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Jets and Missing ET

Jets are one of the most prominent
physics signatures at high energy
colliders

Individual jets are proxies for quark
and gluons

Combinations of jets are used to
identify heavy electroweak parficles
(W,Z,H bosons and the top quark)

o crucial signatures for searches of

new phenomena and precision
measurements -

Jets have internal structure:
quantum properties -




Jets and jet algorithms (I)
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Jets and jet algorithms (I)
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produced at short
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process)

« As they propagate
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Jets and jet algorithms (I)
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Jets and jet algorithms (I)
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Jets and jet algorithms (I)

« Quark and gluons
(partons)
produced at short
distances (hard
process)

« As they propagate
they radiate more
partons (parton
shower)

« Form uncolored
hadrons
(hadronization)

« Jets: tools to
organize the eveni7




Jets and jet algorithms (I)

Quark and gluons
(partons)
produced at short
distances (hard
process)

As they propagate
they radiate more
partons (parton
shower)

Form uncolored
hadrons
(hadronization)

Jets: tools to
organize the eveni8



Jets and jet algorithms (II)

« Jet algorithms: set of rules to group particles together
and to assign a momentum to the resulting jet

e Infrared and collinear safe

jet jet

(a)

« LHC uses sequential recombination jet algorithms
o K, C/A, anti-k;



Jets and jet algorithms (III)
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Jets and Missing ET

- Jets are tools to organize and interpret
events

* Multiple interpretation of events

gg, M = 4000 GeV gg, M = 4000 GeV
008 L L L D L & 0.08 UL DL LU L ®
| anti-k, R=04 12 | C/AHilt, R=1.2 IE
0.06 L Qz013=313GeV 15 006 Qots=87GeV IE
c g8 e 8
o - . ol ]
g o
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0.02 - 1T 002 k- i
Oﬁ..._l... | =rrarar A A e
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G. Salam
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EXPERIMENT ATLAS

EXPERIMENT

RunfNumber: 302347, Event Number: 753275626
Run Number: 284484, Event Number: 731223307
Date: 2016-06-18 22:41:48 UTC

Date: 2015-11-03 03:07:57 CET

CMS Experiment at LHC, CERN

Data recorded: Mon Sep 26 20:18:07 2011 CEST
Run/Event: 177201 / 625786854

Lumi section: 450




Peak interactions per crossing

Pile-up in Run 1
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High pile-up

78 pile-up vertices!
CMS high pile-up run 198609 %




Goal of this talk

44th SLAC summer institute

Lecture llI:
QCD parton model: Jets and Top

Keith Ellis
IPPP, Durham

August 17,2016

CALORIMETRY

CALORIMETRY
at the energy frontier

Richard WIGMANS

Texas Tech University

N Werr]

itta 016

SLAC Summer Institute 2016

“New Horizons on the Energy Frontier”

Ak

Tracking Detectors
(Lecture 1)

Norbert Wermes umverswtatbonnl

University of Bonn
cLaB
Sizium 3bor Bonn

IN. Wermes, 5512016,

Jets and missing ET
at the LHC

CMS Experiment at LHC, CERN

D: rded: Fri Oct 512:29:33 2012 CEST
Run/Event: 204541 { 52508234

Lumi section: 32

“\ 15



ATLAS and CMS Detectors

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet
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detector

The dashed tracks
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the detector
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ATLAS and CMS Detectors
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ATLAS and CMS Detectors

Excellent hadron energy resolution
Longitudinal EM/HAD segmentation
Fine fransverse segmentation

Can use shower shape information
and 3-dimensional clustering to
identify and calibrate EM/HAD
energy depositions > More handles
for calorimeter-based jet
reconstruction and calibration

High magnetic field
Very fine transverse EM granularity

Low p; fracking
Good separation between photons
and pion showers

Low p; charged particles do not
reach the calorimeter > need to
integrate tracking with calorimeter
information

18



Jet reconstruction overview

Calorimeter Track

Topo-clusters corrections

ATLAS

Calorimeter Particle flow

objects

clusters +
tfracks

CMS

19



Jet reconstruction at ATLAS

« Topological clustering

o Three-dimensional clustering algorithm at the level of
individual calorimeter cells

Noise suppression Local calibration

limit the formation and

grow of clusters from EM/HAD classification and
electronic and pileup noise calibration

Improves the linearity of the
jet energy response and the
energy resolution

Reduce pile-up contributions
before jet finding

20



Jet reconstruction at ATLAS

« Topological clusters:

o 3D nearest-neighbor algorithm that clusters calorimeter cells with energy
significance (| E.qy|/ o) >4 for the seed, >2 for neighbors, and >0 at the

boundary
. . , : : : 2010: o (u=0)
o +
Sigma noise (0): electronic + pileup noise 2011: o (1 =8)

o Adjusted with u for pileup noise suppression 2012: o (u =30)
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Topoclustering
pile-up suppression
mu=80
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Sigma noise provides particle (cluster) level pile-up suppression
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Local cluster calibration

Topo-cluster Cluster . . Out-of-cluster Dead Material
. ) ) Calibration . .
Formation Classification Corrections Corrections

Use local cluster shape information to classity and calibrate EM/
HAD clusters. Calibrations derived using single pion Monte Carlo

N

........................................ 1

= 4F : >
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9 85 8 -75 7 65 -6 55 -5 -45
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tracking and calorimeter information:

CMS Particle Flow

* Reconstruct individually each particle combining

o Relies on high granularity and resolution of ECAL and high magnetic field
to separate individual showers

tracks

65% charged hadrons - Tracker

25% photons 2> ECAL

10% neutral hadrons - HCAL

Picture from

u

A
neutral &
hadron 1

! 4 photon

charged
hadrons

http://bartosik.pp.ua/hep_sketches/cms_particle_flow 24
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Jet calibration overview

Input signails:

Calibration
Topo-clusters

PFlow objects

Jet energy response:

Freco Reconstructed
R(E,n) = jet
Etruth
« Calorimeter non-compensation || ] Calibration
« Inactive regions of the detector
» Energy deposits below thresholds
. E$rflcles not included in the jets Particle (truth) jet
. ile-up

« Data / Monte Carlo scale

26



Response

Jet calibration overview

Applied on data -

MC

Applied on MC -

(8 TeV) (8 TeV) (8 TeV)
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Response

Jet calibration overview

7 " QCD Monte Carlo
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The challenge of plle-up

One the most difficult challenges at the LHC

Hard
scatter jet

“Stochastic”
pileup jet

Additional energy (offset)
Fluctuations:

Reduce accuracy of the jet energy and
mass determination
Additional fake pileup jets

QCD pileup
jet

Number of jets

Response
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Pileup mitigation:
four key ideas

Constituent level Area-Median
pile-up suppression Subtraction

Topo-clustering (ATLAS p;efvw'"’ — p;ef —px A}{et
Charged Hadron Subftraction
and PUPPI (CMS)

Grooming
Jet-Vertex Tagging

Reduce local

Use of tracking information to fluctuations of pileup
reject jets from pileup (Large-R jets)

30



Pileup subtraction (I)

arXiv:0707.1378 [hep-ph] 200

Pr Pr

Event-by-event

estimate of ) )
diffuse noise [ D A
o T
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AJ'
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]
o &2 ®
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Jet Area:
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\
\
J \
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31



Pileup subtraction (II)

arXiv:0707.1378 [hep-ph]

jets R

- R

jet,corr
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Geometrical
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Fluctuations in
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point to point
in the event
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Pileup subtraction

Residual correction
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10-20% reduction in jet-by-jet pileup fluctuations
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Local pile-up fluctuations
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Remove charged

CMS Charged Hadron
Subtraction

pile-up tracks
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Rejecting jets from pileup

« Pileup can create pileup jets:
« QCD jets originating from a pileup vertex

« Random combination of partficles from multiple pileup
interactions (“stochastic pileup jets”)

P 2_5 T T I T T T T I I
zZ " ATLAS Preliminary
~ | \s=8 TeV,L=20.3 " -=- MC

| SherpaZ—up —e— Data

2_Anti-k1 LCW+JES R=0.4
- p, > 20 GeV, n|<2.4
| Z boson [ 20 GeV

1_5:_ More jets St

O-Sh ! 1 | 1 1 ! 1 | ! 1 ! 1 | ! 1 1



Jet Vertex Tagging / JetID

- Jet vertex fraction algorithm (JVF)

o Tag and reject pileup jets using

tracking and vertexing information

Spy*(PV,)

JVF - trk trk
2p, (PVy)+Z2p, (PU )

ATLAS-CONF-2013-083
CMS PU Jet ID: CMS PAS JME-13-005

Jets/0.05

| JVF[jet2, PV1]=0 |
JVFljet2, PV2] = 1

JVF[jetl, PV1]=1-f
\JVF[jet1, PV2] = f

Z
HS jets
105 ? | T T T T I T T T T | T T T T | T T II T I ]
- ATLAS Simulation Preliminary
Z — ee + jets
Anti-k,, R=0.4, LC+JES
104 7| 20<p.<50 GeV, i< 2.4 _
7 Pile-up jets
EEE Ry Hard-scatter jets
bl s
b 7%
e ,
103 = Eéi ﬁ%ﬂ” —
. ’52%’ 3
C B /5
- B PU 1 1- 7
B jetrs
102 § —
E Ry o =
-1 \ -0.5 0 0.5 1
Jets JVF

Jets with no tracks
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JVF pileup jet suppression

T

jet

(N ), p_> 20 GeV

3.2

W

oy
o)

N
o))

2.2
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ATLAS Preliminary MC, No JVF Cut
W Data, No JVF Cut

Z = uu + jets VvV  MC, |JVF| > 0.25
, Y Data, |JVF|>025
anti-k, LCW+JES R = 0.4 5 MC | J'VF, 1> 02
¢ Data. |[JVF| =050
< <
0.0<mi<2.1 JVF Uncertainty

|
J_

| -jj—';'
'%!l*i ..o
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(W

 JVFrestores the N,

distribution as a
function of pileup

* Improves the

data/MC
agreement
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Response

Jet calibration overview

Applied c

1.7c 8 TeV)

E CMS QCD Monte Carlo
1.6 simulation Anti-k_R=0.5, PF+CHS
1.5F Prelimina ml <1.3

- —4— No Pileup (1 =0)
1.4F +— 0<pu<10
1 3~ 10<u<20

Fe 20<pu<30
1.2 <., 4— 30<p<40

.
.
.
oo

30 100 200 1000 2000

PN [GeV]

Pileup-Corrected Response
W

T T T vvvvvteTeV)
CMS  QCD Monte Carlo -
1.6F Simuiation ~ Anti-k, R=0.5, PF+CHS
1.5F Preliminary nl<1.3
—4— No Pileup (L =0)
——0<p<10
—— 10<u<20
20<u<30
—4—30<u<40
M | M " aaal
30 100 200 1000 2000
pe= [GeV]

MC

Corrected Response

I/ — S—{ A 1)
CMS QCD Monte Carlo
1.8F simuiaon ~ Anti-k_ R=0.5, PF+CHS
1.5F Preliminary <13
—4— No Pileup (u=0)
14 —4—0<p<10
1.3 —4—10<pu<20
20<pu<30
1.2 —4— 30 <p<40
1.1
1 .
0.9
0.8 e aaal A n aaal
30 100 200 1000 2000
peEN [GeV]

- >
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Jet energy scale correction

and 7 in di-jet Monte Carlo events: JES =1/ R(E, 7)

Reconstructed
jet
JES
Particle (truth) jet
_lzreco
R(E, Tl) - Etruth

Simulated jet response

Multiplicative factor (JES) derived as a function of jet p; (E)

CMS simulation 13 TeV
:l LI I LI ] LI I UL I LI l LI I LI l LI l LI I T I:
1.2 2016 JES: Anti-k; R=0.4, PF+CHS
1 13_ Barrel Endcap Forward -
"'t BB EC1 [EC2 | HF "
1:_ U: 100 —:
éOOOQ&é@QeA A OOc | ]: . ' ]
O9F Y B | ] comosmen|
C ...Q...:...:oooooo o’ *®ee0 .
08
0.7F =
- Qg
- * P, = 30 GeV o© P, = 400 GeV 1
0.6~ o p.=60GeV . p_=2000GeV -
O 5 :l Ll I Ll Ll I Ll Ll I Ll Ll I L Ll l Ll I Ll l Ll I Ll I 1 l:
"0 05 1 15 2 25 3 35 4 45



Reducing fluctuations (I)

DREAM: Eftect of event selection based on 1
oL Entries 78198 | .
= Mean 66} In non-compensating (e/h>1)
o RMS ___124] calorimeters, the energy
Z 1P P resolution is driven by the large
e & gional fluctuations in the EM shower
g™ il fraction
S 0= e -
< ATLAS uses a method inspired
g v p L O0<tmcO® by dual-readout calorimetry to
; 200 ; improve the jet energy
| resolution
100
0 W SN ST . P
0 20 40 60 S0 100 120 140

Cerenkov signal (GeV)

Slide from R. Wigmans lecture 1 42



Reducing fluctuations (II)

s - ATLAS Simulation Preliminary
S 1 .2—Pythia Dijet \s = 13 TeV —
% | EM+JES w/o GS R=0.4 anti-k, n| <0.8 ]
o —4 747) 30<p™" <40 GeV
a 1.1- Y 80 < pi™™ < 100 GeV —
. >4 A 350 < p™™" < 400 GeV -
Higher than ﬁ-‘.—_A_ -
average response ’ - e Average response
-_—- " ,‘,- -...-. "= omomow :A-._A._._.‘; ---------- 'lj
I-. N |
I . .
I S * 1
__ i
0.9 ¢ =
Lower than - N
average £ 0.1 E
response < : :
P S 0.05 N :
> 0 : R |
S 0 10 20 30
g ntrk
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Global Sequential Calibration

« Use jet-by-jet information to correct the response of each jet
individually after the average JES correction

o Reduce fluctuations in the jet energy response

due to detector effects Muon variables
o Reduce the difference in response between
quark and gluon initiated jefs j Nurrnn::,: o
i <€ L segments

Sensitive to leakage

Calorimeter variables

Tracking variables

Number of
tfracks

Tile layer 0
energy
fraction

EM layer 3
energy
fraction

Jet (frack)
width

Sensitive to quark/gluon differences Sensitive to LAr cryostat energy loss 44



Global Sequential Calibration

Quark/Gluon response difference

LQ - gluon jet response

Diff. to w/o GS

Jet energy resolution

0.25¢ —————r—y ——— . —~ 0.5¢ ——————ry T .
- ATLAS Simulation Preliminary - x - ATLAS Simulation Preliminary -
0.2:_PYTHIA8 EM+JES - \@“f 0.4F-PyTHIA8 EM+JES -
-l <0.3 e W0 GS ] c - ml<03 e W0 GS .
0.15F-anti-k, R=0.4 = GS_, = -% 0.3F-anti-k, R=0.4 = GS_, =
. v GS . 9 - - A GScalo+track .
0.1~ geey 2 leading jets o 0.2 T, v GS E
C - b N C Bl ]
0.05 T, ey = 0.1 by =
- > v . 1“1#:.: T : C ﬁllm*";ﬁn ]
MY Yy v vy - ) ]
002_ . ' l I Nb 005_ - .
O gy aan i ] o O -~ e mmmm e -
002~ l IS = 0050 L eTIrIIpiERRERRaas
004 TNV e o ® 01 i A -
20 10% 2x10° 10% 2x10° < 20 10% 2x10? 10% 2x10°
P [GeV] @ P [GeV]

Improvement from
tracking variables

Improvement from
tracking variables
at low p;

Improvement from
calorimeter
variables at high p;
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Jet calibration overview

Applied on MC

CMS DP -2016/020
JETM-2016-002

Residual in situ jet energy scale correction:

* Brings the energy response of jets in data and MC to
agreement, reducing a major source of systematic uncertainty

jet ref
< /p > Reference objects:
< jet / pref> L, v, lets

DATA

JE insitu _

« Jet energy scale uncertainty determined by the uncertainty
on the measurement of the jet response in data
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In situ jet energy calibration

Relative 7n inter-calibration

i

b
central jet ref % ’
(ref) Pr & %
beam axis
fOFWar’d Jet
phrebe e

Di-jet events

Run2015 2.1 fb" (13 TeV)

C 1.2_ T T T T | T T T T ‘ T T' T T | T T T T ‘ T T T T | ]
2 - CMS Anti-k, R = 0.4, PF+CHS
O , . .
@ 1151 Preliminary .
S . .
O 11 ‘ ]
o r
2 ! :
© 1.05 . R
ol ol
T e > E
k=S W-,;‘ﬂa!a"*ﬁ S B
- ==
0.95]- K =
C = 60 GeV *
oof + 120 GeV E
“r + 240 GeV
480 GeV
0.85C"_ Nominal =
: 1 1 1 1 | 1 1 1 1 ‘ 1 Il 1 1 | 1 1 1 1 ‘ 1 1 1 1 | :
08 1 2 3 4 5

Absolute p; calibration

pr leading jet

Multi-jet events

pT non-leading jets

pr recoil system

Data/FlesponseMC

Response

—
IIII|IIIIllllllllllllllllllll

o
©
o1

o
©

0.85

0.8

anti-k, R=0.4, EM+JES
Data 2015

IA'i'LLQIS'F"rIeIiminarly ]
\s=13TeV, 3.2 ]
I nl<0.8 i

multijet

I+ jet
— Total uncertainty
[l Statistical component
1 1 11 | 1 1 1 1 I 1
20 30 102 2x10° 10°  2x10°

PP [GeV]




Systematic uncertainties

Fractional JES uncertainty

o
—

O
o
®

0.06

- Data 2015 Vs=13 TeV ATLAS Prehmlnary
[ anti- k, R =0.4, EM+JES + in situ correction

0. O
— "= [ Total uncertainty

=== Absolute in situ JES
== Relative in situ JES _
| ==== Flav. composition, unknown composition -
-------- Flav. response, unknown composition -
Pileup, average 2015 conditions —

=+ Punch-through, average 2015 conditions N

||||||||| TTO 'luuuuuuluulll T '.l.....l...--.--.llll'lllllll-lll|l:l.. - T L
I‘J e A A v g om0 4 T R SRANRR
3 3
20 30 40 102  2x10° 10° 2x10
jet
p’T [GeV]
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Jet quantum properties

« Exploit the infernal jet (and
event) substructure to
measure jet guantum
properties:

o Electric charge
o Color charge
* Quark vs. gluons

 Color connections
between jets

« Tools to enhance precision
measurements (Higgs, VBF
final states) and to
characterize new physics
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Jet charge (I)

pp — wit, Pythia 8
(re-showered 10k times) pp — wii, Pythia 8
“ 6 S g 3
300 ® %
5 ® o
) Q@
% = 200 g i 5 o
4 100 § | :
S 4 S
3 0 2 3 0 =
: 1008 8
2t @ 2 >
| = 2003 . ; 3
. : &
“ -300 1
L 4
B2 40 1 2 3 S 10

1] "

E q; X(pT

(p T zEtmcks

Weighted sum over track

charges is an experimental 0 =
handle on the electric charge J
of jets (Field, Feynman, 1978)

50



Fraction/0.04 e

0.1

0.08

0.06

0.04

0.02

0

Jet charge (II)

-2

ATLAS Simulation
|'s = 8 TeV, Pythia 8.175 CT10 AU2
p, > 500 GeV gluon
v/ /A up
XY anti-up
down
il mmmee anti-down
N I /
| .
-15 1 05 0 0.5 1 1.5 2

Jet Charge (x=0.3) [e]

Q) =

Events/0.07e

Data/MC

700

600

500

400

300

200

100

ATLAS-CONF-2013-086
CMS PAS SMP-15-003

III|IIII|IIIIIIIII|IIII|IIII|IIII|1_1_

-

ATLAS Preliminary

V\s=8 Tev,I Ldt=5.81b"

—$— u* Data 2012

k=1.0

—$— " Data 2012

[ p* MC@NLO 1t

[ Jwmc@nLon

[E55] w* Background (MC)
4 [ZZ7] w Background (MC)

E g, x(p;)"

lEtracks

Jet Charge [e]
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Color flow: jet pull (I)

ignal
Observable designed to 3 Higgsigbb '
be sensitive to the color 3
connections between the ;i ®
hard-scatter partons :
initiating the jets i S 0,~0

™

..........

......

Background
- gluon>bb |

4

....................

o Multiple physics -3 -2 -1 0T 2
applications (QCD,

Higgs, new particle arXiv:1001.5027

searches...) -1
i ]
Pr || = I
Jet Pull Vectorz o 3
ics  Pr
6 ,(J1,J2) = angle between

Jet Superstructure (Schwartz and Gallicchio)

Lege
«»Pull Vector vp(J))
fp jet pull angle

e Constituent of J; (size weighted by pr)
5

J; pull vector and the vector
connecting J, and J,

ATLAS-CONF-2014-048

L4

Ay =y -y,



Color flow: jet pull (II)

19.7 fo' (8 TeV)

g 008
- - CMS
S 0-07:_Preliminary +gg1’j2; (:/la(;a—
0 = ———-
% 006:_ pj+>200 GeV +e(t1,§) data—_
N 1 1 ]
0 o.05[ :-$+----9(t1,81) MC
0.04]- +++ '# E
# ¢ + :
0.03
**31%* th %**W #
0.02
o.o1_ s
0.00b—— L L. L
« Study jet pullin data using jets CMS-PAS-JME-14-002 9

from hadronic W's in ttbar events ATLAS-CONF-2014-048
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Quark-gluon jet tagging

Distinguish quark from gluon
inifiated jets using jet
properties that result from
the different color charge
between quark (C;=4/3) and
gluon (C,=3) partons

Gluons are expected to
have more particles, be
wider, and have a softer
partficle spectrum

cC O-SJ T TT T T 7T [Ty rr[rrrrrrrrs T
S F ] ]
= ~ == T §
gO 45: —=— Calorimeter Width E
Q (0.4~ —* Track Width -
$ = EEC Angularity (tracks,p=1.0) .
0.35~ -o- EEC Angularity (tracks,=0.5) ]
E EEC Angularity (tracks,=0.2) .
0.3 EEC Angularity (tracks,p=0)
- 4
0.25¢
: —e—4 4
+
0.25 + ....... s TTLECERRRRRY .E
T - A —I_ —
0.1 55’ __:"A"__A__ A__A_—L— A—
0135 \s=7TeV .
0.055 ATL.AS Simulation
O Loy s v byl

| 'l R R |
50 100 150 200 250 300 350 400 450
Jet P, [GeV]

Eur. Phys. J. C (2014) 74: 3023

CMS-PAS-JME-13-002 o



Quark-gluon jet tagging

Gluon-like

I L] T T T l T T L] [ ¥ l 1 1

d§18:— »
16 ATLAS Simulation 0.9
C Discriminant for MC-Based Tagger| —{() 8
14__ Pythia MC11, \s =
: 0.7
12

0.6
0.5
0.4
0.3
0.2
0.1
-0

L PR S TR S S
0.1 0.15
Track Width

Quark-like

L = a/(g+9)

- 9
© N

© o o o
—
A O

Normalized To Unity
o

o
o ©O

0.06
0.04
0.02

CMS Simulation Preliminary, (s = 8 TeV

nl<2 40<p_<50 GeV

| |Quark Jets
|| Gluon Jets

% o2 0.4 0.6 0.8

Quark-Gluon Likelihood Discriminant

_LIIJIlllIlllllllllIIIIIIIIIIllII[l]IllIlI
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Boosted EW objects

Due to the large hierarchy of scales at the LHC (Vs>>Mg,).
heavy electroweak parficles can be highly boosted

R=0.4 Jet
o'/_‘\\".l

.~ b
: \b,/"\
M(G) = 2 TeV b N

DR(bb) ~ 0.25 7

M(G) = 500 GeV
DR(bb) ~ 1.0

:\_ p /

Boosted regime: EW decay products are colimated and
merged within a single jet
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CMS Experiment at LHC, CERN
Data recorded: Sun Jul 12 07:25:11 2015 CEST
Run/Event: 251562 / 111132974

Lomeecon 22 170 Boosted top pair
candidate event

‘Compact Muon Solenoid
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Jet substructure

. . ) Single large-R jet
Use large radius jets + internal jet \

structure: /
Large-R jets from the decay of a UG e
massive particle have different ~ RN
characteristics than jets originating RN /?'
from quarks and gluons (soft 2-prong structure  Soft emission
divergences in QCD)

See K. Ellis’ lecture 3 * Jet mass

 N-prong structure
* Radiation pattern

 Two main challenges:
o Very large QCD background
o High pileup
« Contamination proportional to the area of the jef:

o x6 increase from R=0.4 to R=1.0
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Jet substructure

Two maijor ideas:

Tagging Grooming

Reduce
contamination
from pile-up

|ldentify the internal
structure of jets

Reduce QCD background Improve the signal
mass resolution

Many techniques!

« frimming, filtering, pruning, mass drop, soft drop, HEPTopTagger,
Shower Deconstruction, N-subjettiness, planar flow, energy
correlations, template method, jet images,...
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Jet trimming (1/4)

ATLAS Preliminary Simulation Pythia di-jet

—III-IlIIIlIIIIII,IIIIIIIIIII'IIJI'j_lIIIIIII—

(o))

¢ [radians]

BN

|IIII|IIII|IIIIIIIII|IIII|
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10°

—h
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P T T AN U T T U N U U A A A A AN AN NN P LA AN AN AN

-3 -2 -1 0 1 2 3

N
BT T T

"<_,_._—|1|||||1||1||'|||1|||||1||1||1|

Pythia di-jet event (QCD background)
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Jet trimming (2/4)

ATLAS Preliminary Slmulatlon Pythia di-jet

— L B O 7 4 B TT T LT T T[T 7T

g £ R R

S L ~/ - -\ ]

S5 S - E

< ' ' \\:‘_ - ]
af— - -
3_— o f_’-:‘-\‘\ = ——;
u .f/ . \s :i
- lf . - 1 o ,
B "t . “pm 10
: -s-\.:—-"'/. : 102
11— .ot —
» 14 10
0_11|||1||1|1||1||1||IL.4—.11'|1||1| 11111 Ly oo10 | 1
-4 3 2 1 0 1 2 3 4

Anti-k; (R=1.0) jet built from topo-clusters (p;>20 GeV)
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Jet trimming (3/4)

ATLAS Prellmmary Slmulatlon

Pythia di-jet

(o))

¢ [radians]

s

P, [GeV] [ p_ fraction
= = -
~n -t

2 . ‘1{"'1.)
!, -
1 "“"i‘i’ ; :",’,i:
N _m - 10
[ w@@u_‘_; 1
0-4 -1 0 1 2 3

<a

Re-cluster jet constituents with the k; R=0.3 jet algorithm: subjets
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Jet trimming (4/4)

ATLAS Preliminary Simulation Pythia di-jet

'm'silllllllllllllll/(lll lllll-—%

C L S Z

S [ ~ o

- 1

s

< C .
_ 10
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=
L4

B o cev) T
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o A" | 1o
11—/ :

o . 10
0:|l\ lll’/lllIlllllll-:ﬁ_l.l|.ll.&‘J—‘—‘—U: 1
"4 3 -2 -1 0 1 2 3 4

y
. . sub et jet
Remove soft subjets if < fcut -Pr
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Jet trimming (QCD)

ATLAS Preliminary Simulation Pythia di-jet
| I LI N

)

c 6 6

(4]

'-6 1
8 :

.e.

N
T T

T T T T TT [TT T T RTTT7T TT T T IT w
= - L

[ - ] c 6

- ' L . & L

- : .- . - O r
— 5 - — (U

— . = . — o

— ! I- _ _

- p : : ] < [

DU
|. :5
|||||||||||.|||||||||||||||_c,_D.:
BT o cev) NN p_fraction

Grooming effectively reduces the area of jet, reducing
the jet sensitivity to pileup fluctuations
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Jet trimming (W/Z)

ATLAS Preliminary Simulation

W'SWZ, m =2.8 TeV; p/*=300 GeV ATLAS Preliminary Simulation

W'—WZ, m, =28 TeV; p['=300 GeV

De —
C L -
s f = 1
T .‘_g
85 ©

o=
= - 10"

S

W
-
<
[

-
ou

N
I I
3

[y
o

1o b b P b b
M o (Gev) IR o fraction

—

Grooming retains the hard n-prong structure of boosted
electroweak objects
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Arbitrary units

Trimming performance

JHEPO9 (2013) 076

0.18r | i
s ATLAS Slmulatlon
0.1 6;_ anti-k, LCW jets, 600 < p”' < 800 GeV B
0-14:_ - Ungroomed Z— q§ -
0.12}timmea || Unoroomed Diei
~ jet mass .. —— Trimmed Dijets
0.08[- l\) Raw =
0.06/- jet mass 2
0.04 -
0.02F [ n -
0 i L , ]
0 50 100 150 200 250 300

g Slgnql Z%qq, chkground QCDjeis

Jet mass [GeV]

Improved mass
resolution
(sharpens the
mass peak)

Reduced QCD
background
(improved S/B)

66



Top quark mass with 300 PU

Normalized entries

Normalized entries

SIGNAL: Z'(2 TeV)>it

025 ATLAS Simulation Preliminary
[ anti-k, LCW jets with R=1.0 —e— =0
- No jet grooming, no pileup correction -z ;=80
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0.1

0.05

T m*<1.2, 500 < pJel <1000 GeV e =200
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IIIllIIIIlIIII'IIIIIIIl

50 100 150 200 250 300 350 400 450 500
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L I L
T I T I I T I T I

ATLAS Simulation Preliminary
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0.14 No jet grooming, no pileup correction s ;=80
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W jet tagging

65 GeV < mj <95 GeV

1:2/1:1 of jet

1 .
TN = d_ E pT,k mln{ARk,axis—l 70009 ARk,axis—n }
0

0.08 -
* n-subjettiness: —_ Wiets
0.07¢ — QCD jets
o Measures the n-prong 006! | |
. () .
stfructure of jets 2 Thaler &
L 0.05} Van Tilburg
(&)
o SwMR | Seocominos S 0.04|
A Wjetl «« - QCDjet =
18/ 5.4 C '\\\ E 0.03¢
oot o - 0.02¢
Thl PR 0.01}
1;0_2 0 02 _(;_4 06 o8 3 L 12 A —0.—8_-—_0.6 0.4 -0.2 0 : : ' '
" ! 0 0.2 0.4 0.6 0.8 1
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W jet tagging

13 TeV
g’ 1 I I I | I I I | I I I | I I I | I I I
c,o_Q : — Cz p=1 CMS / '
. —— C,B=15 Simulation Preliminary f i
0.8 - C,p=2 L
- —— QGL
: ---- Subjet 2 QGL |
0.6 ! o
. —_—————- ‘C.l _
T i
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Top tagging (Run 1)
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Higgs tagging

angular distances

 Double b-tagging

provides most of the
discrimination power

ATLAS-PHYS-PUB-2015-035

Multi-jet rejection

Large R=1.0 jet

R=0.2 track jets

Use small-R (R=0.2) track-jets to resolve b-hadrons at small

Associate b-tagged frack-jets to un-groomed large-R jets
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Very high p jets

« At very high boost, the
decay products of EW
objects can merge info
single cells

 Track-assisted mass:

calo
m = mtrack X p T
track
/ / i p T i
Measure

substructure Measure p; with
with tfracks calorimeter

ATLAS-CONF-2016-035

0.05

Low p;:
Calorimeter better

T T I T T T T T T T ] T T T
. ATLAS Simulation Preliminary
| \s =13 TeV, W/Z-jets, | < 0.8

L

- Rm - meCO/m

- .
”zl

I T

truth

|
- mCBO

— mTA _____

. mcomb

——————

Truth jet P, [

High p;:

' T RS P N
500 1000 1500 2000 |[2500

&

TA-mass better
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Jets and machine learning

- Jet tagging as a computer vision problem

« Utilize state-of-the art image processing/classification to
analyze jets in new ways

hadronic top . .

candidate

leptonic tc.p

- candidate
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Deep learning W tagging

New data representation: the jet-image
o Calorimeter towers - pixels in a camera
Use all available calorimeter information

Enable the use of cutting-edge computer
vision image classification algorithms (deep
neural networks)

Convolved
Convolutions Feature Layers

Max-Pooling

arXiv:1511.05190 Repeat
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Deep learning W tagging

Pythia 8, Vs=13 TeV Pythia 8, W'— WZ, s =13 TeV

250 <p, /GeV <300 GeV, 65 < mass/GeV <95 240 <p /GeV <260 GeV, 0.19.< T, <0.21,79 < mass/GeV <81
= st £
S 150~ 2 0.19<7,<0.21 06 §
s —_ mass < | signal-like 04 8
T X3. be’[’rer ZQE{ § o5 background-like %
s |\ rejectionthan _ 30 02 8
2.,,\ \ n-subjettiness Fisher 8 ©
S Maxout s O * U
L b ©
g I —— Convnet E I - oo &

4444444444 Random _05j
A -0.6
o b b e Ly
- 05 0 0.5 1

[Translated] Pseudorapidity (n)

Deep correlation jet-image: Pearson

Correlation coefficient of pixels intensity
Signal Efficiency with the network output:

how discriminating information is
contained within the network

« Large performance gains beyond jet substructure observables
« Visualization of the discriminant adds a new capability to
understand the physics within jets



arXiv:1509.02216

Fuzzy jets

View jet clustering as an

unsupervised learning task o i

. T 1
For state-of-the-art clustering, every 2
clustered object belongs to exactly B |
one jet T
Fuzzy jets: incorporate probabilistic Lf\ s o\
membership, in order to learn new I T [ S

features of the jet structure

ISiqan: Z' = tt . Bac?quo]und:IQCEl)

MOdified GGUSSiqn §0-25:_ F]’YTIHUI‘BI L EI]QICdﬁl ] g102:_ PYTHIA 8
o o [ Vs=8Te Lz — ] S ]
Mixture Model (IRC £, 525 =w-w] 5 O\, eV
safe) 50_15—_ ; 9 7 |
Algorithm learns ok 12 [
the jet shape i S [ e
Improved top : : ¥ 150 Gev < m% < 200 Gev
iagging performcmce b 0.5 i 06 07 08 09 1

Leading Leamed o Signal Efficiency
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Missing ET

* One of the most important
observables in searches for new
physics (SUSY, dark matter) and
precision measurements (H, W, top)

« Transverse momentum imbalance
of the event

o Relies on the reconstruction (and
calibration) of all high p; objects in
the event, as well as the
‘un-clustered energy”

o Pile-up is a major challenge Track Soft Term (ATLAS)
PV-tracks outside hard objects
miss __ yrHARD n ESOFT PUPPI (CMS)
x(y) _ x(y) x(y) Scale the 4-momentum of
/7 pflow objects based on a local

pile-up probability

Jets, e, u, v “unclustered” E; .
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Missing ET Performance

Measured in /+jef events

+CMS preiminary 12.9fb" (13 TeV, 2016)
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Missing ET Significance
CMS-PAS-JME-16-004

« Estimate the probability distribution for
ME; due to resolution fluctuations
event-by-event

S = 2111(L(‘9 = MET))

L(e=0)

CMSpreiminary 1291 (13 TeV, 2018)

-x'd.ol 2
. «Daa
! BTop
BEWK
' DZ - pp

g™ > 50 GaV

Low ME; significance

Events / 2 GeV

—
v

I

Data / MC

e O .

+ +
High ME, significance LR o 3 S




Summary

- Jets and missing ET are key signatures for the analysis of
LHC data

o Quark, gluons, heavy electroweak particles
o Quantum properties

 ATLAS and CMS developed sophisticated techniques
for the reconstruction and calibration of jets combining
calorimeter and tracking information

o Different approaches motivated by the different detector
strengths and capabilities

« Many different jet algorithms and jet substructure
techniques have enabled a rich toolkit for the analysis
and interpretation of events at the energy frontier
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Reducing fluctuations (III)

=sponse

Q - ATLAS Simulation Preliminary |

S 1 .2—Pythia Dijet \s = 13 TeV —

§ | EM+JESwW/0 GS R=0.4 anti-k, n|<0.8 |

o ) A7) 30<p™" < 40 GeV

a 1.1; ¢ ™ 8o<p"“‘“<1ooeev -

’ 350 < pirtt < 400 GeV -

Higher than __*' ++ : Pr _

average response i, . 4 Average ri

1 i “_‘_ !‘tw .................. i

i
i - i
- ¢

i, 55 > i

Lower than R T

N average 0.1F E
response 5
0.05F

Arbitrary Units

%
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Forward pile-up jets

ID tracker coverage

ID tracker coverage

- Challenge: how to associate the
vertex origin of forward jets,
outside the inner tracker detector

., HSjet

22 QCD
pileup jet

- Stochastic
" pileup jet
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Forward pile-up ]et taggmg

) [radians]

Use tracks in the central region to
indirectly tag forward pileup jets:
Exploit angular correlations of QCD
jets produced in pile-up interactions

ATLAS Simulation Preliminary

(<2]
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o o
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ID tracker coverage

QcCD

??

HS PU

pT=47 GeV
Central QCD PU Jet
JVT=0.0,AR;;=0.38

pT=35 GeV
Forward QCD PU Jet

W Jets
Tracks from PV
Tracks from PU Vertex 2

Back-to-back QCD pile-up in the central region

" pileup jet
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Forward pile-up jet tagging

<Jet Multiplicity>

2— I I I I I I I I I I I I I I I I I I I I I I I I i
- ATLAS Internal -
1.8~ PowhegPythia Z—pyp —
- Anti-k, LCW+JES R=0.4 :
1.6 |n|>2.4,pT>20 GeV _
[ >= 1 truth HS jet with ni>2.4,p_>30 GeV :
1 .4'_ Z boson pT>30 GeV _
- —— :
- e ——
.20 ) L :
1i * 1 improvement
0.8 —No forward JVT _
- —forwardJVT: 94% OP ’
0.6—— forwardJVT: 85% OP ]
i 1 1 | I 11 1 | I L1 1 1 I 1 1 1 l 1 1 | |
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ATLAS-PHYS-PUB-2015-034
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Expanding the use of ]ets

g 4 WH’IA’TLAS S|mulat|on — 200

. . . . c 35 Pythia Z'  f, t - Wb 150

Many motivations to use jets with  ~ e

different R parameters | 120

. . 1. —{100

« Angular size of jets produced by a 1-lso0
massive particle scales as 2m/p; o0

» Pileup contamination scales as R? t ‘ -0
0706200 300 400 500 600 700 800 ©

Py [GeV]

B o LA AR ALY LA R MMM A A e
- ATLAS Simulation 1

- anti-k, LCW jets with R=1.0, No grooming applied
1.6/~ Dijets (Pythia)
- Before mass calibration

1.4} 2 -

Y TN

= v -
1 e Y
v' M

L é 4

A =

Major experimental limitation:

 jet calibrations and uncertainties
need to be derived for every jet
collection

0.8/

06 .- . . on
- Jet mass calibration’

0.4 Colors:jetE . =

54321012345
.Jet1]86

Jet mass response before calibration




Jet re-clustering

* Build jets from jets JHEP 02 (2015) 075
« Infroduce a new angular scale r <R at which jets are calibrated

» Cluster radius r jets into radius R jets
o Large-R jet calibrations (and uncertainties!) propagate fromr to R

Vs=8TeVPYTHIAZ - fi, m,=1.5TeV

8 : %? :: T T ] T I: 8 T ] %& T | I
()] * . )
5 2 . X 1 B 2 -+ T
c c
< i . g i
= | 5 |
3 ®  Stable Truth Particies =] i siatle Tnah Parces
E o cah—— £ o - .
< i * anti-k R-1.0 Jets .&f‘ v i * anti+ R=1.0, -0.3 Jat i}(
i . 3 i >
2r - -2+ _
i - i
5 o _ l : | l
2 0 2 -2 0 2
Rapidity Rapidity

« Allows for unprecedented flexibility to optimize the R jet
parameter in the context of specific physics analyses
o Improve the discovery potential to new physics 87



Reclustered grooming

* Discard small radius r jets i re-clustered into large-R jet J if:

J
Pri < Jou-Pr

I

— P T T T T T | p—
B 1 I I I I I I 1 I | I I I 1 ] I I I i > '
> [ PYTHIAW — WZ — llgqf ] » (PYTHAZ-t | -
Q) . 1 O Vs=14Tev,m_=1Tev  [J]Large-R Trimmed
™ 0.25+ (s=14TeV,m, =08TeV 3 @ 0.1anik R=1.0,p” > 350 Gev —e— RT antik -
= - jot 1 = ! ! = RTCA )
% ' anti-k, R = 1.0, 200 GeV < p_ <300 GeV ] % RTK
0.2 [[1] Large-R Trimmed ] i |
—o— RT anti-k, ] B 7
0.15 R RTCA . . Top jets |
— RTK, :
] 0.05F ' u
0.1 . r=0.3 . TV " r-0.3 -
- ; fo1=0.1 . R WJetS' f =01 4
L P i cut
0.05f \ L . ' .
O = 1 - ; MW) 0 L e R bbbl 4l
0 100 0 0 200 300
Jet Mass [GeV] Jet Mass [GeV]

- Enables a natural transition between large-R and small-R jets
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JVF pileup jet suppression
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Jet calibration overview

 Two main goals:

1. Reduce fluctuations (improve resolution)
« Event-by-event pileup subtraction
« Jet-by-jet corrections

2. Reduce data/MC differences (improve unceriainty)
« Jet energy calibration determined from data (in-situ)

« Jet-by-jet techniques to reduce effects not well
modeled

o Pile-up jets: Jet Vertex Fraction

o Flavor dependence of the response: Global
Sequential Calibration
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Average JES correction

Jet response at EM scale

xperimental challenges
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Pileup subtraction

arXiv:0707.1378 [hep-ph] 200

Determine the median p;
density (0 ) per unit of area of
each event, and the jet area (A)

jet,corr

pr"" = prt = px A

k; algorithm, R=0.5

1.2

Ap. = pAiap\/Z

Geometrical
contamination

Fluctuations in
the noise from
point to point
in the event

92



—i
O
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* JVF makes the jet
veto efficiency
stable with pileup
without the need to
raise the jet p;
threshold
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Pattern recognition and
machine learning

in jet physics
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Computer vision: jet images
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W-jet efficiecy at x10 QCD-jet rejection
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Jet-image W tagging
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Connection between jets and images enabled the use of computer

vision algorithms to jet tagging for the first fime

Improved performance with respect to state-of-the art methods

Visualization of the discriminant adds a new capability to
understand the physics within jets and design more powerful jet

tagging methods
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(p) [GeV]

Topoclustering
pileup suppression
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Linear behavior of rho
up to high mu for fixed
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Higher pileup sigma
noise values lead to
partial suppression of

pileup

Optimization of
topoclustering sigma
noise is key to
reconstruct jets at
high luminosity
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New jet-vertex tagging
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Normalized Entries

Efficiency

Jet Vertex Tagger (JVT)
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High multiplicity
searches using jet mass

« Search for events with four large-R jets and
use the total-jet-mass event-level observable
to separate signal from background:

4
. |
Mi= Y m"

pr>100GeV
|17|<2.5
« Large-R jets in high multiplicity events have
a multi-prong structure from the accidental
merging of partons resulting in large jet masses

o Jet masses do not correspond to a parent’s
particle’s mass

A. Hook, E.
) Izaguirre, J.
« TwoO assumptions: Wacker, et. al.
o Jetrich environment (arXiv:1202.0558)

o Large-R Jet masses uncorrelated
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Total-jet-mass
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Total-jet-mass
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Total jet mass sensitive
to gluino mass and

mass splitting:

Mg =M
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inputs

Topo-clusters

(pileup
noise threshold)

Jet calibration

Local cluster
weighting
(LCW)

Pl(le;Jp noise: EM/HAD ;ahb _ (pT _ ,OA
ol classification
= 4r 3 1 SRR AR RS SRR RARLY RARAN A
%55— )-like o 3 1 45 Anti-k, EM R=0.6
? N 2 HEEE -z 1=
Foo —0.7 C
8 oM 2 0.8
ey 06
i . 06 — N 4
‘52 ' 0.4F
1.5: 2 —10.4 0 2:
J3s EM-like [g0s Bk
= 0.2 Oﬁ —=— Offset Correctiont 1
L g’ ’ -0.2F —* Residual Correction
0'5:2 -nergy d¢"5 i'y 0.1 - —+ Closure
E | —> 045 T N T T N T N
GIIII Lt et r el 11 0 L b e e brr et brr e b
9 -8 0 05 115 2 25 3 35 4

5 -8 7.5 -7 -6.5 56 -55 -5 45 -4
Iog10(<p°e"> (MeV/mm®)) - Iog10(EcIus (MeV))

Jet energy scale

Event-by-event

pileup

subtraction

Residual offset
(out-of-time,
occupancy)

a(NpV - 1) - /3<M>)

i

Data/ ResponseMC

Response

x JES

/

« ATLAS simulation ]
* v B36shli<44 ]

03=Mml<08 ]
21=l<28

1.8 -
1.6 2 .
[ 4, i
L . ]
L N ]
1.4 ‘a . ]
[ v fa, . ]
L T A A A -
1.2 AR PR N
[ Anti-k, A= 0.6, EM+JES ]

L TR | L L Ll L L

20 30 107 2x10° 10> 2x10°
Py [GeV]
1A T — ]
C antik, A=0.4, LCW+JES %Tf‘;i'e’ljemi .
1.05:_ Data 2011 v de‘=4'7 fb _:
1+ l Lidid { .
: SisassanilE
0.95— o Z+jet =
: " el Insitu
09 - & Multijet B
r — Total uncertainty J ES 7
r [l Statistical component b

08 I I PO 2 I 2 I - 3
20 3040 10 2x10 10

P [GeV]

103



Topo-clustering at high
luminosity

« Adjust o pileup noise for each y configuration

« Optimization of local calibration for EM/HAD cluster classification for
each pileup noise value

o Derived from single pion simulation with ¢ =0 and o ( ¢ >0)
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Efficiency
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Jet Vertex Tagging
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Jet charge in boosted W jets

ATLAS-CONF-2013-086
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- Different ways to define jet charge in a boosted W jet
o Using the sum of leading subjet charges leads to worse separation

« Optimal definition makes use of all associated tracks
o Grooming has not impact 106



Jet trimming

Jet contamination from pileup, 4

underlying event, and initial state Recluster jet constituents

radiation is softer than hard- into k; subjets with small R
scatter partons and final state 2. Discard subjets with:
radiation:
i et
o Remove soft components of the jet pr < fcm.pj{

o Reduce the area of the jet

ATLAS Preliminary Simulation
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Multijet event (R=0.4)

ATLAS Data s =8 TeV, 20.3 fb™
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Multijet event (R=1.0)

ATLAS Data s =8 TeV, 20.3 fb™

L.I-'I

¢ [radians]

I

w
IIII|IIII|IIII|IIII|IIII|I.III|

—— .. s D [GeV]

M anti-k (R=1.0) jets ‘ .
OIIII|IIII|IIII|II IIIIIIIIIIII'

I

N

I

w

I

N}

I

—h

o

—h

N

w L]
‘<_|;||||||||||||||||||||||||||l|||

109



Multijet event (Trimming)
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