [11,24] and on Emiss
T

,CellOut and Emiss
T

,softjets
826

evaluated in previous sections, the overall Emiss
T systematic un-827

certainty in W → eν and W → µν events is estimated. Figures828

16 shows, for both W → eν and W → µν events, the sys-829

tematic uncertainties on Emiss
T

,e (Emiss
T

µ ), Emiss
T

,jets, Emiss
T

,softjets
830

and Emiss
T

,CellOut as a function of the separated contribution to831

∑ET from the partial term, which are the uncertainties used832

to evaluate the overall systematic uncertainty on Emiss
T . All the833

uncertainties are calculated with the formula in Equation 10.834

In the same figure the uncertainty on Emiss
T due to the uncer-835

tainties of the different terms is also shown as a function of836

the total ∑ET, together with the overall uncertainty on Emiss
T ,837

obtained combining all the partial terms. The uncertainties on838

Emiss
T

,softjets and Emiss
T

,CellOut are considered as completely cor-839

related. The average overall uncertainty on Emiss
T is estimated840

to be about 2.6% both for W → eν and W → µν events, se-841

lected as described in Section 3.3. The Emiss
T uncertainty de-842

pends on the event topology because the contribution of the843

partial Emiss
T terms is different for different final states, so the844

Emiss
T systematic uncertainty will be different in other physics845

channels.846

8 Determination of Emiss
T scale from W → �ν847

events848

The determination of the absolute Emiss
T scale is very important849

for precise measurements, for searches for new physics and for850

determining systematic uncertainties in all analysis involving851

Emiss
T measurements.852

In this section two complementary methods to determine853

the absolute scale of Emiss
T using W → �ν events are described.854

The first method uses a fit to the distribution of the transverse855

mass, mT , of the lepton-Emiss
T system and is sensitive both to856

the scale and the resolution of Emiss
T . The second method uses857

the dependence between neutrino and lepton momentum in the858

W → eν channel and the Emiss
T scale is determined as a func-859

tion of the reconstructed electron transverse momentum. Both860

methods allow one to perform checks on the agreement be-861

tween data and MC simulation on the Emiss
T scale (and reso-862

lution for the first method), thus testing the validity of the MC863

simulation.864

8.1 Reconstructed transverse mass method865

The method described in this section uses the mT shape and is866

sensitive to both the Emiss
T resolution and the scale. The mT867

is calculated from the lepton transverse momentum and the868

Emiss
T as:869

mT =
�

2p�T Emiss
T (1− cos(φ)) (11)

where φ is the azimuthal angle between the lepton and Emiss
T di-870

rections. The mT is reconstructed from the MC simulation un-871

der the hypothesis that Emiss
T is completely due to the neutrino872

momentum, pν
T . Template histograms of the mT distributions873

are generated by convoluting the true transverse mass distribu-874

tion with a Gaussian function:875

Emiss,smeared
T = α Emiss,True

T ·Gauss(0,k ·
�

ΣET ) (12)

where parameters α and k are the Emiss
T scale and resolution876

respectively.877

The α and k parameters are determined through a fit of878

the mT distribution to data using a linear combination of sig-879

nal and background mT distributions obtained from the MC880

simulation. The electroweak (EW) backgrounds are evaluated881

from the same MC samples used in Section 6.3 and the normal-882

isation is fixed according to their cross-sections. The shape of883
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Fig. 17 Distributions of the transverse mass, mT, of the muon-Emiss
T

system (left) and of the electron-Emiss
T system (right) for data. The

mT distributions from Monte Carlo simulation are superimposed, af-
ter each background sample is weighted as explained in the text. The

main backgrounds are shown for W → µν, the sum of all backgrounds
is shown for W → eν. The W → "ν MC signal histogram is obtained
using the true Emiss

T smeared as in (12) with the scale and resolution
parameters obtained from the fit

GeV is also applied. The α and k parameters obtained from
the fit are shown in Table 4, together with the results ob-
tained from the MC, which are in good agreement with data.
The result of the fit to data and MC simulation is shown in
Fig. 17.

The results obtained with this method are compatible, at
the few percent level, with the results shown in Fig. 14 and
Fig. 15, which were derived using only simulation. From
those figures, for the W → µν channel α − 1 has values
up to 3% and the resolution is 0.47

√∑
ET; for the W →

eν channel α − 1 is close to zero for high Emiss
T values and

the resolution is 0.47
√∑

ET.
The uncertainty due to background subtraction is already

included in the uncertainty reported in Table 4. The sys-
tematic uncertainty on α − 1 is determined to be about 1%
for each channel, by checking the stability of the results us-
ing different cuts on Emiss

T and using a different generator,
MC@NLO. In summary, with this method the Emiss

T ab-
solute scale is determined from W → "ν events, in a data
sample corresponding to an integrated luminosity of about
36 pb−1, with an uncertainty (adding the uncertainties re-
ported in Table 4 with the systematic uncertainty) of about

1.5% and about 2% for the W → µν and W → eν decay
channels, respectively.

8.2 Method based on the correlation between electron
and neutrino transverse momenta in W → eν

In this section the correlation between the transverse mo-
menta of charged and neutral leptons from W boson de-
cays is used to determine the Emiss

T scale. The mean mea-
sured Emiss

T is compared to the mean true Emiss
T from sig-

nal MC events. The relative bias in the reconstructed Emiss
T ,

(〈Emiss
T 〉−〈Emiss

T
,True〉)/〈Emiss

T
,True〉, is studied as a function

of pe
T because the MC simulation of the electron response is

more accurate than that for hadrons.
This method is shown for W → eν events by applying

selection criteria similar to the ones described in Sect. 3.3,
but with isolation requirements both on the electron track
and calorimeter signal. The Emiss

T is required to be greater
than 20 GeV and no cut is applied on mT.

MC samples are generated with MC@NLO [15]. A next-
to-leading-order (NLO) generator is used for this study be-
cause in this approach the Emiss

T scale is validated on the

Table 4 Results of mT fit in W → "ν events. The second and third
columns show the scale and resolution parameters obtained. The num-
bers of events for the signal, the electroweak and QCD backgrounds
obtained from the fit are shown in the fourth, fifth and sixth columns

for data. In the last column the χ2/ndof of the fit is reported. The errors
are statistical and take into account background subtraction uncertain-
ties and correlations

Channel α − 1 (%) k Signal EW (fixed) QCD χ2/ndof

W → µν data 5.1 ± 0.8 0.52 ± 0.01 164920 ± 840 14760 24870 ± 840 68/87

W → µν MC 5.5 ± 0.8 0.50 ± 0.01 70/78

W → eν data −0.8 ± 1.6 0.49 ± 0.01 75660 ± 180 1210 980 ± 180 54/75

W → eν MC 1.8 ± 1.7 0.50 ± 0.01 38/54
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Figure 20: (left) Reconstructed invariant mass of the pair of leptons for Z → decays and all back-
grounds: opposite-sign background (dashed) and same-sign background (dotted). (right) Reconstructed
invariant mass of the pair of leptons for Z → decays as a function of the /ET scale. The horizontal
lines correspond to ±1 and to ±3 w.r.t. the Z peak position. The analysis is based on an integrated
luminosity of 100 pb−1 of data.

and a track multiplicity of one or three is required. The between the isolated lepton and the -jet is
required to be in the range between 1−2.8, which reduces badly reconstructed events and further rejects
backgrounds.

With 100 pb−1 of data, 210 signal events (opposite-sign) are expected in the invariant mass range
66 GeV < m < 116 GeV. A total background of 16 events is expected. Figure 20 (left) shows the
reconstructed mass peak for Z→ events as well as the small total backgrounds after analysis cuts for
opposite-sign and same-sign events.

Figure 20 (right) shows a very good sensitivity of the measured Z mass reconstructed from -pairs
to the absolute /ET scale. With an integrated luminosity of 100 pb−1, the Z mass can be reconstructed
with an uncertainty of ±0.8 GeV. Taking into account the statistical uncertainty only, the /ET scale could
be determined with a precision of ∼ 3%. But systematic effects, such as the subtraction of same-sign
events and the stability of the fit will affect the measurement of the reconstructed mass peak. Therefore,
assuming a resolution of ±3 on the reconstructed Z mass, the /ET scale can be determined to about
±8%.

6.3 Z→ !! events

This analysis uses inclusive Z → ee and Z → !! samples to investigate the scale and resolution of the
/ET reconstruction in the first data. In these samples the transverse momentum of the two leptons from
the Z boson decay are balanced by the hadronic recoil and /ET reaches values up to a few hundred GeV.

Events are selected by requiring two well reconstructed, identified and isolated leptons with
pT > 25 GeV. They have to have equal or opposite charge and a reconstructed mass, m!!, in the interval
70−100 GeV. In a sample of 250pb−1 of data, about 400k events are expected.

Backgrounds from Z → andW → ! events are negligible. The background from QCD events
in which two leptons are falsely identified is expected to be small but has to be carefully evaluated when
data are available. In the present study, these backgrounds are not considered as they are expected to
have negligible impact.

In Section 3, projections of /ET, called /EL and /EP, were introduced. This analysis aims at optimizing
the principle of using projections by resolving the missing transverse momentum along the so called
’longitudinal axis’ which is defined by the combined direction of flight of the two leptons. The perpen-
dicular axis is also defined in the transverse plane which is orthogonal to the longitudinal axis. The axes
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Check	  dependence	  of	  invariant	  
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Object Selection/Algo pT threshold Calibration Symbol

Electrons ElectronID MediumPP > 10 GeV default electron calibration METRefele

Photons PhotonIdTight > 10 GeV EM scale METRefγ
Taus BDTMedium > 20 GeV offset+LCW+TES METRefTau

+EleBDTMedium+Muon veto

Jets anti-kt R=0.4 > 20 GeV JetArea+LCW+JES METRefJet

Topoclusters LCW+eflow METSoftTerm

outside objects

Table 2: Selection and calibration for the various terms used for the calculation of the RefFinal Emiss
T . .

Used photon calibration only in analysis with photons in the final states (photon efficiency and purity676

too poor for the general case)677

Emiss
T =

�
(Emiss

x )2 +
�
Emiss

y

�2
(10)

(11)

678

Emiss
x,y = −

�

particles

px,y (12)

(13)

679

�
ET =

�

particles

pT (14)

tt̄ → �ν + jets680

W → eν681

pp682

mττ =
�
(2(Eτhad +Eν1)(Elep +Eν2)(1− cosθ)683



Conclusions	  
•  ETmiss	  is	  an	  event	  complex	  quanEty,	  calculated	  from	  signals	  in	  all	  detectors	  and	  is	  

affected	  by	  detector	  acceptance,	  problems	  and	  non-‐collision	  background	  in	  the	  
detector	  and	  by	  noise	  and	  pile-‐up	  

•  ATLAS	  uses	  a	  flexible	  algorithm	  that	  allows	  to	  use	  physics	  objects	  with	  their	  proper	  
calibraEon	  and	  so{	  energy	  contribuEons	  	  

•  CMS	  uses	  a	  parEcle-‐flow	  algorithm	  both	  for	  high	  and	  low	  pT	  contribuEons	  
•  The	  pile-‐up	  condiEons	  at	  increased	  LHC	  luminosity	  gives	  a	  deterioraEon	  in	  the	  ETmiss	  

performance	  	  	  
•  Pile-‐up	  suppression	  methods	  are	  needed	  to	  miEgate	  pile-‐up	  mainly	  in	  jets	  and	  in	  

the	  so{	  term	  to	  reduce	  the	  pile-‐up	  impact	  especially	  on	  the	  resoluEon	  
•  A	  good	  	  ETmiss	  performance	  in	  terms	  of	  resoluEon,	  scale	  and	  tails	  is	  crucial	  for	  many	  

physics	  analyses	  
•  The	  ETmiss	  uncertainty	  is	  calculated	  from	  the	  uncertainEes	  on	  the	  scale	  and	  the	  

resoluEon	  of	  each	  physics	  object	  and	  of	  so{	  term	  and	  can	  also	  be	  calculated	  in-‐situ	  
using	  Wàlν	  and	  Zàττ events	  

•  Dedicated	  opEmisaEon	  of	  all	  these	  techniques	  needed	  to	  face	  the	  new	  challenge	  in	  
2015	  data	  taking	  at	  very	  high	  luminosity.	  
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