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Prelude - A personal note ...

e |t has been a fantastic ride for the past 2 years!

o Attimes (many times) it was exhausting and overwhelming but we have an
amazing team of people which enabled all the physics we will discuss In
the next slides (and for the next 2 days)
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o Attimes (many times) it was exhausting and overwhelming but we have an

amazing team of people which enabled all the physics we wil
the next slides (and for the next 2 days)

dISCUsSs In

 These days, | am embarking on a slightly different journey, motherhood,
which will probably be as exhausting and overwhelming at times... this Is

why | can't be there with you today...

... working on raising the next generation of JME collaborators :)
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Prelude - A more scientific note ...

As of today, we have about 160/fb of data from Run 2 at 13 TeV ...

... with average pile up of 34!

CMS Integrated Luminosity, pp, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
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Prelude - A more scientific note ...

As of today, we have about 160/fb of data from Run 2 at 13 TeV ...
... with average pile up of 34!

The challenge was/is to achieve best performance of the jet, MET objec

'S while

harmonizing data from ditferent years. Every year came with unigque fea

Run 3 is around the corner presenting a number of challenges!
Aging detector will likely be our biggest concern!

Ures.

The Goal of this workshop is to reflect on what we learned from Run2 and to

develop strategies tor Run3!
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* Pile Up mitigation at
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Many Physics Analysis Summaries ar

* 2018
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ipeline with 36/fb (Sumnr
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Also proud of Jet/MET Publications

"'Performance of missing transverse momentum in pp collision at 13 TeV”

submitted to JINST! https:/arxiv.org/abs/1903.06078

P Jet trigger performance in 2018 at 1
P Jet energy scale and resolution per:

a

mer 2019 timescale):
tion at CMS in 13 TeV
CMS in 13 TeV

gorithms in 13 TeV data

Detector Performance notes (PAS &

DP):

3 TeV

‘ormance with 13 TeV data collected by CMS in 2016

P Boosted jet identification using particle candidates and deep neural networks
P Missing transverse energy performance in high pileup data collected by CMS in 2016
P New Developments for Jet Substructure Reconstruction in CMS

P W and top tagging scale factors

PAS Jet algorithms performance in 13 TeV data

2 Performance of quark/gluon discrimination in 13 TeV data

P Jet energy scale and resolution performances with 13TeV data
P Trigger performance plots with 13 TeV data

P ETmiss performance in events with Gamma, Z and dijets using 0.8 fb-1 of 2016 Data
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https://arxiv.org/abs/1903.06078
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME

S Building Jet & MET from Bottom Up!

Algorithms,
alignments anad
calibrations of all

Sub detectors

Linking of sub
detector deposits
and particle
identification

Aging detector

~
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S Building Jet & MET from Bottom Up!

Algorithms,
alignments anad
calibrations of all

Sub detectors

Linking of sub
detector deposits
and particle
identification

Aging detector

Pile up subtraction at
f PF (CHS & PUPPI)
. Jet types (PF, Calo),
Huge f‘;a"d‘;'”"” algorithms (AK, CA)
efforts: cones (0.4, 0.8, 1.5)

10 Zeynep Demiragli - JetMET Workshop. April 2019




S Building Jet & MET from Bottom Up!

Algorithms, Jet energy scale and
alignments anad resgoxlluti or Huge validation
calibrations of all efforts!
sub detectors Flavor and heavy
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Linking of sub algorithm development
detector deposits
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S Building Jet & MET from Bottom Up!

Algorithms, Jet energy scale and
alignments anad resgoxlluti or Huge validation
calibrations of all efforts!
sub detectors Flavor and heavy
object tagging J
Linking of sub algorithm development F -
detector deposits

and particle Comparison of
identification

- Data & Simulation
Aging detector Residual

Pile up subtraction at corrections and
F PF (CHS & PUPPI) scale factors
- Calo) Who forgot to

Jet types (P
Huge validation P ( fake the trash
py , algorithms (AK, CA) out? Go back to
eriorts! cones (0.4, 0.8, 1.5) ut:
step 1
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S Building Jet & MET from Bottom Up!

Algorithms, Jet energy scale and -
alignments anad esolutior Huge validation
calibrations of all efforts!
sub detectors Flavor and heavy
object tagging
Linking of sub algorithm development
detector deposits Comparison of
and particle

dentification Data & Simulation

Aging detector Residual
Pile up subtraction at corrections and
F PF (CHS & PUPPI) scale factors
_ Who forgot to
Huge validation et ty.pes (PF, Calo) take the trash
py , algorithms (AK, CA) t2 Go back t
efforts: cones (0.4, 0.8, 1.5) outs o backlo
step 1
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Jets & Calibration: Overview

Applied to data - Elovor
_ ) ) et

Applied to simulation ———

Strateqy: Factorized approach to JEC

* Pileup corrections to correct the offset energy
e Correction to particle level jet vs. (pT ,n) from simulation
 Residuals correction to data: pile-up, relative vs n, absolute vs p1

Simulation based corrections are derived for:

e Anti-kT Jets: PF, PF+CHS, PF+PUPPI
e Jets with cone size of 0.4 and 0.8.
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Applied to data >

Applied to simulation ———

< 50
Pileup Correction (Offset) @
S% 40
<Offset> derived by comparing same jets o
reconstructed in the same event with and without PU: | 5§ 30
\"
20

<offset> = <pT,jet(event w/ PU) - pT,jet(event w/o PU)>

parametrized in ([N],pT,p)

Non-linear eftects:
 Changes in the local reconstruction between with/ -10
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Jets & Calibration: Applied to Simulation
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Applied to data >

Applied to simulation ———

Pileup Correction (Offset)

<Offset> derived by comparing same jets
reconstructed In the same event with and without PU:

<offset> = <pT,jet(event w/ PU) - pT,jet(event w/o PU)>

parametrized in ([N],pT,p)

Non-linear effects:
 Changes in the local reconstruction between with/
without PU

Jets & Calibration: Applied to Simulation

MC

50 e e
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Applied to data

Applied to simulation ———

Jets & Calibration: Applied to Data

Residual Pileup Correction

Data/MC of response

# interactions

Goal: Data/MC comparison

or the

average offset per additiona

pileup

interaction (), that is calculated tor

each type of PF particles!

Has excellent capability of

detecting changes / degradation of
each of the sub detector as a

function of time!

Susceptibel to “zero suppression”

T

<Offset p_> / <u> (GeV)

Data/MC
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Applied to data

Applied to simulation ———
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Simulated jet response

Jets & Calibration: Applied to Simulation

S Simulation Preliminary
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UNIVERSTY Jets & Calibration: Applied to Data

Applied to data > Flavor
MC
Applied to simulation ———

Residual Corrections (eta)

Run2016 36.5fb™" (13 TeV)

: 1.2 | | | | I | 1 | | | | | | I 1 | | | | | | | | I_

S | cMms Antik, R = 0.4, PF+CHS -

| . o 1.15— Preliminary . =

Jets are different beasts at different n: S . .

e intrinsic resolution of each sub g P . E

. 1 )) . . (_3 : :

detector is "sampled” with this ©1.051 - .

analysis S - :

y 1: '.-.l...=.=‘-o-'.ﬁ.= _._:Z

_ - o, -

A o : - - =
s ; At the detector transition regions, the 095 -+ :
-~ 1% residual corrections are no longer “small” 0.9 MPF =
&) - - Run2016BCD .
2 : 0.85[ - Run2016EF -
S Going to lower pTs with this method is - hunz01oek | | E
difficult due to trigger thresholds. %3 =2 3 a4 ?n
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Applied to data
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Post-fit jet response (ratio)
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Jets & Calibration: Applied to Data

Applied to simulation ———
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Data/MC comparison for the jet response dependency on the jet pT
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response was observed!
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JEC uncertainty (%)

Jets & Calibration: Uncertainties and Outlook

Run2016BCDEFGH, 36.5 fb™' (13 TeV) Run2016BCDEFGH, 36.5 fb™' (13 TeV)

T L B e AL ~ 18— 7 T
- CMS =Total uncertainty 9\_0/ - CMS =Total uncertainty ; -
6:— Preliminary — Excl. flavor, time _ > 16:_ Preliminary ~— Excl. flavor, time _: l—arge reSldua‘ COrreCt ONS
CR=04PFsCHS _ ppsoutescale | g 14FR=04PFiCHS aniouescale | l€Ad tO large uncertainties..
5; =0 ~ Relative scale : o 1oLPr7 30 GeV ~ Relative scale -
4: +I\Pni|ell1.lpd(<§t(>=25) | 7 CC> E +I\Pni|ell1.lpd(<;>=25) | E
- < Method & sample S 10F -+ Method & sample -
i =Jet flavor (QCD) i O =Jet flavor (QCD) . |n COmpaFISOﬂ tO Run1 our
3F <+ Time stability — L%.I 8:— <+ Time stability E uncerta|nt|es have ncreased
: o ' by x1.5 (x2-5) in barrel
of : vy x1.5 (x2-5) In barre
Bi 4; (endcap).
v 2
%0 100 08

p, (GeV)

* Time stability: Accounts for the differences seen in residual corrections in different
eras after applying corrections and comparing to JEC derived on the full sample

 Method & Sample: Accounts for the biases (large pT dependences) seen in the
residual measurements
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Jets & Calibration: Uncertainties and Outlook

2016 Problems:
 Dynamic pixel inefficiency - loss of performance in charged hadrons as a function of time with the
« ECAL gain switch issues - mis measurement of high energy electrons/y

2017 Problems:
e |Loss of transparency of the ECAL end-caps
* Pre-firing problem in L1 in the ECAL endcap detectors

2018 Problems:
* Local reconstruction issues with HCAL (Negative energy filter)
 Loss of 2 Sectors in the HCAL Endcap
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Jets & Calibration: Uncertainties and Outlook

2016 Problems:
 Dynamic pixel inefficiency - loss of performance in charged hadrons as a function of time with the
« ECAL gain switch issues - mis measurement of high energy electrons/y

2017 Problems:
e |Loss of transparency of the ECAL end-caps
* Pre-firing problem in L1 in the ECAL endcap detectors

2018 Problems:
* Local reconstruction issues with HCAL (Negative energy filter)
 Loss of 2 Sectors in the HCAL Endcap

Never ending battle: How do we move forward? For precision Run2, for Run3?

 Time dependent MC? Can this reduce the uncertainties due to non-harmonized data”

e Streamlining the JEC analysis. Can this help coping with unprecedented amount of data is being
analyzed - we need to be taster than all CMS analyzers!

* |ncreasing the dimensionality of the corrections”? Detector started having phi-dependent problems..
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Missina Transverse Momentum: Prerequisites

35917 (13 TeV 359fb" (13 TeV
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Missina Transverse Momentum: Prerequisites

35917 (13 TeV) 35917 (13 TeV)
S preer s Rl B B A R T E
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35.9 fb' (13 TeV)
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Comes to the rescue, PUPPI Algorithm: in sirr
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Missing Transverse Momentum: Advanced Algorithms

HUGE gains in MET resolution - stability against pile up! Very close to holy grail”
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Missing Transverse Momentum: Advanced Algorithms

Resolution improvements parti

cularly ir

oressive for the W events...

20% improvement in RMS and stability of the mean mass value in all PU
x10° 35.9 fb™ (13 TeV) %10° 359 fb™ (13 TeV)
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Missing Transverse Momentum: Triggers & Outlook

't Is a struggle to keep low thresholds at the Trigger level for jet/MET objects..
Lowest MET/MHT path is at 120-140 GeV, lowest pure MET is at 250-300 GeV
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. . o i 100 _ ..... CMS ..................................... ................................ ............................... ............................... ‘:_f ...........
 The efficiency turn-on reaches ~100% ¢+ Ratewonioring
at 250 GeV - | N I S R S B i
o | § 80 B I 306454 (1866 b) . _ _ - A
* Limited bandwidth: thresholds are 5 | (Elwsssaseen | o
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Jet Tagging: Pileup mitigation

> 1-1:'"'l'"'I""I""I'"'I'"'I""l""l""l""z

CHS Algorithm : Removes charged particles associated g o E
to PU vertex. T 0.95; ,,_..,.._.* M"% | T
Optimized for early Run2 and can be further improvea - T ooty &
with the improved tracker coverage. 085 iy<24,p >3 Gov R
075 —+-CHS +

— —4— CHS + Loose Pileup ID =

07E B8 dednre ;

PU Jet id: Multi-variant technique to reject PU jets. It is T

-0 5 10 15 20 25 30 35 40 45 50

app\led on CHS Jets. Number of vertices

Total of 12 variables used: differences in jet shapes, z M T AR AN A RS ;
and tracking related quantities, a/g variables T e o
0.9F T I —

: : . 0.8 T e 2
Puppi Algorithm: Calculate weight for each neutral F ey s
particle based on the “shape” of PU I s E
Y —4— CHS + Loose Pileup ID T .

- Ghs L Tight Piup 1 e :

2 | 0_5: +Puppi+ ight Pileu ._.*... E

Tj for |n;| < 2.5, ]= charged SRR .

Xj = lOg Z (APR] ) ¢ T 55 %905 10 15 20 25 30 35 40 45 ;o
Y 3 i oOr > 2.0, )= all Number of vertices
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Future improvements: HCAL Depth Segmentation

In 2018, HE layers were increased from CR TG G IR R ek IR D A
T HCAL HO . TRONTE —_—
dtou pto 7! MAGNET COIL

Longitudinal shower profile information will
be helpful in discriminating hard interaction

from pileup.
Pl HCAL
sy HP
Currently this information is not used inthe N
reconstruction of jets T BEAMLNE oo i
PUPPI ____PUPPI+depth }‘ H15m >
Y :l(’&‘; §ij X O(Rmin < ARi; < Ro) B
| e €= AR We can improve the PUPPI algorithm by
o defining a discriminator using shower
2 = O(oy — apy) X 5 Py
' shape profile for the PF candidates in the
' | end cap! Stay tuned...
W; :sz,NDle(X?)a § | Wi = Fye xor=2 (7', £(di)
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Quark Gluon Identification

(13 TeV)
T CMS : : : C : :
Likelinood discriminant using 3 variables:

o ot ptD,02, multiplicity
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Heavy Object Tagging: “Traditional Way”

2 Main Questions you can ask to this “picture”
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Heavy Object Tagging: “Traditional Way”

2 Main Questions you can ask to this “picture”

e \What is the mass of this object?

Remove softer constituents (QCD radiation)

0.2

arbitrary units

0.1

CMS Simulation

1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 ] 1

—— SM Higgs, m = 600 GeV |

ungroomed jet mass

p—

Wi+Jets, MadGraph+Pythia6

4

—_  eeee. ungroomed jet mass —_

100 150
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Initial jet
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Heavy Object Tagging: “Traditional Way”

2 Main Questions you can ask to this “picture”

dR(1,k)

 \What is inside this object?

Quantify how well a jet can be subdivided

INto sub-jet

3. 0 2 ICM]S lPr?I’rerna]ry 'Slnjru/a]thr: T T T l T 1 3,[ T?V :. 0.1 2 LI I LI I L I L I [ | I L | I LI I o I LI I LI
- e — m — —
v i Z-o>vYV | i i - ]
n Mono-W Scalar,m =125 GeV,m  =1GeV 0 1‘_ ECFS' W b
: Mono-W Scalar,m__ =300 GeV, m_ =1GeV : [ 60 < Mgp < 100 GeV _QCD .
0.151- Mono-W Scalar,m =500 GeV, m_ =1GeV | i ] i
B _I— - 0.08 B N2 — 283 ]
- N-subjetiness: ; _ _
i - i 0.06 —
0.1 — : _
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0.051 — — I ]
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Heavy Object Tagging: “Traditional Way”

For various working points and jet algorithms, Sks are derived regularly with
~0O(10%) uncertainty

PU dependency reduced
with Puppi!
CMS Simulation Preliminary 13 TeV 0.3 CMS Simulation Preliminary 13 TeV
GJ .
— O 65GeV <M <105 GeV = O 65 GeV <Mg'> <105 GeV
i 65 GeV < Mg(L)JfIthF:(I)p <105 GeV ;7 65 GeV < I\/Iggff;l)p <105 GeV
— ® 65GeV <M <105 GeV +1,, < 0.45 S | ®65GeV<M° <105GeV +1,, <0.45
- )
A 65GeV <M. <105 GeV + 1, =< 0.4 D 65 GeV < Mg o, < 105 GeV + 1,, < 0.4
1~ X 65 GeV < M <105 GeV + 12T < 0.52 & = 0.2 7 65GeV <Mgy., <105 GeV + 57T < 0.52
i {]} QCD, Pythia8
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0.8+ 0o S AR DR R Y FOHG Gy | A p_>200
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= Heavy Object Tagging: “New Generation”

Many taggers based on various ML methods are being investigateq:
httos://cds.cern.ch/record/2275226/files/DP2017_027.pdf
Paper with data validation will be out this summer!

A

Deep Jet Classifier: Exploits particle-level information
directly with customized Deep Neural Network (DNN).

CMS

Simulation Preliminary
W vs QCD
1000 < p_< 1400 GeV, Inl <1.5

—A
<

Boosted Event Shape Tagger (BEST): Obtains
discrimination on a jet-by-jet basis by transtorming the
entire set of jet constituents with a boost vector
obtained by assuming the jet originated from one of
the heavy objects.

DeepAKS8
- DeepAK8 (Decorrelated)
— BEST

Tpy + Mgp

—A
<
N

Background efficiency

1073

Are they correlated with mass”? Can we reproduce this
performance in data”? Pileup dependence” 1okl L — — — 1
Stay tuned!! Signal efficiency
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LHC Schedule & Run 3

LHC
[ 1
Run 1 ‘ Run 2 ‘ | Run 3
LS1 EYETS LS2 14 TeV LS3 14 TeV
13-14 TeV energy
splice consolidation injector upgrade - 510 7 X
7 TeV 8 TeV button collimators cryo Point 4 icnrt):aorgrc?t'iton HL-LHC installation lnonrqmnallt
R2E project Civil Eng. P1-P5 regions uminosity
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
Pl
radiation
damage
. ) 2 x nominal luminosity r )
75% experiment nominal luminosity -] | experiment upgrade | |- i experiment upgrade
Inominal.t beam pipes phase 1 phase 2
uminosity l

I/ integrated
luminosity

Two main objectives:

 Answer as many of the questions asked in this talk in time for Ultra legacy of the
full Run2 data (only a month away)

o [earn from the experience and prepare for Run3 (only a year away)
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Summary & Outlook

Run2 experience: For accurate, and precise Jet/MET object performance:
(1) reliable local reconstruction
(2) stable particle flow (i.e. global event description)

These almost came for free easy In the past...
Now detectors are aged and most will not be replaced for Run3...

In the mean time ... LHC is discussing increasing the pile up for Run3
(up to pile up 60)

We have to be smarter:
Port our knowledge to online reconstruction
Invest efforts to stabilize the global event description and pile up modeling
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Summary & Outlook

Run2 experience: For accurate, and precise Jet/MET obje
(1) reliable local reconstructiog
(2) stable particle tlow (i.e. globals

These almost
Now detectors are
\0@5\‘\‘\ . .
WWBREasing the pile up for Run3
o 60)

e have to be smarter:
ort our knowledge to online reconstruction
INnvest®Morts to stabilize the global event description and pile up modeling
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Back up
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1 Run2016BCDEF 19.7 b (13 TeV 1 Run2016GH 16.5fb" (13 TeV
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ECF: Energy Correlation Functions

AJ Larkoski, GP Salam, J Thaler, Energy Correlation Functions for Jet
Substructure JHEP 1306

| Moult, L Necib, J Thaler, New Angles on Energy Correlation
Functions, JHEP 1612

(8) (9 (8
N = = Ny = =35 Ns = =)
(1e§”))> (1e5”)? (1ey))?

2 prong tagging 3 prong tagging

veff) = Z Zi1Zig - - - R, f[ I(I;rl?l | {9@}

S<t€{i1,i2,...,1n }

fON ISiu<ia<<in<ny m=1
N\ | Example:
particles .f’= > zzzomin{efe) 0005 0505}
1<i<y<k<ny
angles
_ Pri 2 _ p2 2 2
= , U =R =(0i —¢5)" + (Yi —y5)°,
2 S i = R = (9 — )" + (i — v5)
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Category Label
H (bb)
. Inclusive Darticles Higgs H (co)
§ I CNN H (VV*—qqqQq)
¢8~ (14 layers) F u”y top (bcq)
parttcles ordered by pr connected - top (bgq)
op
Charged DarUcIes Tracks) top (bc)
0 ——— top (bq)
- 1|:. (I layer,
| M l-l S 512 unit N W (cq)
& (14 layers) ! w W (QQ)
tracks ordered by Sp2p relu-
. activation, Z (bb)
. econdary Vertices - 7 (o)
QLJ ——'|-1 . --1 dFOPOUI
AW filter |-| |||-| | =0.2) Z (qq)
LY QCD (bb)
Vs, ordered by Spap QCD (00
|nE . QCD QCD (b)
uts QCD (©)

— Up to 100 inclusive particles
10 features/particle

— Up to 60 charged particles
60 features/particle

— Up to 5 SV (14 features/SV)

QCD (others)

A very versatile boosted jet tagger
-> various decay modes with
different flavor content
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Fraction of Jets

CMS Simulation Preliminary (1 3 TeV)

0.6 Jet p_> 05 TeV

0.5

0.4

0.3

0.2

0.1

—

0.2

— Top Jets Z Jets
—WJdets —HJets
— Light Jets

Multiclass:
41 inputs,

2 hidden layers,
20 nodes each layer

04

0.6 1.2
NN Output Node 1 Value
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t jet

Boost to
rest frame

W/Z/H jet 30
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