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2. Recent developments
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Introduction (1)

What is MET and why is that important?

What is Missing Transverse Momentum (MET)?

The distinction between Fake

struction in high pile-up

Performance of MET recon-
SUSY2018, Barcelona [July 2018]

EF®= Y pri=- Y P and True MET events is
e olos fundamental for many
We can distinguish two types of MET: ATLAS analyses!

» Fake MET: non-zero MET values are purely due

e True MET: non-zero MET due to real invisible /
particles. !
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Introduction (2)

ATLAS MET reconstruction overview and pileup

MET reconstruction and Track-based Soft Term (TST) .

Negative vectorial sum of well identified physics objects (hard
term) plus a soft term :
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o 35 hard term soft term
cC 2099 .
@ & Objects: :
©° 20 ]
2 Bss  Track-based Soft Term (TST): tracks unassociated to any
g Al well-identified physics object (track pr> 500 MeV) and
nzZz>
' e B
matched to primary vertex. /
* Jets: calibrated, made of anti-kt R=0.4 topoclusters, pile- —  Muons
up Suppression with JVT. — Track-based Soft Term (TST)
— Jet tracks J
Pileup and MET ATLAS-PUBLIC-Lumi Jet Vertex Tagger (JVT)
| - ) g F T 8 " Eats sy 3
Pileup = multiple p-p interactions in the 7 “%F ATHAS Onine. 13TV Z&f’tjoii i £ fomeam e
. = T<u>=13. _: - 105 t:l;:;N:E(R: .4ev HS jets
same (or close-by) LHC bunch crossing. % o e E g £l <2420<p, <306 H::Ir_'ds)s;:;tster
£ BB 2018:<u>=38.3 I [} i
This contamination particularly affects 5 Tl 92993 §> 1 E|
the MET reconstruction. g 1 10k .
g £l f '
Robust pileup suppression in MET 50 = 10'2;‘ E
is fundamental for the current Q 5

X 0 10 20 30 40 50 60 70 80 10-3_ SRR 3 Ry, oy |
and future ATLAS physics program. Mean Number of Interactions per Crossing : 1
ATLAS-CONF-2014-018 JVT 4



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2#Pileup_Interactions_and_Data_Tak
https://cds.cern.ch/record/1700870/files/ATLAS-CONF-2014-018.pdf

Baseline MET reconstruction performance

ATLAS MET performance in recent data (2017-2018)

e Performance of MET reconstruction has MET working points (WPs) |

been recently evaluated using the new Working  Central jets  Forward jets

struction in high pile-up
SUSY2018, Barcelona [July 2018]
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. Point Inl<2.5 Inl>2.5
data provided by the LHC. ' (= (=
= Loose pr > 20 GeV pr > 20 GeV
©)
O« MET tails and resolution are the same Tight or>20GeV  pr>30GeV
O E&i;? .
5 i3 between the 2017 and 2018 data periods. o or>20Gey  PT>20GeV+
T 858 fJVT cut
E;&%E =) L B L B rrrr[rrrrrrrrrrrr g — I L L T T
> 825 < ihe ATLAS Preliminary ]| % . —
o 0E 5 - 13 TeV : o ATLAS Preliminary :
O . o Z — W Topology — 5 Z — u u Topology E
o 107 %, s e TSN L2 “PN\ Track Soft Terms (TST) .
? .F ., Tight ET m T o4l EM + JES Jets B
2 107 X N E " -\ Tight E™* i
- e B PO :
g 104 it = W~ 22 oData17,33 fo" + W
: E p~ [ +Data18 651" Lot
-5 _ I= 20— * _
10 5 - LL|>< ] ’.t“t‘ -
o F 4 . 181 oF 7
10° - - ¢ i
§ f ¢ w& f: - ““..t' ]
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10 7§ T% 16: .“o*"‘ i
© g b L 141 ettt -
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g 05_ “ ¢ + + + ++ + ¢+};T“— _l | | | | | | | | | | | | | | | | | | | | 1| | | -l
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E; [GeV] < u >


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2018-004/

Recent developments (1)

Forward Jet Vertex Tagger (fJVT)

Pile-up jet categories

struction in high pile-up
SUSY2018, Barcelona [July 2018]

c
(o)
(8]
()
|
|—
L
=
(T
(o)
(0))
(8
c
©
£
-
(@)
(e
|
()
o

A'i'LAS Simulation 7
hard-scatter H :
—— Tracks from HS vertex p.=26 GeV : ) - .
phr ’S{()Chasﬁcp“e_up,ARpﬁojo QCD pile-up jets: caused by an hard QCD
?Jvegﬁices ,,,;/Ef r/ processes occurring in a smgle plle—up INteraction.

z
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1705.02211

arxiv

= = = A e TN p,=40 GeV S
. i/ S How to tag forward QCD pile-up
a) interaction T-IC .
o oo - jets (InI>2.5, out of tracker
+— U0o° p.=49 GeV
C §§ g T i . . ?
& £5s Hardscater acceptance) as pile-up
= 28
& B8O
S 5et = L ATLAS Simuiaton Profminary i
S 536 . ® - imulation Preliminary 7
S fic The Forward Jet Vertex Tagger (fJVT) algorithm S Pormeasprnas Z :
o o Vs= € -
o 7 ‘ B | 7 7 - 3 - e TST -
(@] :
M . . 7)) - - forwardjet> B
1. For each vertex i, use tracks of the central QCD pileup jets to g 25 ¢ ISTendp T >30GeV —i=
i 8 B o ——
compute a simple MET estimation {pr™s) for vertex i. L pof i
. . . o . i o E o B -® :_A_-A-"'*-:_._l i
2. Check if there is a forward jet balancing {p:™=) . If there is, then Vs et N
forward jet is a QCD pileup jet and it is removed! : #“aﬁf*‘ == ]
10%H\HH\HH\HH\HH\HH\HH\‘HT
Stochastic pileup jet QCD pileup jets 0 5 10 15N 23 f25 30 35 ) 40
umber of primary vertices
Forward QCD pileup 3 84 ATLASSimulation Preliminary E
. (-2- 32F Powheg+Pythia8 VBF H-=WW-—Iviv -
jet (no tracks) 5 305 Vs =13 TeV 1 °
% - e TST , 3
g 8L w TSTandp™**>30Gev 7
3: o6 4 TSTandfVT =
o 2af —— E
8 oof —
Vertices in an event ur C =|=;‘:—+_ 3
04— . —— E
Cartoon of pileup jet 18— =
16F =
v b b v v b b b e b 1T

activity in an event

0 5 10 15 20 25 30 35 406
Number of primary vertices NPV

Hard Scatter (HS) jets



https://arxiv.org/pdf/1705.02211.pdf

Recent developments (1)

Forward Jet Vertex Tagger (fJVT)

Pile-up jet categories

struction in high pile-up
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Recent developments (1)

Forward Jet Vertex Tagger (fJVT)

Pile-up jet categories

struction in high pile-up
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Recent developments (1)

Forward Jet Vertex Tagger (fJVT)

Pile-up jet categories

ATLAS Simulation |

hard-scatter . .
— Tracks from HS vertex p,=26 GeV S QCD pile-up jets: caused by an hard QCD
" Tracks from PU vertex 2 _ - $ Stochastic pile-up, AR;;=0.10 Interaction

struction in high pile-up
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" Vertices r/ processes occurring in a single pile-up interaction.
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Forward Jet Vertex Tagger (fJVT)

Pile-up jet categories

ATLAS Simulation |
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" Vertces r/ processes occurring in a single pile-up interaction.
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Forward Jet Vertex Tagger (fJVT)

Pile-up jet categories

struction in high pile-up
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Recent developments (2)

Particle Flow and jet/MET reconstruction performance

The (ATLAS) Particle Flow algorithm

struction in high pile-up

Performance of MET recon-
SUSY2018, Barcelona [July 2018]

* Combine the optimal resolution of the tracker and calorimeter __ ] N —

. . . . . . => C o ]

information in the low and high pr regimes respectively. 8  ogE ATLAS Preliminary =~ —=— EMTopo MC =

M . . —_— r _ -1 .

* These techniques have already been implemented in other S ogE f;ggmingv 36 b EMTopo MC Syst Err - 3

. = - 119 —e— EMTopo Data 3

> - -

experiments (CMS, ALEPH). 2 4F 7 PFlow Data =

. . . n - ]

O Tracks/calo clusters matching Calo subtraction/PU suppression o] oo I

z s - 3
a) 2] - .
(O = 20: ]
9 3= s - ]
c 23¢ 8 18¢ ]
< 585 TRl e &
> o 8 O o " - _‘__‘__‘_-A-"_'
L0 . . 2 — A 7
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2 8 E 5 ° PU SuppreSSion by diSCarding PU traCkS. 11 I-‘—I | 1111 | 111 | 1111 | 1111 | 111 | 1111 | L1117

O

5 10 15 20 25 30 35

Resolution of MET significantly improved! / Average number of interactions (u)

Particle Flow jet and pileup rejection improvements

K*s

. fm osg_A'I"LAS’ Simulation ". LS Jet (4928 '__ */E\ ‘(u) N\ 22 RER LO—I‘EM+JE‘S ‘J‘e té RARARARE:
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02 * < = : - imulatl :

. S - i <10 1 2 f Preliminary 1

* Improvements to the jet 015, “=  arxiv:1703.10485 § g 4oL |
F g 1 o -

energy resolution at low pt.  °} ’**e.w 1 o 0 ]

C A4 = X B 7]

. .. . - SSShuwd | ©qg2 '

* Larger rejection of pileup |, — . ... O E
. T 015 e = ]
jets (lower amount of fake %—0_?,5‘:::::::::::‘f.*._%::;;:::::::::::::::::::::::::::::::::::::::::::::::% 1091 |
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https://arxiv.org/pdf/1703.10485.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-006/

Recent developments (3)

Electromagnetic end-cap calorimeter (EMEC) cleaning

Tile barrel Tile extended barrel

EM calorimeter end-cap saturation

Some bunch fiIIing schemes of the LHC in high piIeL;p
data led to a saturation of the ATLAS
Electromagnetic end-cap calorimeter (EMEC).

LAr hadronic
end-cap (HEC)

struction in high pile-up

Performance of MET recon-
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LAr electromagnetic h
end-cap (EMEC)

Large electronic noise fluctuations

LAr electromagnetic
barrel

Large fraction of fake jets within
25<nj=8 2 j
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Large improvement to the core of the MET

distribution!

Cleaning applied to data only!
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https://cds.cern.ch/record/2625233

Recent developments (4)

ObJ ect-based MET significance

struction in high pile-up

Performance of MET recon-
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Event-based MET significance is just an

approximation made assuming o(Ef*) ~ (/> Er

. . . 0.5 — -

7 MET significance definition B 045F ATLAS Simulation Preliminary =

. . o . . § 0-4;_ Jets CBu(¢p=0) Electrons N.C.y Hadr. t _;

MET significance: is the measured MET compatible 2 0350 =N=00 =00 —1=00 =00 —fpon

o E -a=20 -=W=20  ==ki=20 =-MI=2.0 -3pXn 3

with the O MET hypothesis when we consider object g 002-25— e hnl=4.5 =

S el =y =

- resolutions? 2 b £
2 S — b lfs ~ by Event-based MET significance 3 E
: Q0o VAR ™ B Uscd by many ATLAS analyses 3 =
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ATLAS -
Slmulatlon Prellmmary

\F 13 TeV 36 fb1

ee- channel
Im meet<15 GeV

N E?'SS > 50 GeV

This approximation is not always good
and a MET significance estimation based on
individual object resolution might be better!

—— Objgct basgd Eris"é Significance |

Many CMS analyses are already using a 00
similar observable!

—=— Event-based E™** Significance

The object based MET significance provides
better separation for events with true and

fake MET (ZZ—eevv and Z—ee). ) 01 02 03 04 05 ofssign(;frEff%%nC(;fs()gs

) ATLAS-CONF-2018-038 9



https://cds.cern.ch/record/2630948
https://indico.cern.ch/event/689399/contributions/3005430/

Recent developments (5)

MET triggers ATLAS-MissingEtTriggerPublicResults

Drawing taken from here.

_ hard

MET triggers and pileup mitigation

struction in high pile-up
SUSY2018, Barcelona [July 2018]

The large amount of collisions from the LHC can produce additional
objects that could fire triggers without a proper online pileup mitigation.

Performance of MET recon-

Pileup degradation is particularly large in MET triggers

(no sufficient tracking information available).

Pileup fit (or pufit) procedure:
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1. Categorisation of calorimeter towers as soft/hard using tower Er. 3| | + MET
2. Fit of estimated soft pileup contributions (total MET = O for pileup).

3. Calculation of final MET after removal of soft pileup contributions.
Suppressed pileup

.
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/MissingEtTriggerPublicResults
https://indico.cern.ch/event/587955/contributions/2935721/attachments/1678855/2701692/CHEP2018-ATLASTrigger.pdf

MET towards HL.-LHC

Pileup conditions at the HL-LHC

S ATLAS-PUBLIC-Lumi

Today, the average number of interactions per bunch
crossing is <p> = 40. For the HL-LHC program, the

400
350

struction in high pile-up
SUSY2018, Barcelona [July 2018]

ATLAS Online, 13 TeV ﬂ_dt=108.3 foH
2015: <u>=13.4

Performance of MET recon-

. . 0 2016: <u>=25.1

<p> value is estimated to be around 200. 300 B 2017:<>-378
B 2018:<u>=238.3

250 BB Total: <u>=33.3

200
150
100

50

Recorded Luminosity [pb/0.1]

Reconstruction of MET (online and offline)
will become more challenging at the HL-
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2#Pileup_Interactions_and_Data_Tak
https://cds.cern.ch/record/2285584?ln=en

Summary

1. The large pileup conditions of the LHC represent today a
major challenge for the ATLAS detector.
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2. A precise and robust MET reconstruction (offline and online)
against pileup will play a fundamental role, already for analyses
using the full Run 2 dataset.

3. Large improvements to offline MET reconstruction have been
recently achieved, in particular related to forward Jet cleaning,
Particle Flow.

4. Object-based MET significance definition has also been
recently developed, allowing analyses to exploit better signal/
background separation.

5. Pileup suppression will play a fundamental role for offline and
online MET in Run 3 and beyond (HL-LHC).
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MET reconstruction

struction in high pile-up
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Missing Transverse MomEntum (MET) reconstruction 8

Performance of MET recon-

Negative vectorial sum of well identified physics object (hard term) plus a soft

ferm :
EPs=—| 3 pri+ ) pri+ ), Pri+ ), Pri+t ), Pri+ ), P
i emuons i eelectrons i ephotons i €ehadronic 7 i €jets i €Soft Term
] L
hard term soft term I I

Object selection:
* Electrons, Muons, Taus, Photons: analysis dependent.
* Jets: anti-kt topoclusters (R=0.4), pT > 20 GeV, pile-up suppression +
EM+JES calibration.
» Track-based soft term (TST): tracks unassociated to any well-identified
physics object with pT> 500 MeV, Iyl < 2.4 (ATLAS tracker acceptance),
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11

I — s
ldol < 2 mm, Izg sin 8l < 3 mm. ——
— Muons
TST advantages TST disadvantages — Track-based Soft Term (TST)
Small pileup dependence (PV association) Missing soft neutral particles. — Jet tracks j
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MET pileup dependency
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Particle Flow MET

Particle Flow vs topocluster reconstruction

Most of PFlow
effects observed
In the central part

struction in high pile-up
SUSY2018, Barcelona [July 2018]

of the detector.

Performance of MET recon-

ATLAS-CONF-2018-023
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Particle Flow MET

Resolutions for Tight and Loose Working Points
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Particle Flow MET

Resolutions for Z—ee and Z2—un
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Recent developments (5)

—— Object-based E™™*® Significance

MET significance estimation based on single
object resolution might be better!

—=— Event-based E™** Significance

& 70
0 Qo
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o >
3 3 : o
= < Object-based MET significance ATLAS-CONF-2018-038
q6 ;E -g ° ° ° ° 0 5
9.c = MET significance definition & FTTT T T E
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= g : . . S o04F _ =
§ g S MET significance = is the measured MET compatible with = B8 g e e N E
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o 2 g P TT e
In general, the squared MET significance can be defined as: G 0.25-
= 0.2F
§ missz 2 . N . miss 0155_
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S fe2
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The object based MET significance provides
better separation for events with true and

04 05 06 07 08 09

fake MET (Z—eevv and Z—ee). — Signa Efficien;:g &
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Systematic uncertainties

ATLAS-CONF-2018-023

TST systematic uncertainties

The systematics uncertainties specifically derived for MET are the TST
systematics. These are evaluated by computing the maximal data/MC
discrepancies of three projected quantities:

* Parallel scale: average value of pr°™ projection parallel to pr"a.

hard

* Parallel resolution: RMS value of pr*°® projection parallel to pr

* Perpendicular resolution: RMS value of pr*°" projection
hard

perpendicular to pr
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Recent developments

Object-based MET significance

ATLAS object-based MET significance
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