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HADRONIC OBSERVABLES & ELEMENTS

JET RECONSTRUCTION
& CALIBRATION

MET RECONSTRUCTION JET SUBSTRUCTURE
& PERFORMANCE & TAGGING

* Strongly associated with calorimetry, but tracking is
progressively more important — will demonstrate.

* Brief overview starting from basic elements
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JET RECONSTRUCTION
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[CERN-CMS-DP-2015-034]
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@ TOPOLOGICAL CLUSTERING

EXPERIMENT

ATLAS hadronic reconstruction begins with 3D topological clusters

constructed from calorimeter cells.
Fig by Jet Goodson
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Noise-suppressed and calibrated for pileup-stability and good
single-hadron response.
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https://arxiv.org/abs/1603.02934

SINGLE-HADRON RESPONSE & JET
COMPOSITION MEASUREMENTS

Isolated charged hadron response

— measured in data
~._ Full calorimeter R / topo-cluster R
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-05/

Better particle dentify origin

momentum vertices

resolution

gen. jet2
p, =82 GeV
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PARTICLE FLOW RECONSTRUCTION

Foundation of CMS hadronic
reconstruction

Integrated with global event reco

1. Muons & electron constituents removed 0.65 0.7 0.75 0.8 0.85 0.9 095 1 1.05
n

2. Extrapolated tracks matched to clusters
to form charged hadrons

3. Photon & neutral hadrons created from
excess ECAL/HCAL energy

4. Dedicated calibrations applied to each
particle type

065 0.7 0.75 0.8 085 09 095 1 1.05
N
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https://cds.cern.ch/record/1194487

PARTICLE FLOW @ ATLAS

Different approach for longitudinally/laterally segmented calorimeter
Subtract calorimeter energy with parameterised shower shape.
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Track-cluster matching Cell-level subtraction No-pileup illustration
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Difficult in high-pT jets! Most gains at low pT.
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JET CALIBRATION

[JINST 12 (2017) P0O2014], [CMS DP -2016/020]

Pileup Response (pr,7n) Residuals(n7) Residuals(pr)  Flavor

Reconstructed MC + RC MC dijets v/Z+jet, MJB MC Calibrated
Jets Jets

MC

= Compact Muon Solenoid

Applied to simulation ——

Four-vector restored to particle-scale reference four-momentum
using similar sequential corrections.

Jet area-based pile- al pile-up

up correction correction

EM-scale jets

Jet finding applied to Changes the jet direction Applied as a function of Removes residual pile-up
topological clusters at to point to the hard-scatter ~ event pile-up pr density dependence, as a
the EM scale. vertex. Does not affect E. and jet area. function of u and Nev

Absolute MC-based Global sequential Residual in situ A L
calibration calibration calibration EXPERIMENT

Corrects jet 4-momentum  Reduces flavor dependence A residual calibration
to the particle-level energy  and energy leakage effects is derived using in situ
scale. Both the energy and using calorimeter, track, and measurements and is v°

direction are calibrated. muon-segment variables. applied only to data. [arX|v. 1 70309665]
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JET CALIBRATION STEPS ILLUSTRATED

Pile-up corrections MC-based absolute scale
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JET UNCERTAINTIES

Run2015, 2.1 fb” (13 TeV)
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Sub-percent precision reached for O(100 GeV)
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JET MASS CALIBRATION

Calo resolves mass Merged clusters at high
well at low pT pT obscure substructure
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best performance across pT spectrum scaled by pTir / pTealo

[JETM-2017-002], [ATLAS-CONF-2016-035]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-002/
https://cds.cern.ch/record/2200211/files/ATLAS-CONF-2016-035.pdf

JET-LEVEL PILEUP SUPPRESSION

JVFjet2, PV1] = 0
JVF[jet2, PV2] = 1 Adp-matched

to central PU

JVF[jet1, PV1] =1 - f w

JVF[jet1, PV2] = f

et2 )

wide jet  HS

(stochastic)

e Track associations — Identity vertex origin

e Jet width & angular variables:

e wider spread in PU jet constituents

e Central-forward matching tags PU outside tracker

21 CMS-PAS-JME-16-004 Crucial for VBF analyses
arXiv: 1510.03823, 1705.02211 13 TJ KHOO, LHCP 2017, SHANGHAI




JET-LEVEL PILEUP SUPPRESSION

Low pT PFlow rejection equal to
, PE+JVT equal/better at pT>40
with higher hard-scatter efficiency
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PFlow+CHS reduce Jet-level cuts still needed,
pileup at source. achieve better suppression.



VMIISSING TRANSVERSE MOMEN | UM

[EPJC77 (2017) 241] [CMS PAS-JME-16-004]

Topo-clusters + tracks PF candidates ¢
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https://cds.cern.ch/record/2205284
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-002/

VIISSING TRANSVERSE MOMEN | UM

[JETM-2016-008, JETM-2017-001] [CMS PAS-JME-16-004]
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Sherpa 2.2.1 soft modelling improvements crucial 16 TJ KHOO, LHCP 2017, SHANGHAI



https://cds.cern.ch/record/2205284
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2016-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-001/%5D

VIISSING TRANSVERSE MOMEN | UM

PUPPI tiltering improves resolution with pile-up at cost of

+PFET  Z—

miss

Puppi ET Z— uu

q.> 50 GeV

Response Corrected

200 250 300 350 400 450 500 : 20 25
q. [GeV] # Vertices

Ditticult trade-off between optimising for scale and optimising for resolution.
Needs to be driven by physics goals.

[CMS PAS-JME-16-004] 17 TJ KHOO, LHCP 2017, SHANGHAI



https://cds.cern.ch/record/2205284

@ WVIISSING TRANSVERS:- MOMEN | UM
ATLAS

EXPERIMENT

Forward pileup suppression has large impact

ATLAS Simulation Preliminary —¢— EM+JES jets

Vs =13TeV, [Ldt=365fb" |

Powheg+Pythia8, Z — pu —— Particle Flow jets
Track Soft Term (TST)

Inclusive jet selection

—  ATLAS Simulation Preliminary
Powheg+Pythia6 tt
Vs =13 TeV

miss
,ET>° RMS [GeV]

miss

E y

e TST e
m TSTand pTOrWar et
A TSTand fJVT

esolution [GeV]

> 30 GeV

oC
k7
£
LL

y

miss
X ’

E

T,x
II|IIII|IIII|IIII|IIII|

5 10 15 20 25 30 35
Number of primary vertices NF>V

N

0

o

20 25

iscrimi Number of R tructed Verti
Indiscriminate cuts cause scale defects, umber of Reconstructed Vertices N,

need dedicated pileup taggers. Improvements seen with PFlow

[JETM-201/7-001], [JETM-2017-007/] TJ KHOO, LHCP 2017, SHANGHAI


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-001/%5D
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-007/

. CMS: PAS-BTV-15-002 ,
ATLAS: PUB-FTAG-2016-002 (in prep)

JET & BOOSTED-OBJECT TAGGING

-~

Identify colour charge of primary parton \

Constituent multiplicity
QUARK-

Track multiplicity — GLUON ©

Jet angular opening

Jet fragmentation distribution

Distinguish N-body heavy object decay from QCD radiation

N-subjettiness

Energy correlation functions
TOP

QUARK

Splitting scales >
HepTopTagger

Jet Mass J

JETM-2017-004, JETM-2017-005
ATLAS PUB in preparation

19 TJ KHOO, LHCP 2017, SHANGHAI


https://cds.cern.ch/record/2195743

s | QUARK-GLUON
§ CMS PAS JME-16-003 TAGGING

See also: B.Nachman (15/5),
ATLAS ATL-PHYS-PUB-201/-009
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TJ KHOO, LHCP 2017, SHANGHAI

Likelihood capitalises on broader, higher-multiplicity

gluon-jet radiation pattern



%w W BOSON TAGGING
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EXPERIMENT
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https://arxiv.org/abs/1603.00027

A TASTE OF THINGS TO COME

Run 3 & HL-LHC
Software challenges: high-throughput & trigger reconstruction

Physics challenges: pileup, pileup, pileup!

ATLAS:
PFlow in analysis: multijet SUSY, ZH, ttH...”?

Jet substructure & advanced calibration in triggers

CMS:

Advanced trigger-level pile-up suppression

Deep-learning jet applications

22 TJ KHOO, LHCP 2017, SHANGHAI



Background rejection
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WHY PFLOW? (THE EMPIRICAL ANSWER)
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Detector response shapes jet mass as well as energy.

At high pT, cluster merging obscures substructure, but can still be

resolved wit

Correct trac

n tracks but response sufters from lack of neutral information.

ATLAS-CONE-2016-035],
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k-jet mass as m, *pT../pT

combine with calo mass using resolution-weighted average.

[JETM-2017-002]
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Track-based Global Sequential Calibration vastly
improves resolution, sharpening turn-on.
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stochastic & QCD-like jets

Central pileup jets used to tag
forward dijet partners

TJ KHOO, LHCP 2017, SHANGHAI


https://arxiv.org/abs/1510.03823
http://arxiv.org/abs/1705.02211

—_
o

©

— /Compact Muon Solenoid

231" (13 TeV)

" CMS

o 30 <Jetp_<50
Preliminary I

Jethl <2.5

!!.-H-Fﬂ

III|IIII|IIII|IIII|III_IIII|II a

— Quarks

0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.8 0.9

2317 (13 TeV)

- CMS

g 30 < Jetp_<50
Preliminary T

3<detinl <5

0.07

— Quarks
— Gluons
—PU
— Rest
—All

¢ Data

0.08 0.09 0.1
<A R>>

ﬁ

Forward

tagging
uses width

X

—

o
w

JET-LEVEL PILEUP SUPPRESSION

2.3fb7' (13 TeV)

CMS

Preliminary

1:

30 < Jet p, < 50
Jetml <25

(13 TeV, 25 ns)

09F

08F CMS

"t Simulation Preliminary
07-
065
055
0_4; — Quark

1-g(background)

(20<pT<30 GeV
(

)

— Gluon 20<pT<30 GeV)
)

)

0.3F
F Quark (30<pT<50 GeV
Gluon (30<pT<50 GeV

AE mi<2s

0.4 0.6

0.8 1
¢ (signal)

0.4

— Quarks
— Gluons
—PU
— Rest
—All

¢ Data

06 08 1
Pileup Jet MVA

2.3fb" (13 TeV)

Preliminary

(13 TeV, 25 ns)
CMS

. Simulation Preliminary

4 — Quark (20<p <30 GeV) . |
E — Gluon (20<p,<80GeV) .\
-+ Quark (30<p,<50 GeV)
= Gluon (30<p, <50 GeV)
1 3<mi<5
|

Il Il Il
0.2 0.4 0.6 0.8 1
¢ (signal)

30<JetpT<5O
3<detinl <5

— Quarks
— Gluons
—PU
— Rest
—All

¢ Data

-0.2

KHOO, LHCP 2017, SHANGHAI

0 0.2 0.4

06 0.8 1
Pileup Jet MVA




MISSING TRANSVERSE
MOMENTUM



PERFORMANCE ASSESSMENT

Use projections parallel and perpendicular to the

reference object (Z or photon) to isolate scale defect &
resolution effects
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@ -ORWARD PILEUP-SUPPRESSION

ATLAS Simulation Preliminary
: : . Powheg+Pythiag8 Z—u

ATLAS Simulation Preliminary \@0":" 139;6\3; b
Powheg+Pythia6 tt

Vs=13 TeV

[GeV]

e TST

m TSTand pr

A TSTand fJVT

esolution [GeV]

orward jet

> 30 GeV

e TST omard
= TSTandp, """ >30 Gev

o TSTand fJvVT

miss miss
,Ey R

y
X
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—
=
)
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Q2
S
L

X

20 25 30 35 40
Number of primary vertices va

Number of primary vertices va

ATLAS Simulation Preliminary
Powheg+Pythia8 VBF H=WW—lvlv
Vs =13 TeV

Simply raising pt threshold is
effective in Z+jets, due to
low intrinsic forward activity.

e TST omward
= TSTandp, " >30 GeV

o TSTand fJVT

S
)
S,
C
Q
—
=
O
n
()

y

Emiss, Emiss R

X

VBF & ttbar, with more jets,
require dedicated fJVT cut. 2025 30 35 40

Number of primary vertices va
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EVENT CLEANING

— /Compact Muon Solenoid

12.9 b (13 TeV, 2016)

LI B I
CMS

Preliminary

. E B Top quark i
2015 Data, with Inl <0.5 E C M S -

| — Signal enriched sample
Preliminary IIIEWK

— Noise enriched sample

boﬂ)l IIIIII|

QCD

O. (o]

LI R I
CMS
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O.

O.

2015 Data, with Inl <0.5

— Signal enriched sample

* e Data after cleaning
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o Data before cleaning
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— Signal enriched sample

1.2
Neutral Hadron Fraction

| IIIIIII[&X

— Noise enriched sample

J.III|IIII|I_

o H 500 1000 1500 2000 2500 3000

I I I [T BRI H
20 40 60 80 100 120 mISS
Charged Multiplicity Er ™ [GeV]

Impossible to do MET without removing detector defects!
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JET TAGGING



EXPER

Relative background rejection
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ATL-PHYS-PUB-2017-004
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ATLAS Simulation Preliminary
s =13 TeV, DNN W Tagging
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Relative background rejection
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ATLAS Simulation Preliminary
Vs =13 TeV, BDT Top Tagging
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ATLAS Simulation Preliminary
(s =13 TeV, DNN Top Tagging
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pth: [350,2000] GeV
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Top Tagging
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/

[/
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@ A ASEVIEEVEVI \fACHINE W BOSON TOP QUARK

ME

S I E s sl LEARNING TAGGING TAGGING

performing well for each ML alg.

(o]
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ATLAS Simulation Preliminary
{s=13TeV, ™" < 2.0

p‘T””h: [500,1000] GeV

W Tagging

60 < m™° <100 GeV &

— DNN with DNN Obs.
—— DNN with BDT Obs.
— BDT with BDT Obs.
BDT with DNN Obs.
. — D

S

Calo substructure only.
Implicit pt/mass dependence.
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P JET SUBSTRUCTURE TRIGGERS

EXPERIMENT

—
N

ATLAS Preliminary Data 2015, Vs = 13 TeV
¥ :5:- L
. -o-

Offline selection:
>1 jet with mict > 50 GeV, In| < 2

Trigger efficiency

anti-k, R =1.0

trimming: f_,=0.04 R, A =0.2

sub

e HLT p, > 420 GeV, no trimming
0o HLT p. > 395 GeV

v HLT p, > 375 GeV m_, > 30 GeV

jet

p.-cut tuned to achieve equal rate

450 500 550 600

Leading large-R trimmed jet P, [GeV]

Selection on jet mass with trimming cuts background,
allowing drastic lowering of threshold.
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Mistagging efficiency

— /Compact Muon Solenoid

CMS Simulation Preliminary

1{ — double-b-tag

- ----Subjet CSVWv2
Fatjet CSVv2
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Mistagging efficiency

subjets

CMS Simulation Preliminary
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DOUBLE B-TAGGING

N-subjettiness axes
used as proxy for jet
axes for b-tagging.

CMS Simulation Preliminary
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