Jets, Subjets, and Particles

>400_llll|lIII|IIII|IIII|IIII|IIII|llll|llll_ -9-6;"“l“‘_l‘l‘_‘l‘lﬁ“l‘l“l‘ T T \I\:
& 4o ATLAS Simulation Preiiminary 3 F é%;g (@Wj'vavgogpég'gg')”aw 1 JVF[jet2, PV1]= 0
=) E | La=20am", VE=8Tey B subjet 3 5:_mW' - 1TeV B JVF[jet2, PV2]=1 |
= 30Qf Timmedjetp,>200 GeV, <12 subje = C 3 N I
3 F @l 2 subjets 7 C : . etz
£ E 3 subjets 3 a- -
& 250 =4+ sulb'ets 3 B (? S ] /
2005 1es 3 . 1 JVF[jetl, PVi]=1-f
E 7 T ) ) — JVF[jet1, PV2]= f
C ] [ — Anti-ki R=1.0 jets ]
150 3 C | ki R=0.3subjets 7
F ] o[-0 hard-scatter tracks I
100 - [ x pileup tracks ]
[ ] [ [ topo-clusters ]
u - 1—% truth Z boson —
F ] [ A truth W boson ]
- ] r %‘X ]
NI R BN il v b L
50 100 150 200 250 300 350 400 Qg

<x

Mass [GeV]

Ariel Schwartzman
(SLAC)

Boston Jets Workshop, 21-Jan-2014
MIT




Jets, subjets, particles

« Jets and jet subsiructure have

u
enabled new ways to interpret
hadronic events X

o Detailed understanding of the internal
stfructure of jets

 Interplay between jets, subjets, and
particles

o Jetreconstruction, calibration and
resolution

o Subjetreconstruction and calibration p
(HEPTopTagger, Shower
Deconstruction)

o (charged) particle reconstruction
(quark/gluon tagging, jet charge,
pileup tagging) D
o B-hadron structure

d X




Average JES correction

Experimental challenges

Non linear je’r response
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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

Itan 6l x sin ¢

boundary

Sigma noise (0): electronic + pileup noise
o Adjusted with u for pileup noise suppression
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inputs

Topo-clusters

(pileup
noise threshold)

Jet calibration

Local cluster
weighting
(LCW)

Jet energy scale

Event-by-event

pileup
subtraction

Residual offset
(out-of-time,
occupancy)

)

5 -8 7.5 -7 -6.5 3-6 -55 -5 45 -4
Iog10(<p°e“> (MeV/mm®)) - Iog10(EcIus (MeV))

Pl(le;Jp noise: EM/HAD ;ahb _ (pT _ ,OA

ol classification

P 1= r 1 SR R AR AR RN RARANRAY

%55— )-like o 3 1-45 Anti-k, EM R=0.6

g . —_| > 12__

3 08 _o -

&y 4 1=
- —0.7 C

8 oM 2 0.8-
o (0.6 TR
8 N 06—t [
20 ° 04F

1.5: g —10.4 0 2:

3 EM-like [g0s I
T 0.2 Oj —=— Offset Correction’
- g’ ' -0.2F —* Residual Correction

0-5:2 Energy density [8o.1 - —* Closure
E | —> -0.4F T T T T T
ollll Lt et r el 11 0 L b e e brr et brr e b
9 -8 0 05 1 15 2 25 3 35 4

i

Da‘a/ ResponseMC

Response

1.8

1.6

1.4

1.2

x JES

/

>

L I L L BB
>

Anti-k, R = 0.6, EM+JES

A
n
A a,

« ATLAS simulation ]
* v B36shli<44 ]

03=Mml<08 ]
21=l<28

20 30

102 2x10?

| L L
10° 2x10°

Py [GeV]

LML L L L L L L ) N L

anti-k, R=0.4, LCW+JES
Data 2011

" ATLAS Internal
\s = 7 TeV, n|<1.2

— Total uncertainty
[l Statistical component

v JLdt=471" _i

Lo 1
STTTTIETT |9

@ Zejet . -
e Insitu

JES

|

20

L " il "
30 40 102 2x10?

10°
P [GeV]




Jet calibration

Correct jets to particle level on average

 Two main goals:

1. Reduce fluctuations (improve resolution)
« Event-by-event pileup subtraction
« EM/HAD cluster classification/calibration
« Jet-by-jet corrections

2. Reduce data/MC differences (improve uncertainty)
 Insitu corrections determined from data (insitu JES)

« Jet-by-jet techniques to reduce effects not well
modeled (Jet Vertex Fraction, p; density)



1. Fluctuations
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FI1G. 4.60. WA results on off-line compensation, showing the correlation between the total
measured signal and the maximum signal observed in one individual calorimeter segment.
Results are given for 140 GeV pions before (a) and after (b) applying a weighting factor,
based on the signals observed in the individual calorimeter segments [Abr 81].

R. Wigmans,
Calorimetry Energy Measurement in Particle Physics



Reducing fluctuations

Use jet-by-jet information to correct the
response of each jet individually

Global Sequential Calibration:
o Track multiplicity, Jet width, Longitudinal p;

fractions
o Improved resolution and reduced flavor
dependence
o 1.1
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2. Reducing data/MC differences

Residual correction (MC-based)
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« Event-by-event pile-up estimation significantly reduces then

reliance on Monte Carlo to derive the offset correction:
o Reduced systematic uncertainty .




2. Reducing data/MC differences

 Insitu jet energy scale correction « Jet Vertex Fraction:
o Correctjets in data only, with the data/ o Reject pile-up jets using
MC response difference track and vertex information
o Enables a significant reduction of the o Improve the Data/MC
JES uncertainty agreement by removing
o JES uncertainty limited by the precision pileup jets not well modeled
of the jet response measurement by the simulation
o — — . — ] - % LNARANRARRE RRRRE RARAN RARRE RN RAREERAREE RARRA
32 11 anti-k, R = 0.4, LCW+JES ATLASPreliminary 3 5 3-28 745 protminary MC, No JVF Cut B
- s =8TeV, |n| < 0.8 3 o s un e B pata Mo JVF Out ]
c 1.08F D \S 1 - Z - upu +jets V  MC, |JVF| > 0.25
o - Data 2012 7 AN 3k , ¥ Data, |JVF| > 025 -
% - T A | anll-kl LCW+JESR =04 o MC,|JVF| > 0.50 _
3 E_ _E i:r- 2.85_ 0.0<m|<2.1 ‘ E\j‘?o'#c‘fr{;n%“ —f
E_ 7 —E \Zj_> ) 6:_ :}j. _:
z_ —i | E f ;DEJ_’.J: E
3 E >4 " E
— ] B ) ,:rj '.. .
- A y+jet in si - E 2.2 g g
0.94 ;_ S Zajet —Tota'l |T1 situ uncertainty _; : | "54*"' R ]
0.92F v Multijet — Statistical component 3 2r ZyT;QMQE?W'W%W%W ]
: : —lllll|ll-1‘l|llllllllIIllll[JlllIlJllIIlll[ll ]
0'9 1 1 1 R | 1 1 1 [ T T 13 0 5 10 15 20 25 30 35 40
20 30 40 10°  2x10° 10

Py [GeV] )

ATL-CONF-2013-004 ATL-CONF-2013-083 10



Jet substructure
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« Commissioned a large number of large-R jet algorithms and

grooming configurations

o Detailed performance understanding: mass calibration, uncertainties, pileup
sensitivity and corrections, subjets and subjet calibration (HepTopTagger and
Shower Deconstruction), Q-jets
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Pileup subtraction (II)
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ATLAS Simulation Preliminary
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Jet grooming performance
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Subjets

Exploit additional features of the internal
structure of jets

Top tagging (HepTopTagger, Shower
Deconstruction)

Key element in many new physics searches

Require small-R subjet reconstruction and
calibration
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Subjet calibration using tracks
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HEPTopTagger (I)

Reconstruct top quark mass from C/A subjets

Kinematic cuts on invariant mass ratios of subjet combinations require
subjet calibration for optimal performance

C/A subjets with R=0.2-0.5 in 0.05 steps, p;>20 GeV
o Jet areas and MC-based JES response correction
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> [rrrryprrrrprrrrrrrrprr T e e T T T > L | | [ I ! I |
3 GOOOZ—J' L dt = 20.3 fo" ATLAS Preliminary ] & - ATLAS Preliminary : .
S o : < 500 J Ldt=20.3fb" E
~ 50005 = 8 TeV = g 2 y
g — P : © 400[- s = 8 TeV 3
- 4000 - w Statistical uncertainty | o L ]
B , C/ALCW jets with R=1.5 ] g [y e )
B i 300F 7
30005 1 w— © T Qe u
C . = r Z+jets .
20005_ _f g 200;_ St;tistical uncertainty _;
N 4 8. B _
B ] [ r ]
10001 - 1001 B

%100 200 300 400 500 600 700 500 O 060 60120 150 180210 240

Jet Mass [GeV] Top Quark Candidate Mass [GeV]



HEPTopTagger (II)

 Stability of the reconstructed top mass with pileup
o Test of subjet calibration and pileup subtraction, and filtering
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Double b-Hadron tagging

Tag b-jets containing two B hadrons from gluon splitting
o Handle on the net heavy flavor content of jets

80GeV < Jet P <110GeV 200GeV < Jet P; < 270GeV

single b-jets
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Particles

ATL-CONF-2013-086

o
w

% ATLAS P‘relirlninellry‘ o

g O 1s=8TeV, [Ldt=58" 3

° O oaf _ -

- Charged particles: B T

¢
4

o Observables:

- multiplicity, charge, calculable track- Pt T i
based observables based on frack
functions —arXiv:1303.6637)

o Vertex-z position: pileup rejection

o Excellent angular resolution: jet
substructure

 Particle reconstruction:

o Combining tracking with calorimeter
information (CMS particle flow)

 B-hadrons:
o B-hadron substructure of large-R jets

i

A Pythia Dijets
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Charged particles

« Multiple applications of charged particle
tracks as jet jet-by-jet tagging algorithms: ez oo

o Track charge for jet charge tagging
o Track multiplicity for quark/gluon separation

jet2 )
-
' /

JVFjet1, PV1]=1-f
J'VF[Jetl PV2]= f

o Track-vertex-information for pileup jet tfagging z
Jei chqrge - i Quark/Gluon tagging Jet Veriex Frqchon (JVF)
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Experimental challenges

« Vertex shadowing at high luminosity can limit the ability to
separate pileup particles close to the hard-scatter vertex:

o Limited by detector resolution, vertex reconstruction algorithm, and
density of intferactions (beam spot longitudinal profile)

Merging of close-by primary vertices Vertex masking at high luminosity
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c% 2000~ ATLAS Preliminary o — Data 2011 — 2 80 = A Simulation K o E
o 1800E- \s = 7 TeV LI — Gaussian Fit 3 2 = Simulation Fit < 3
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1/N dN/d(E/p) AE/p

Particle reconstruction

CMS particle flow paradigm attempts to
reconstruct individual particles:
o Reduce large fluctuations in the energy response

of low p; particles

o Successfully used in jet substructure and charged

hadron subtfraction

Challenges:
o Very high p; and very high pileup
o ATLAS track-based corrections: calorimeter

energy fluctuations

o 1.9<n|<2.3
ATLAS

——— Pythia MC09

Eur.Phys.J.C.73 3 (2013) 2305

2.8<p<3.6 GeV
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B-hadrons (I)

b-hadrons

Traditional B-tagging is not adequate for
jet algorithms and subjets of irregular
shape

Both ATLAS and CMS are developing
more flexible b-tagging algorithms that
can be more broadly applicable to
different jet and subjet algorithms, and
final state topologies

MS,
5 \

CMS Inclusive
vertex
reconstruction
seeded from
tracks (no jets)

JHEP 03 (2011) 136

CMS Experiment at LHC, CERN

Data recorded: Mon Jul 12 05:15:38.2010 CEST
Run/Event: 139971 / 9796851

Lumi section: 21
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B-hadrons (I1)

SLD Topological vertex reconstruction Very interesting
o Associate tracks to 3D spatial regions idea to apply !O
o Construct a vertex probability map V(r) the the analysis

o Resolve vertices based on maxima of V(r) ?f LHC events: .,
vertex substructure
D.J. Jackson | Nucl. Instr. and Meth. in Phys. Res. A 388 (1997) 247-253

0
Py v'"“" (XXX

e iy
A0 \- " "“ “ "c,
cﬂv“::,.', “\ ,‘.. :.,";\1
' "'::' ’3',
0. ,.\Vo. C : .

Fig. 3. The track (a) and vertex (b) functions projected onto the xy plane (cm). o5



B-hadron structure of jets

« Jets, subjets, particles, and vertices:

o Direct reconstruction of two
secondary vertices within jets:

« Used by CDF [PRD 71 (2005) 092001}
and CMS [JHEP 03 (2011) 134]

200GeV < Jet P <270GeV

o Exploit the jet substructure 2 ool ArLAS Proiminary Smuaion
differences betweensingleand 3 = =n<
double b-hadron jets: 5, [ mesivs

« One-prong versus two-prong
structure using tracks and subjets

« x30 rejection @ 50% efficiency for
0:>200 GeV

Likelihood output
ATL-CONF-2012-100 26



Summary

* The analysis of LHC hadronic events relies on a detailed
understanding of jets, subjets, and particles
o Different, interrelated, handles on the internal structure of jets

 LHC experiments have commissioned these techniques
and continue to improve their understanding, as new
ideas continue to emerge

* Improvements in jet, subjet, and particle reconstruction
will directly enhance the power of LHC experiments to
discover new physics and to perform precision
measurements
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Pileup subtraction

COrIr

Pr = PrT —
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« Residual offset is mostly pileup independent, after adjusting sigma noise
- Jet areas subtraction, topo-clustering, and local cluster weighting work

well at high luminosity
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Residual correction
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