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Part 1: Jet making and
Performance



ATLAS Calorimeters

« High precision calorimetry

» Highly granular
electromagnetic calorimeter
up to|n| < 3.2

% e , Hadronic tile calorimeter barrel
LAr hadronic W
end-cap (HEC) S e and endcaps up to

_1 In| < 3.2

Tile barrel Tile extended barrel

LAr electromagnetic

enccon EE0) eV S L : Forward calorimeters for
Y SN == | 3.2 <|n| <4.9, granularity of
AnxAp=0.2x0.2

Ar electromagnetic
barrel

Better jet energy resolution than CMS (worse
momentum resolution in tracking)
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ATLAS

EXPERIMENT

Run: 279685
Event: 690925592 \\
2015-09-18 02:47:06 CEST

A high mass dijet system
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Inputs

3 dimensional clusters of calorimeter cells, or topoclusters (treated

massless)
e Attempt to reconstruct hadronic showers while suppressing noise
(electronic+pileup)
Built from all surrounding+ single
Seeded by: layer of all adjacent cell (in 3D)
ATLAS slmulatlon 2010

ATLAS slmulaﬂon 201 0

Pythia 6.425 "

ATLAS slmulation 201 0

Pythia 6.425 "
dqet evonl

Pythia 6425 _ | i ] .
dijet evont ; - duet evem

[tan 6| x sin o
[tan 6| x sin o

tan 6| x cos ¢

E > ZO'noise
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Topoclusters

e Robust against o3 | ffiffom-'
pl]'eup : Z(L <p 5T<4O GeV

e Topoclusters
initially
reconstructed at
EM scale.

EM
pT.clus> = GeV

e Data |n|<0.6
7] MC |n|<0.6

e Data 2.0<|n|<2.5
L] MC 2.0<|n|<2.5

e Data 3.5<|n|<4.5
[ 1 MC 3.5<|n|<4.5




Local Hadronic Cell
Weighting

Then calibrate them to account for hadron response.

From charged hadron and neutral pion MC.

Topo-cluster
Formation
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Cluster ‘ . .
Calibration

em-cal (
“cell ~

~
Out-of-cluster - Dead Material

Corrections Corrections

em-00c¢C em-dm

cell

1)

cell

had-ooc
cell

: had-cal : had-dm
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Tracks

e Inner detector tracks can be ghost associated to
jets, for pileup suppression and improving jet
energy resolution (for ghost matching, tracks are
treated as 4-vectors with infinitesimal
magnitudes)

o Particle flow
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Jets Need Calibration

. Calorimeter non-compensation: correction for the different scales of the energy measured from

hadronic and electromagnetic showers.
Dead material: energy lost in inactive areas of the detector.
Leakage: showers reaching the outer edge of the calorimeters.

Out of calorimeter jet: energy of particles which are included in the truth jet but which are not
included in the reconstructed jet.

Energy deposits below noise thresholds: clusters are only formed by energy deposits which
are well above the background noise. Therefore the correction is required to correct for particles
that do not form clusters. Additionally some part of a shower may fall outside of the topological
clusters such that this also needs to be corrected for.

Pile-up: energy deposition in jets is affected by the presence of multiple pp collisions in the same
bunch crossing as well as residual signals from other bunch crossings.




Jet Calibration

EMor LCW
constituent scale jets

Residual pile-up
correction

Origin Correction

Jet finding applied to Changes the jet direction
topological clusters at to point to the primary
EM or LCW scale vertex. Does not affect E.

Function of u and NPV
applied to the jet at
constituent scale

Function of event pile-up
energy density and jet area

Global sequential Residual in-situ

Absolute Eta)ES ATy calibration

Corrects the jet 4-vector Based on tracking and A final residual calibration
to the particle level scale. muon activity behind jets. Is derived using in-situ
Both the energy and Reduces flavour dependence measurements and is
direction are calibrated. and energy leakage effects. applied only to data

Reference is (stable) particle jets, without muon or
neutrino
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Definitions

Calculate ij et /meatched-truth-j et
Fit a Gaussian

Mean of the Gaussian: R or jet response.

Standard deviation of the Gaussian: /R or jet
resolution.
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Origin Correction
(to point back to hard-scatter PV)

Accounts for the hard
scattering primary vertex.

true

ATLAS Simulation e  With Origin Correction

f\:]et:jmlga:rg 4 A Without Origin Correction
LCW+JES ml < 1.0

eco

(0,0,0) «———
primary vertex

(origin)

Changes the jet direction
and improves n resolution

No change in energy 20 30 40




(Jet-area based) Pileup
Correction

A uniform population of infinitesimally soft ghost particles are spread ...

ATLAS Slmulatuon Preliminary :
0.5 r " Pythia Dijet (s = 13 TeV Takes into
r EM-scale Topoclusters il <2.0 account
0. 4
F20<(w)<2t — Npy = 6 event-by-event

""" fluctuations

Pileup pr density:

Normalized entries

First step:

ST s e — b S 3
T v 1 2”ATLAS Simulation Prellmmary
6 8 10 12 14 16 18 20°= 4 Pythia Dijet \s = 13 TeV
plGeV] & () g anti-k EM R=0.4
b= |

jet,corr _jet
pJT — pJT o

Residual correction:
Before any correction

X (va — 1) — 3 X <ILL>
After pxA subtraction

In time pu Out of time pu 041 4 After residualcotection
: : 14 )05 18 258 a3
Simulation based



& E,,, =30 GeV ATLAS Simulation Preliminary
& By, =60 GeV Pythia Dijet /s =13 TeV

- E: : «14(1)3 g:x anti-k, EM jets R=0.4

+ E,,, = 1200 GeV

(MC-based)
Jet Energy Scale

Jet response:
pr and n dependant
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& Epo =30 GeV ATLAS Simulation Preliminary
B £ =60 GeV Pythia Dijet {s = 13 TeV

- E™ 400 Gov anti-k, EM jets R=0.4
Er*>20 GeV

In particular regions of the detector
there is a bias in the n distribution
(different calorimeter type) with
respect to the truth jets.

Therefore, an additional correction
in purely the angle of the jet is

applied to resolve this bias. Usin g dij et MC
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Global Sequential Calibration

Observed difference between g/g initiated jets (closure, response),
leads to large uncertainty on JES.

. The fraction of energy deposited in the first layer of the tile calorimeter.

. The fraction of energy deposited in the third layer of the electromagnetic calorimeter.

. The number of tracks with ptr > 1GeV associated to the jet.

. The pr-weighted transverse width of the jet measured using tracks with pt > 1 GeV associated to

the jet. for LCW last two steps only

. The amount of activity behind the jet as measured in the muon spectrometer.

L ATLAS Simulation Preliminary
4-PYTHIAB EM+JES

- Ml<03 e w/o GS
.3-anti-k, R=0.4

Finally, correct for jets that are not fully contained in
the calorimeter.

Resolution (c,/R)

Mean response not affected

-
gl e e g J

10 2108 10° 2x10°
pl;um [GGV]
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Residual In situ Corrections

To account for difference in data and simulation
(applied to data only)

1. Relative (inter)-calibration in eta, derived from dijet events
&. Absolute scale correction from y/Z+jet and multijet events

central jet

|
1.2 aTLAS Preliminary anti-k, R = 0.4, EM+JES :
L \s=13TeV, 321" 85sp " <115 GeV l

-*- Data 2015
«- Powheg+Pythia8 -+ Sherpa

12000025748 Proiminary ]
100005~ 'S = 13TeV, 0.22 b’ EJPythia8
- antik, =04 e Data

| pet
80001 Wiul< 45 Py >25 GeV

B
A

s

8
L
K
©
3
E
>
z

Relative jet response (1/c)




Jet Energy Calibration

| Z+jet Y +jet multi-jet
probe jet 20 < pr < 506 GeV 25 < pr < 800 GeV 300 < pr < 1900 GeV

Response = pret / pref

well-calibrated reference
Z /| r / collection of lower-pt jets

—h
—
I
4

T T T T r—r—T T L T T T L B YT r
. ATLAS Preliminary
anti-k, R=0.4, EM+JES \s=13TeV.3.2b"

1.05— Data 2015 Inl<0.8

&)
=
®
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2
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D
o
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Data

o
©
(3}

A y+jet
Z+jet
Multijet

— Total uncertainty
B Statistical component
LA A l A i A A A - - l A
102 2x10? 10°  2x10°
P [GeV]
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JES uncertainty

o
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o
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Data 2015, {s =13 TeV ATLAS Preliminary
anti-k, A =0.4, EM+JES + in situ correction I

n=0.0

Data 2015, \s = 13 TeV ATLAS Preliminary
anti-k, R = 0.4, EM+JES + in situ correction

p’:’ = 60 GeV

o
o
®
O
o
®

[ Total uncertainty
w— 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

] 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

2
=
)
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©
Q
c
=
w
w
=
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p—
L

Fractional JES uncertainty

70 correlated components

Reduced to smaller number in analyses
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Jet Energy Resolution

All uncertainties are combined into one
nuisance parameter in a correlated way

\s=13TeV ATLAS Preliminary
anti-k! EM+JES + insitu, R=0.4
p';" = 40 GeV

\s =13 TeV ATLAS Preliminary
anti-k, EM+JES + insitu, R=0.4

n=0.0 —
1 I Total uncertainty

[ Total uncertainty, 2012
w— Noise term
Dijet in situ measurement
won y4jet in Situ measurement
«« Z+jet in situ measurement
2012 to 2015 extrapolation

Total uncertainty
[ Total uncertainty, 2012
- Noise term
Dijet in situ measurement
we y+jel N Sity measurement
<= Zyjet in situ measurement
2012 to 2015 extrapolation

Uncertainty on c(pT)/pT
Uncertainty on c(pT)/pT

0



Large-R Jet

No explicit pileup removal or origin correction.

After MC based JES, data-MC double ratio for residual
correction:

More important: mass calibration.

el



(Large-R) Jet Mass

e mcao: from constituent
four vectors

e mT™.: track-assisted-
ma.ss, ratio corrects for
charge to neutral
fluctuations. Better

control of uncertainties.

R

0.25, |
-ATLAS Simulation Preliminary

;.“ Vs = 13 TeV, W/Z-jets
02116 Tev <p_<1.8TeV,n| <04
\

----Uncalibrated
— Calibrated

>
()
O
<
S~
c
i)
S+
O
o
(V'

5 100 150 200
Jet mass [GeV]




Jet Measurements

e Many interesting physics results

e Only a very small number covered in
this talk
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UR in Jet BEvents

Data 2010
.. Pythia8 AU2 CT10 ATLAS
Pythiaé Perugia 2011 L, =37pb "\s=7TeV
............... Pythiaé DW ‘ Lan
wiimome  Herwig++ UE7-2 MRST LO** :
..... Herwig + Jimmy AUET2 LO** ot -
Alpgen + Herwig + Jimmy AUET1 o "]

.

Powheg + Pythia6 Perugia 2011 o st

s

Data 2010

.. Pythia8 AU2 CT10 ATLAS
Pythia6 Perugia 2011 L. =37pb 1, \1s =7 TeV
Pythia6 DW "

. Herwig++ UE7-2 MRST LO** :
Herwig + Jimmy AUET2 LO** Transverse reglon

Alpgen + Herwig + Jimmy AUET1 Exclusive dljet
Powheg + Pythia6 Perugia 2011

-----

Transverse region

Inclusive jet

20 30 40 100 200 300 20 30 40 100 200 300

pead [GeV]

pead [GeV]

kading xt

Exclusive topology more sensitive
to MPI, modelled better
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Charged Multiplicity
inside Jets

ATLAS

"~ \s=8TeV .[Lm=203m‘
P ¥ > 0.5 GeV

- In'f'l <21

Sensitive to q/g tagging

¢ Data (with stat. uncentainty)
Data stal. ® syst. uncert.
- = = - Herwig++ 2.6.3 EE3 CTEQ6L1
e Herwig++ 2.7.1 EES CTEQS6L1

e o e A AupDF2 Significant differences
Pythia 8.186 Monash NNPDF2.3

Pythia 6.428 P2012 CTEQéL1 b etwe en

Pythia 6.428 P2012 RadHi

Pythia 6.428 P2012 RadLo ‘ genera,tor pI’e dlCtlonS A

Data/Model

500 1000 1500
Jet P, (GeV]




bbbar-dijet Production

ATLAS —e— Data 2011

\s=7 TeV, 4.2 fb"" [ stat + Syst.
%< POWHEG+PYTHIA 6

—&— Data 2011

] Stat. + Syst.
POWHEG+PYTHIA 6

[pb/GeV]
[pb/GeV]

T.bb

bb

Q
©
=
x
+
12
e
-~
Q
S
B
©

do(pp—bb+X)/dm

\ s=7 TeV, 4.2 b1

-
<

¥ POWHEG+PYTHIA 6
A MC@NLO+HERWIG 6

¥ POWHEG+PYTHIA 6
A MC@NLO+HERWIG 6

NLO/ Data

¢ PYTHIA 6 x 0.61
W SHERPA 1.43

¢ PYTHIA 6 x 061
W SHERPA 143

S
©
o
@)
-
pd
)
©
o
O
|

LO/Data

60 70 80 10° 2x10°  3x10°

b-tagged by vertex and track information in a neural network, 70% efficiency

Difference in data and predictions
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d°c/dp_ dy [pb/GeV]

_‘dd
— X
QLA S8

T
o

—‘—L—L—L
@ o o o
_ OO O,n

10
1077
0-20

R
=

n

w

Inclusive Jet Cross-section at

anti-k_ jets, R=0.4 ATLAS Preliminary

13TeV, 321" Iv] < 0.5 (x 10%)

0.5 < ly| < 1.0(x
1.0 < ly| < 1.5 (x
1.5 < ly| < 2.0 (»
2.0 < ly| < 2.5 (x
2.5 < ly] <3.0(x

Systomatic
uncertainties

NLOJET++ (CT14nl0)

Non-pert. corr, x EW corr, A

Relative uncerfainly of 2, 1% on the infegraled Laninosily nol indluded

107)
10%)
107)
103

10'%)

ATLAS
Preliminary

ry / data

Ild 32

15= 13 TeV

Theo

anti-k_jets, H«04

—— Data

NLOJET ++
a e |." - pt"
Nonpert and

CT14
MMHT 2014

~—— NNPDF 3.0

100 GeV to 3.2 TeV!
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Part 2: Jet Substructure,
techniques and uses



hadronictop ez ate TN
o. L ’ ..
“u #

leptonic fop - _, .
cahdidate .- | B

Run Number: 209995, Event Number: 51046560
Date: 2012-09-09 23:10:22 CEST

aaronic 1op candiaate

- 55 ET (GeV)

. 45

R

>

35

L 25

L S ¢
— P mm—

-

D &5

| ot

'l

e e o N e
NS eSS st
NS ot NV NS NT R

missing
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hadronictop candidate

leptonic fop - X :
cahdidate .- | -

Although reduced cross-section, better
acceptance, smaller background

Boosted top (qq’b), Higgs (bb). W/Z (qq’) are key
signatures for many search and measurements

-~
leptonic top candidate




Tagging Boosted Objects:
observables and taggers

facebook

(3 Desktop Help » Connecting pa,PtiCIGS

Friends Tag Myour posts

Add tags to anything you post,
including photos and updates.
Tags can point to your friends
or anyone else on Facebook.
Adding a tag creates a link that

people can follow to learn
more.

Like

Lists

Target is to identify jets resulting from the decay of top quark or Higgs against jets
coming from light quark/gluons.



What we use in ATLAS

Typical starting point: Trimmed (fous = 5%, Rsup =0.2)
antiky R=1.0 jet with pr > 200 GeV, |eta| <2.0

o Jet mass
e Splitting Scale

e Nsubjettiness (discussed yesterday)

e Energy Correlation

e HEPTopTagger (discussed yesterday)

e Shower Deconstruction
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Boosted (tt)Higgs to
(tt)bbbar

ATLAS Simulation Preliminary . ATLAS Simulation Preliminary

anti-k, R=1.0 jets —— Higgs-jet anti-k, R=1.0 jets - Higgs-jet
Trimmed (f_=0.05, R_, =0.2) _E Trimmed (f_=0.05, R_ =0.2)

350 <p_<500GeV, | <2.0 1000 <p_< 1500 GeV, I | <2.0

Double b-tagged @ 70% WP - Hadronic top jet- . Double b-tagged @ 70% WP &+ Hadronic top jet

.=« Multi-jet - =« Multi-jet

50 100 o 150 200

ATL-PHYS-PUB-2015-035 Mass [GeV] ATL-PHYS-PUB-2015-035 Mass [GeV]

Fatjet mass can be a useful discriminating variable
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Boosted (tt)Higgs to
(tt)bbbar

0.8 ATLAS Simulation Preliminary

.8~ ATLAS Simulation Preliminary
anti-k, R=1.0 jets
Trimmed (fm=0.05, Rr_lm=0.2)
6 P, >250GeV, m,l<20
~ Double b-tagged @ 70% WP + 68% mass window 0.55

anti-k, R=1.0 jets
0-7E" Trimmed (f_=0.05R_,=0.2)
B P, >250GeV, m,l <20
Double b-tagged @ 70% WP + 68% mass window -

Arbitrary Units
Arbitrary Units

-e- Higgs-jet - Higgs-jet
.=+ Multi-jet -« Multi-jet
«a~ Hadronic top iet -« Hadronic top jet

1 12 14 16

ATL-PHYS-PUB-2015-035 T ATL-PHYS-PUB-2015-035

Mass can be combined with other substructure variables

Depends on specific analysis what efficiency/rejection
working poisﬁlt is needed



Energy Correlation Function
(or jet substructure without trees)

Discriminate between:

% q/g —————
Y
(

W/Z/H
’\/\/\,

Signal: Two-prong jet Background: One-prong jet

Characteristic angular size No intrinsic angular size
determined by mass

35
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ECF Results

T T™rrT rTrT ™rTr ™rTrT ™rTry T™rTrT rTrTy ™rTT ™rT
| | 1 I | I I I |

ATLAS —&— Data

\s=8 TeV, 20.3 b [ tt (W) (POWHEG+Pythia)

anti-k, R=1.0 jets Bl Single Top (W) |

Timmed (f =5%R =02) =3 't (non-W)(POWHEG+Pythia)
cu " sub i

ATLAS Simulation
\s=8 TeV s« W-jets (in W'— W2)

Truth H I 1 i
| <12 w22 Multijets (leading jet 4 1 Single Top (non-W)
m | T J ( 9] ) Inl < 1.2, P, > 200 GeV Bl W-+jets

350 < pT < 500 GeV b LN SJ& - 50% Mass Cut 0 Z+jets

M Cut (] Diboson
Bl QCD Multijet

ami-k' R=1.0 jets ’//////d Uncertainty (Stat. Only)
Trimmed (fc |=5%’R b=()_2) b S Uncertainty (Stat.+Syst.)
u u :

Events /0.02

S

o
Q
=

c
L
©

@
A2
©

=

—

O
Z

.“\
'.\\t'\

0 005 0.1 015 02 025 0.3 0.35 0.4

(B=1)
] C d
Eur. Phys. J. C 76(3) (2016) 1-47 0 Eur, Phys. . C 76(3) (2016) 147 pOR]
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HEPTopTagger Performance

1 ATLAS Preliminary
—&— Data 2012
 —
) Wejets
B single Top
@) Z+jets

i1 Statistical uncenainty

C/ALCW jets with R=1.5 1

i
b

- ATLAS Preliminary
j Ldt=20.3fb"

) -

500}

.J‘Ldt=20.3fb'

-

llilxll;lll
T

o
S
S
wl
I
o
)
<

Data 2012
Ci
L [ Wejets
@ Single Top
) Z+jets

Statistical uncertainty
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-- 60 90 120 150 180 210 40
Top Quark Candidate Me < 19017777

O, 185 ATLAS Preliminary
180 I Ldt=20.3"

100 200 300 400 500 00
Jet Mass [GeV]

e

—~Data 2012 -

Before and after tagging by
HepTopTagger

—tt

—_
~
3y

~ {s=8TeV

-—
N
O-.

————

-
(o)}
AeL

Top Quark Candidate Mass

—_
o))

1

Pileup resilience
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Tagger Comparisons



W tagging summary

10

0 02 04

Eur. Phys. J. C 76(3) (2016) 1-47

ATLAS Simulation

\s=8TeV Jet 4-momentum not calibrated
m™h<1.2, 350 < p:'“"‘ < 500 GeV , M Cut

with anti-k, R=1.0 jets

Trimmed (fm=5%,R =0.2)

sub

with anti-k, R=1.0 jets
Trimmed (fcul=5%.Rsub=0.3)

with C/A R=1.0 jets
Pruned (Rcm=0.5,Zcut=O.15)

with C/A R=1.2 jets
Split-Filtered (p=1 ,Rsub=0.3,ym=1 5%)
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= = SD (C/A 0.2 subjets)

|
ATLAS
Simulation s =8TeV
350 GeV < p_ <400 GeV

B S0 (C/A 0.2 subjets) WP |
@ HEPTopTagger (C/A 1.5)

trimmeod mass
— Tagger V (scan |d,,)
—W Tagger (scan
- \‘a

.
‘»

)

Background rejection

Top tagging Summary

= = 8D (C/A 0.2 subjets)

|
ATLAS
Simulation s =8TeV
1000 GeV < p, < 1500 GeV

B S0 (C/A 0.2 subjets) WP |
@ HEPTopTagger (C/A 1.5)

— Tagger V (scan |d,,)
— W Tagger (scan ¢
- \‘u

.
‘o

)

. ’1
Top quark tagging efficiency

3

0
arXiv:1603.03127 arXiv:1603.03127

Top quark tagging efficiency

Better top quark finding efficiency with SD at the same rejection
of multijets when compared to other taggers

210)



Example Test Cases



ATLAS-CONF-2016-14

ttbar Resonance

ATLAS Preliminary [‘5 g“"‘
Vs=13TeV,3.21b" ) Wejets
: Bl single top
e+jets Zolote
B multi-jet
(] diboson
(] Bkg. uncenainty

1200~ ATLAS Preliminary —
Vs=13TeV,3.21b" ) Wejets
. @l single top
e+jets Zojots
- mult-jet
(] diboson
(] Bkg. uncentainty

Events / 10 GeV

>
©
Q)
o
N
2
c
[
>
w

800 1000 1200 1400
Large-R jet P, [GeV]

200 250 300
Large-R jet mass [GeV]

Data / BKkg.
Data / Bkg.

ATLAS Prelimin_ary
fs=13TeV,321M — '\:h;els
e+jets @ single top

Pre-Fit O Z+|01s
= multi-jet

= - Top tagged by using mass+tzz

>
L))
O
o
o
wn
—
2]
R
c
o))
>
w

80% efficiency working point

Used R=0.2 track jets for b-tagging

500 1000 1500 2000 2500 3000 3500 4000 4500 4:2
e [GeV]

Data / Bkg.




ATLAS-CONF-2016-55

Vector Boson Pair Production

Event Selection: pair of fatjets, leading pr> 450 GeV, mgs > 1 TeV, Ayi12< 1.2
(t-channel bg, s-channel signal)

Boson tagged by using mass (15 GeV around W/Z peak) + D2 (f=1)
50% efficiency working point (pr dependent)

Additional requirement: Nk < 30 (higher fraction of gluon jets in background,
different fragmentation)

ATLAS Preliminary —e— Data 2015+2016
\s=13TeV, 155" ~—Fit bkg estimation
WZ selection = === HVT Model Am=1.5TeV
v HYT Model A m=2.4 TeV
Fit exp. stats error

ATLAS Preliminary

. Vs=13TeV, 155 fb”

Events /0.1 TeV

® Data
" WZmMmC
W/Z reweighted

X
o
©
-
—~
24
c
@
>
@
N
=
6
c
O
&
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~—
L

10 20 30 40 50 60 70 80 90
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W/Z Discrimination

o F 3 T T —————————
20.14-- ATLAS Simulation Preliminary : | ATLAS Simulation Preliminary
g r\s=8TeV PYTHAW —» WZ ] e 18 =8TaV PYTHIAW —» WZ
8 O'lzi 200 GeV < p, < 400 GeV F 200 GeV <p’ <400 GeV W ?
© ' ' N ~
@ 0.4
0.08f
0.06
4!
e Jet mass, charge

0.02

and b-tagging used 5“1 05 0 05 135
tO COIlStPUCt d, JetCharge (xs0.8) [e Reconstructed Jet Mass [GeV]
discriminant

-

ATLAS Simulation Preliminary -
Eur. Phys. J. C76 (2016) 238 -

- - No discrimination
- M (Jet Mass)
Q (Jet Charge)

e Only in simulation,
although data A Q o Char
models the ) o

—-Q+B

observables well. N e

| - lLl“ll

1/(W* Efficiency)

| - l'.l.'“l

J - 1&11111

. . 6 0.8 1
44 Z Efficiency




Summary

Many signatures of new physics involve
hadronically decaying boosted top quark or Higgs/
W/Z boson(s), either by itself or adding sensitivity
to the resolved channel.

Higher kinematic reach at LHC Run 2 (and
beyond) for such boosted objects.

Pileup remains a significant challenge.

Many theoretical tools, but commissioning them
in experiment takes a lot of effort.

45



Supporting
Material




What is a Quark Jet?

From lunch/dinner discussions

lll-Defined What people A quark parton

sometimes
think we mean A Born-level quark parton
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Les Houches Study

Generalised angularities: Discriminator:

Hadron-level

Pythia 8205 e—
Herwig 2.7.1 ===
Sherpa 2.1.1

Vincia 1201 === Precise radiation pattern
is very model dependent

e |

<
.
-
1
-
-
{4
<
oy
5

Need more measurements

00 (20 (L05) (L1) (12
Angularity: (x,B)
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ECF

Over all constituents (beta: angular exponent):

BCF(2,8) = Y pri pry (Rig)? < [ Stssnm Zanrgs ECF(N+1) << ECF(N)

1<j

ECF(3,8) = Y priprj pri (Rij RjkRy:)” fOP N SU_bj etS

i<j<k

N P
ECF(N,B) = Z (N energies) x (( 2) anglcs)

sets of N

Define (double) ratio = [ECF(N+1)/ECF(N)]/[ECF(N)/ECF(N-1)]

sy ECF(N +1,3)ECF(N — 1,5) e ,
N = (EC% Analogous to Nsubjettiness ratio

Large Cx: more than N subjets, extra radiation is not correlated with
leading order N subjets.
For small Cy: the additional radiation is soft/collinear



ECF Discussion

For this multiple soft radiation case,
with only 1 real subjet

E1>>E2, B3

Ca2>Tal

Nsubjettiness will identify this as
more 2 subjet-like while ECF will
identify more as 1 subjet-like

D-observables are further optimised
by exploiting boost-invariance
of the difference of one and two prong
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ki Splitting Scale

v dij = min(pri, pTj) X ARy When combining
two subjets with Kk Step 0:

Input momenta

algorithm:

100001‘2 ATLAS

| | —— Data (Syst + stat unc. ATLAS
[ anli-k, R=1.0 jets - J ALPG(ENnyERWIG ) Data 2010 (VS =7 TeV)
L 300 <p, <400 GeV —— Pythia : SHERM (MENLOPS) JLat=36pb™

8000~ N, = 1, |y| <2 ' : : V02 > 20 GeV

W -

o 2010 o.m.fu 35pb’ d,=dy,

Jets /5 GeV

Step 1:
Merge 3 — 2
——— POWHEG+PYTHIAG

——— POWHEG+PYTHIAS

Step 2:
Merge 2 — 1

10 20 30 40 50 60 70 80r S0 100
\/d,, [GeV]

P2a

arXiv:1205.4606 arXiv:1302.1415

Step 3:
Merge 1 — 0

arXiv:1302.1415

symmetric for heavy particle two body decay



http://arxiv.org/abs/1203.4606
http://arxiv.org/abs/1302.1415
http://arxiv.org/abs/1302.1415

Jesse Thaler and Ken Van Tilburg

N-Subjettiness

Quantify the degree to which jet radiation
is aligned along specific subjet axes.

] M Smaller values: N or less
T, = (T Z (pT,k X AR . energy deposits
0k=1\

—— |

UNRLVRORICEICNEILEE ~ Larder values: more than N
energy deposits

d,=R X sum of p; of all constituents

Tn-1 > Ty for N prong substructure

Calculated by ki clustering the constituents, and
requiring exaetly N subjets



Winner Takes All

Choice of subjet
directions introduces
an inherent ambiguity

Sum the constituents,
but pr given by hardest

Less number of subjets

Minimize over all
possible candidate
subjet directions
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N-Subjettiness

The ratio of Ty/Tn-118 used as discriminant

More like 2 subjets than 1

:7 I — T | SN S ’T' T LA 'T’ T T 'r' T — r T ’V'V -
ATLAS —&— Dala
\s=8 TeV, 20.3 b ! (3 (W) (POWHEG+Pythia)
anti-k, R=1.0 jets Bl Single Top (W)
! ) 3 tt (non-W) (POWHEG+Pythia)
Trimmed (f =5%,R =02)
cu sut ] Single Top (non-W)
Inl < 1.2, p_>200 GeV B W-+jets
Mass Cut 0 Z+jets
] Diboson
B QCD Multijet
%% Uncenainty (Stat. Only)
$8§8 Uncertainty (Stat.+Syst.)

—e— Dat
— tf?r:atched) ATLAS

) tsf_mc:t matched) Ldt=203f0", \s=8TeV
@ Single to . "
— W+igets P Trimmed antl-kt R=1.0
0 Z + jets
[] Syst. uncertainty

Exp. uncertainty
——— Mod. uncertainty

Events / 0.06

E
®
o
(T
a

0.2 0.4 0.6 0.8
Eur. Phys. J. C 76(3) (2016) 1-47

W-like - NJ-like

arXiv:1603.03127




Jets / 0.08

N-Subjettiness

The ratio tn/Ty-1is used as discriminant

More like 2 subjets than 1 More like 3 subjets than 2

—e— 2010 Dala.J.L=35pb1 —e— 2010 Data.IL=35pb‘

—— Pythia

e Pythia

anti-k, R=1.0 jets
300 < p, < 400 GeV

anti-k, R=1.0 jets
300 < p, < 400 GeV

Ney=1,lyl <2

0.8 1 1.2 _ L :
N-subjettiness 1, 0.2 0.4 : 0.8 1 1.2

205 (2012) 128 N-subjettiness 1,



Tilman Plehn, Michael Spannowsky, Michihisa Takeuchi, Dirk Zerwas; arXiv:1006.2833

HEPTopTagger

Browsing through all the branches of jet
recombination history

mass-arop

g g
N N/
S mp D
' . if mj1 > 30 GeV,
t further decompose |1

we want to tag a top like this first find large-R (1.2/1.5/1.8) jets with C/A

>

re-cluster using C/A with
' . . Rfilter = min{ 0.3, ARK/?2 )
get at least 3 sub-jets (a triplet) constituents in the triplet 5 hardest filtered jets are taken,
- compare with top window [140,
D\ - k)\) 200] GeV

\ ;7 = \ .* | /// »

\ VY re-cluster constituents of . W mass requnrements
\! 3 leading jets using C/A with Rjet \ .

3 leading pr subjets out of 5 Rjet exactly 3 C/A jets are built
(ordered in pr)

Top tagged!

Figure by Xiaoxiao Wang



http://arxiv.org/find/hep-ph/1/au:+Plehn_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Spannowsky_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Takeuchi_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Zerwas_D/0/1/0/all/0/1

Ghost association provides a more correct matching
of tracks to calorimeter jets. In this technique,
tracks are treated as infinitesimally soft, low-pT
particles by scaling their pT by a very small number,
such as 10-100. These tracks are then added to the
list of inputs to the jet algorithm. The low scale
means the tracks do not affect the reconstruction of
calorimeter jets. However, after the jet algorithm, it
is possible to identify which tracks were clustered
into which jets. This approach properly accounts for
jets with irregular cross-sectional shapes, which
would lead to incorrect association in the case of
simple AR matching.
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