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Jet finding techniques at LHC
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Introduction

* Jets are collimated stable particles

originating from partons (quarks & A \ : |
gluons) !
* Reconstructed using algorithms "' L[ CaloJets
* Related measurements are corrected "—\
and calibrated Observable \\\ N// 2
Stable If"articles GenJets f
Yo Wi -
* LHC explores the TeV scale A Hadronization %
* Many multi-jet final states T:ﬁzry _________ J § --------- §
* Many models predict heavy particles Modeling . \.' 27 .
which give a boost to their decay l 1% 1 Partons
products leading to merged jets '




ATLAS and CMS detectors

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Detector characteristics

Width:  22m 3 (B
&“J,e."?" :f"s:m &= Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

* AT strong magnetic field * Good intrinsic resolution on hadrons
e Small Moliere radius in Ecal * Hcal outside solenoid
* Precise tracking, calorimeters in

Magnet



Jets in ATLAS

Jet reconstruction

jet constituents jets

Simulated Jet finding

particies Truth jets

Jet finding

Jet finding

Calorimeter jets
(EM scale)
Calorimeter
clusters
(EM scale)
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Calorimeter
clusters

(LCW scale)

Local cluster
weighting

Jet finding

Calorimeter jets
(LCW scale)

Calibrates clusters based on

cluster properties related to
shower development
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ATLAS-CONF-2013-004




Calorimeter Jets in ATLAS

* 3D Topo-clusters:

Group of neighbouring calorimeter cells ¢
topologically connected. .

Cells selected based on energy significance

(|E|/0) where o is the cell noise - 2 2 2 .
© 2 a4 200 3
* Topo-cluster calibration: Bzzz2:2 8 5
— Wl @eEe
Identify hadronic clusters g
Apply weights for hadronic response n 3
—> defines Local hadronic Cluster Weighting Seeds: a
scale (LCW scale) |Ecel| > 40
Neighbors:
|Ecenl > 20

* Calibrated Topo-clusters used as inputs

for anti-kt R=0.4 or 0.6 jets % Surrounding Cells:
|Ecenl > 00
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Jet calibration in ATLAS
2 2 XD X» )

ATLAS-CONF-2013-083

* Starting from EM or LCW jets

. A — 1 LU l TTTT l TTTT l TTTT l L l TTTT l TTTT l TTTT TTT

- > - .
* Jet area based Pile-Up (PU) correction > - ATLAS Simulation Preliminary ] <
S 0.8 Pythia Dijets 2012 - g

> B . ]
. - ti-k, LCW R=0.4 . O
© 2012: Jet-areas correction of event-by-event rz: 060 am " B o
fluctuations, same for all jet definition (modulo ;_._ T S g . " =
(WN]
residual correction) © 9 4_' " N )
. B N L
. . L - @)
pe. = pr — A.p where p=Median p; density 0.2¢ P A =
()

()

N T
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+ residual offset correction.

O
[\Y)
T T | L

—m— Before any correction

. . C i | —a— After pxA subtraction
In 2011: Only.average co.rrectlon parametrised by _0.45 s After residual correction

Number of Primary Vertices (NPV) and <p> I N B R R R R S
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Jet calibration in ATLAS
5 2 2D XD , p o

s 128 2011 JES: Antik, A =04, LOWsJES
i - Barrel-end :
2 1:_Barrel Transtion  HEC #g?\sft%ﬂ R B
O E ]
e Jet Energy Scale (JES): calibration through = £ - E
. N . . ::ﬂ]ﬂ B OA Clﬂ A‘AAA A A A‘ ]
multiplicative factor based on jet response. 3 R R T “‘“’“0 Sgar Masatat | 3
8. 0.9:""'0. °°o". o° .. D“ 400" =
@ - et eleose “ate .
_ S 08 . ° =
* E, pT dependent correction factors 3 C ] S
: 0.7F < 2
* Energy and 1 corrections - | =
* E=30GeV © E=400GeV J ©
O-G—QTLA?St ° E=60GeV 4 E=2000GeV] =z
- Slmulation a =
EEM(LCW) 0.5 et T TR TR TARA A TR TR T =
gEMwew) _ [ Pt 0 05 1 15 2 25 3 85 4 45 =
—_— — T— [T
E;étlth Jet h]dml %
(] - ' T L | T T T T T
9® 11E antik A =04, LOW+JES ?_"-‘QST P\r/el;":ma(;ya Bl 2
. .. . . . € 1.08F eV, Il <0.8 :
* Residual in-situ calibration applied to dataonly. g 't Data 2012 1
* Based on correction factor: é’ 1.04F =
* Exploit pT balance between jet and reference m§ 1.02 E
object. 2 g E
8 0.98) =
< /pref> © 0.96fF . = [ 8 J
Responseyic B 0.94F A ?{e‘t — Total in situ uncertainty 7
- E 0 Z+je 7
ResponseData <p|0t /pref> 0.92F v Mulltijet — Statistical component -
Data 093, | . T | B
20 3040 102 2x10? 10°

ATLAS-CONF-2013-004 P [GeV]



Fractional JES uncertainty

JES performance

* Jet Energy Uncertainty components can be sorted in 3 main categories:

In situ JES
Flavour composition and response
Pileup uncertainty

R - i, - i
0 095 anti-k, A = 0.4, LOW+JES +in situ correction ~ ATLAS Preliminary J
" Data2012,Vs=8TeV e
0.08 p*' = 40 Gev [ Total uncertainty =
= = Absolute in situ JES =
0.07 =+ Relative in situ JES
., age . . .
0.06 - ===+ Flav. composition, inclusive jets
-------- Flav. response, inclusive jets £
0.05 . -+ Pileup, average 2012 conditions s
% .
. &
0.04 Z
0.03
"’ ;‘.
0.02 .
0.01 3
" ‘, ~ "
0 IIIII SENAEEEER R R ML EL L L AL TR P LR L L e sssssnnnnnn . Srnnny
-4 3 2 - 0 1 2 3 4

n

Fractional JES uncertainty

0-1 —_— T T T L] L Al L} T L T T T —
0.09 - anti-k, A=0.4, LCW+JESI +in situ correction  ATLAS P:'e“minary_E
“YE Data2012,{s=8TeV 3
0.08 ;_71 =00 [ Total uncertainty _;
0.07 - = Absolute in situ JES =
TR == Relative in situ JES 3
0.06— =+« Flav. composition, inclusive jets =
- « Flav. response, inclusive jets =
0.05F -+ Pileup, average 2012 conditions =
0.043 =
0.03| =
0.02| ..
001 T
0 el T T L L T '.:'.5.1.s4:’.’.’.’:""""“"""""'.-m
20 30 40 10?2 2x10° 10°  2x10°
ps' [GeV]
ATLAS-CONF-2013-004
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Performance with top events

* Cross-check using W decaying into jet pairs in top events
* W mass peak is sensitive to the JES

:""I""|""I""|""l""l'"‘l""I""I"": g 1-1 ""I""I""l""|""I""I"":
g 700F ATLAS E 1.08F ATLAS 3
R V5 =7TeV [Lat=4.7 fo" 3
@ 600 J 106 :
c - I e PN antl k R-O 4 EM"'JES 1 04
e : ] :
o 500_— + ++{ ++ - 1.02F e <
+++ ] 7
400}- H . HH_ . 1 S
+ R ] 0.98 - -
300F"- a=1 *++ R 0.96 - %
- a=0.95 ] 0.94f data2011, [Ldt=4.7 1" E o
2000 .. a=1.05 Bk s anti-k, R=0.4, EM+JES : =
B "+f' + ] 0.92 . >
10 + data 2011 R 0.9 1 ] o)
............................ Q
065 70 75 80 85 90 95 100105110 3040 50 60 70 80 90 e

Reconstructed m,, [GeV] P! [GeV]

* Relative light JES is extracted, binned in pT,
* Mean og=1.0130+0.0028 +0.027

 \
[
o

—

arXiv:1406.0076v2, Submitted to European Physics Journal C




Jet reconstruction in CMS

* Particle Flow (PF) algorithm:
Primary reconstruction algorithm in CMS
Uses all CMS detector subsystems
Reconstructs four momenta of all visible stable particles - PF candidates

Identifies each candidate as muon, electron, charged hadron, photon, or
neutral hadron

neutral
hadron
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.~ charged

Z " hadron

* PF particles are clustered with jet algorithms (anti-kT)

Y EY Y s m]

icjet  igjet i€jet igjet

raw

particles momenta Pu =

* PFjet 4 momentum is the sum of PF [




pT(Offset), GeV

Jet energy corrections in CMS

* Factorized approach to jet energy correctlaoar%éi

Reconstructed
Jet

* Primary corrections are derived from MC

* Residual corrections describe Data MC differences

5 CMS Preliminary \s = 8 TeV : : |
20 i - va=1( 8
ara [
r Simulatior s
C o *Npy=2(0
15 i ' %
: ;m N ».‘

L10Offset: Estimate pT offset in
bins of 1 and NPV

‘ L5 Flavour  Calibrated

'l' "' Jet
CMS-DP-2013-33
CMS preliminary, 20 fb™ \s =8 TeV
C C T T T 7T I 1T T 7T I L L I T UL I UL T I ]
18 (::MS Slimglatlioq Pll'elilmirllary : ——— 'E|= 8 Ttle:' g 1.35 E_ PF Jets _—
17 E_ Anti-kT R=0.5, Particle-Flow Jets - § 1 3 :_ R Dijet data _:
16F . EI;§8G§§¥ = 8125 [l Statistical Uncertainties E
1.5;— = = 1 25 ] JES uncertainty, pT=100 GeV
o =35 1.2 =
14Ee o i
18E o oo °% 81150 - 3
125" = g F
1 ;_ _; Nt .15—
1 z— —i 1.05- ) -
e N S L - E
r N
L1 | | P | |
B R . B R

L2L3 MC corrections: m, pT
dependent scaling factor fully
derived from MC

L2 Residual: Correction factd}
derived from dijet-balancing
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Performance

CMS-DP-2013-033

5 4CMS, 36 pb”’ | \s=7 TeV 10CMS preliminary, L = 19 fb” (s=8 Tev
} — 1 T 1 LI B B 1 T 1 LI B B B i - [ T T T T TTTT I T T T T TTT | ]
L L ] X f == Total uncertainty ]
& 2.2 B CALO ets g = 9F CMS — Absolute scale
w - ’ - <€ gb ~Relative scale
s 2 B8 JPT jets . [ < Extrapolation -
g5 B PF jets ] S 7 = Pile-up, NPV=14 -
o 1.8 = 8 6 = Jgt flavor _((_)CD) E
8 1 6:— anti-k, R = 0.5 E S ) - Time stability _
> | n=00 L Anti-k. R=0.5PF ]
o — 4 n, _1=0 E <
[0} jet 3 7
5 3 = =
CMS-DP-2013-033 3 ©
5] 2 = :
) . =
1 " &
0 2030 100 200 1000 1 00 200 1 00(2000 =
Jet p_ (GeV) G =
T p. (GeV) =
)

* PF jets have small correction factors (compared to CMS calo jets)
* Larger pileup uncertainty in low pT region
* MC JES uncertainty @ 100 GeV extrapolated to high pT region

()




Events/0.02

Pileup jet suppression

* ATLAS during run 1: Use of track based variable: Jet Vertex Fraction (JVF)
Fraction pT from tracks associated with the hard-scatter vertex

Sensitive to <u>

JVF was used to reject Pileup jets

* ATLAS for run 2: Use of a new estimator, the Jet Vertex Tagger (JVT)
2D Likelihood defined in space using track based information (including the JVF)

Using a set of hard-scatter and PU jets as training sample

* CMS: Pile-Up rejection with MVA discriminator combining jet kinematical and shape
variables

CMS Preliminary, Vs = 8TeV L=20 fb’

10°

10°

104

T T
1 -08 06 04-02 0 02 04 06 08 1

L Z—pu
ml <2.5 Jetp_ >25 GeV

Data #

Gluon
Quark
PU

Real Jet

CMS PAS JME-13-005

Pileup Jet MVA

Fake Rate

I_ 1 I T T T 1 I T T T T | T T T 1 I 1
- ATLAS Simulation Preliminar
| PythisB dijets —o JVF
Anti-k, LCW+JES R=0.4 ~e— corrJVF
Finl<2.4 - Rp-r
20<pT<50 GeV - JVT
-1 A JVF=05
107"
-y JVF =0.25
-2
10

N R B B
0.8 0.85 0.9 0.95

ATLAS-CONF-2014-018 —Tciency
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Jet substructure in ATLAS and CMS

* At LHC, a heavy particle will give a boost to its decay products:
Boosted top, Higgs or W lead to overlapping jets 2 merged in one “fat” jet

322:' ’;"'I""I""I'"'I""I""I""I""I' G 4__""I""I""I""I""I""I""IIIII 250 top
;’ 2;— ATLAS Preliminary - Simulation Q': E ATLAS Preliminary - Simulation /f>\
T8k e 35, L EN
Q160 Pythia Z’— tt,t — Wb < ) Pythia Z’ — tt, t - Wb 8200 / \
BF , ¥ w
1.4F o5k bottom
120 150 - 150 g S
s 2¢ | /l %
08k 100 15 100 /M 9 =
8F 5F ) ‘ \ =
E C /l/ 1\ \ 1
0.6F e /N // \ \\ =
0.4 - 50 / il D \\\ z
0.2F 0.5¢ / /’/ (e T \\\ a
- E | | 1 | | | | 1 | E l I 1 | 1 | | / //‘ ‘ ‘ / \ \ \\ =
obme bl b oo b L0 O Y v =0 ;/ / \ >
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 [ \ 5
top p_ [GeV] W p_[GeV] (@)
T T =
)

* Because of small distance between overlapping objects : dedicated tools and
reconstruction are required

* Large radius jets + substructure studies:
Grooming - remove soft components in the jet and improve reconstruction.
Tagging - test if structure properties likely to come from a heavy particle of interest.
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Grooming techniques against Pile-Up

* Grooming reduces the effective jet area, rejecting soft energy deposits
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Data / MC

240

This helps to uncover any hard substructure in the jet
Jet grooming techniques provide better energy and mass resolution.
Dependence to the number of primary vertices reduced
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Grooming techniques against Pile-Up

Grooming reduces the effective jet area, rejecting soft energy deposits

This helps to uncover any hard substructure in the jet

Jet grooming techniques provide better energy and mass resolution.

Dependence to the number of primary vertices reduced

CMS  Simulation Preliminary 13 TeV
9 1 T T T 1 T T T T T T 1
® 50 RS Graviton > WW, Anti-kT (R=0.8) - _ .
S [ <np>=40 —=PF+CHS - s
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= L _ =
° B Trimming Pruning Soft Drop | [a)
@ - i >
O 30 . >
s X 1 2
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20— m _|
_ - i
2 0 % .. .‘ n m i
- ¥ n - |
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[ [ | [ | [ { 17 J
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. r._r 2 2 2z
M %0 3050 1 365052650 3340 s 0000 fus0 81 Fo0
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CMS PAS JME-14-001




Fat jets from Top in ATLAS

* Jet filtering and splitting (HEPTopTagger or HTT):

Starting from fat jets with Cambridge/Aachen (CA) . & ;’::j;y‘"g ovont,
Iterative clustering with minimal mass cut at 50 GeV
Rejection of underlying event/pileup deposits

Sub-jets reconstruction

Recluster to 3 sub-jets with mass constraints o
after filtering E
% 1m—_l L l T T I.'I | LI B B | I L T | LI T [ L I_f' 8 2501 I I I I I I I ' I ] _r LIIJ
2 " Jra-ere ATLAS Preliminary 1 § Tt JJLdt=4-7fb“ ATLAS Preliminary - Z
& = _ i ° - O ] E
2 800 Lla — & o200 Ow-iv J mm
3 C Clw—iv i Q - @z . S
C EHzn -1 4 © - [lsingle Top N =
600 __ - S'ngle Top —_ 150 | Zstat. - 8
- Z stat - [ eData2011 . =

400_— 7 100~ ]

200 - sob- E

0— = - ) - o el —.nr:

0 100 200 300 400 500 600 055040 60 80 100 120 140 160 180 200 220 240

Large-R Jet m [GeV] Top Mass [GeV]

* HTT is also used in CMS Using HEPTopTagger

ATLAS-CONF-2012-065




Fat jets from Top in CMS

* CMS Top tagger

* Input CA R=0.8 jets

* Primary decomposition: find 2 well
separated sub-clusters with
significant p; fraction

* If succeeds then do secondary
decomposition

* Top tagged if jet mass close to top
mass, at least two subjects and with
a masse close to the W mass

Primary decomposition

AR(A,B) >
adjacency
criterion

= continue

*'® Cluster B
Decluster

—_—

B is too soft.
Aand B pass Remove it.
adjacency and
momentum Decluster
fraction criteria again
h h
Primary
decomposition
succeeds
Secondary decomposition
3final subjets
Individually . “
decluster A A ag?ﬂ':ﬁ;’ ass
and B
q
B'andB" are \ ® ..
too close
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Fatjets in ATLAS and CMS

o 107 CMS PAS JME-13-007
ATLAS-CONF-2014-003

—— CMS Top Tagger

---- subjet b-tag

---- N-subjettiness ratio t,/t,

—-— CMS + subjet b-tag

— - CMS +1,/1, + subjet b-tag

-~ HEP Top Tagger

-+ HEP +1 /1, + subjet b-tag
CMS WPO ¢ HEP WPO
CMS Combd. WP1 ¢ LiEp Comb. WPt
OMS Comb. WP2 ) |iEP Comb. WP2

CMS Comb. WP3
CMS Comb. WP4 & HEP Comb. WP3

* Shower deconstruction (SD): o
Calculate the probability for the g’
association between a subjet and g
a particle

& T L L S N N B BB B BB 10
- ATLAS Preliminary Simulation — Anti-k,R=1.0 1

» - ¢ Calorimeter clusters |
[ Z’—>tteventmz=1.75TeV

[ m,, = 77.3 GeV, m,, = 1865 GeV Sublets, /A A= 0.2

] /
B , Matched parton
10 p, > 600 GeV/c

s> HO+

E 0 0102 03 04 05 06 0.7
Top Tag Efficiency

ATLAS Preliminary Simulation
fs=8TeV

-
o
w

HTT (tight)
HTT (default)
HTT (loose)
-SD
m & N-subjettiness tagger VI
m* &{d,, & @ tight tagger V
m* &Y{d,, & @ tagger IV
m® & Vd_u tagger Il
m*® tagger Il

L1lll

—
b odid0 ! »e 4
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* Performance comparisons of
many algorithms:
ATLAS: HTT, SD, ... 1 \
CMS: HTT, SD, CMS Top Tagger, ... 10 Ko, fos aser!

tagging rejection

N — tagger VI: 1, scan
e S I tagger V: {d,; scan
------ m scan
Rt Vd_zs scan

=== trimmed mass scan
[ T4, SCan

o 02 04 06 08 1
tagging efficiency

* Possible to use W taggers, Higgs T gy,
taggers




Conclusion

LHC physics requires efficient and precise jet measurements

Jet finding techniques are adapted to the detectors:

Calorimeter jets with topo clusters which use the good calorimeter
resolution to hadrons in ATLAS

Particle flow jets which use the precise tracker and the precise
calorimeter track matching in CMS

Jet calibration and correction take into account high pileup
environment

Energy scales explored at LHC can lead to fat jets: dedicated
algorithms were developed and will become more and more
important as LHC will restart at 13 TeV

LCWS14

!
L
P
-
a
(NN}
>
-
@)
[an]
a)




