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Abstract: <span>We present new results on the performance of jet substructure techniques
and their use in distinguishing the signatures of new boosted massive patrticles
from the QCD background. Advanced approaches to jet reconstruction using jet
grooming algorithms such as filtering, trimming, and pruning are compared.
Measurements of the jet invariant mass for each jet algorithm are compared both
at the particle level to multiple Monte Carlo event generators and at the

detector level for several configurations of the jet grooming algorithms.
&nbsp;The performance of these strategies and improvements in search
sensitivity for new boosted hadronic particles are compared. Recent results
using these techniques for both boosted RPV gluinos and top quark pairs from
new particles are presented. The result is a comprehensive foundation for the
use of substructure algorithms in the search for new physics at the LHC</span>
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Introduction Historical context

Evidence for jet production at CERN’s UA2 (1982)
First observation at a hadron-hadron collider
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Figure 4 shows the configuration of the event with the largest value
of ..f’.l,,
. . . . . 0
within two small regions separated in azimuth by A¢ = 180" and towards

127 GeV. It exhibits striking features : energy is concentrated

which several collimated tracks are observed to point. In addition the
transverse energies of the two clusters are approximately equal (57 and

60 GeV).
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Introduction Don’t fix it if it ain’t broke! (But maybe it needs some 0il?)

Impact of the jet definition on the di-jet mass resolution
Gavin Salam:
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Introduction Historical context

Evidence for jet production at CERN’s UA2 (1952)

First observation at a hadron-hadron collider
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Figure 4 shows the configuration of the event with the largest value

of '.-:F..l,, 127 GeV. It exhibits striking features : energy is concentrated
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within two small regions separated in azimuth by Ad 180" and towards
which several collimated tracks are observed to point. In addition the

transverse energies of the two clusters are approximately equal (57 and

60 GeV).
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Introduction Don't fix it if it ain’t broke! (But maybe it needs some 0il?)

Impact of the jet definition on the di-jet mass resolution
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0.08

gg, M = 4000 GeV

anti-]kt, R=01.4 ;2‘
g i , . Ql, 13 =313 GeV g
o Dramatic difference depending on jet o, OB D g
. s 0
algorithm and size € 004
@ Jet “grooming” may be important E
g g X p 0.02 |
e Dynamic modification of the jet
algorithm in a theoretically well-defined R5i0 5500 400D 41D 43Es
manner dijet mass [GeV]
o Examples: Trimming, filtering, pruning gg, M = 4000 GeV
i ; 0.08 P : .
@ Ability to discover a new resonance may CIAfilt, R=1.2 5
. . Qflp 13 = 87 GeV 2
be compromised by our preconceived _ 006 [ 0137 E0EE 18
. E o
notions £ 004
. . . . - . . . . g
— Flexibility in jet definition is important. = aeuil JJﬂLk

0 " n
3800 3900 4000 4100 4200

Pirsa: 12100128

D.W. Miller (EFI, Chicago)

Jets & Substructure in ATLAS

Perimeter Institute

dijet mass [GeV]

23 October, 2012

4/31

Page 7/58



Introduction Why measure jet substructure?

Relevance and motivation for jet substructure at the LHC

The structure of the jet itself begs for much
more than just a simple 4-vector description.

@ Develop understanding of the wide-angle
emissions that give rise to jet mass (NLO,
but LO in the jet mass!)

@ Study the interplay of the parton shower
with the matrix element description

@ Provide a foundation on which to predict
the backgrounds to new physics searches

@ Assess tools for predicting the shapes and
structure of jets formed from boosted
massive particle decays to quarks and
gluons

@?"\. t e ~ D . g e
S et B A

How much do these jets look like they
have hard substructure?

D.W. Miller (EFI, Chicago) Jets & Substructure in ATLAS — Perimeter Institute 23 October, 2012 §/3]
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The ATLAS detector Subdetector systems used for jet physics

The ATLAS detector at the LHC

@ Weight: 7000 tons @ 100,000,000 electronic channels
@ Length x height: 44m x 25m 44m @ 3000 km of cables

— _— \

@ Toroid: 4T o .
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But the whole is more than just the sum of its parts...
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The ATLAS detector Subdetector systems used for jet physics

E 1000 T ATLAS pn.'farrw.l.;ry
The ATLAS tracking system - LTRe | & s
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Silicon Strips (SCT)

@ 4 barrel layers, 2x9 end-cap disks
@ 0, ~ 17um, o, ~ 580um

@ 6.3M channels

Transition Radiation Drift Tubes (TRT)
@ 73 barrel straws, 2x160 end-cap disks @ 3 barrel layers, 2x3 end-cap disks
e 0, ~ 130um, particle ID ® ory ~ 10pm, op ~ 115um
@ 350k channels @ 80M channels

Excellent position resolution, tracking efficiency, vertexing performance.
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['he ATLAS detector Subdetector systems used for jet physics

The ATLAS calorimeter systems

Min. bias trigger scintillators (MBTS) Tie beirel Tie axtended bamel

| * Fe-Scintillating
* Cu-LAr Tile structure

structure = *In|<1.7
*1.5<n|<3.2 y

LAr hadronic

end-cap (HEC) ——2 |

N

LAr electromagnetic
end-cap (EMEC) ——— ¢*

¢
\“\, i
* Cu/W-LAr
* Pb-LAr structure
accordion *3.2<|n| <4.9
*nl<2.5

LAr electromagnetic
barrel

_ LAr forward (FCal)
jeo Cryostat (dead material)
(LAr: Liquid Argon)

Well known technologies with fast readout and high granularity.
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Quark gluon tagging and inclusive jet measurements of substructure

Outline

0 Quark gluon tagging and inclusive jet measurements of substructure
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Quark gluon tagging and inclusive jet measurements of substructure Quark vs. gluon tagging

Quark vs. gluon tagging
ATLAS-CONF-2011-053 and additional ATLAS studies
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Quark gluon tagging and inclusive jet measurements pof substructure  Quark vs. gluon tagging

Quark vs. gluon tagging
ATLAS-CONF-2011-053 and additidnal ATLAS studies
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Quark gluon tagging and inclusive jet measurements of substructure Quark vs. gluon tagging

Quark vs. gluon tagging
ATLAS-CONF-2011-053 and additional ATLAS studies
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Quark gluon tagging and inclusive jet measurements of substructure Unfolded jet mass and substructure in 35 pb

First measurements of “fat” jet substructure (35 pb™!)
Using the anti-k,, R = 1.0 and C/A, R = 1.2 “fat” jet algorithms (arXiv:1203.4606)

> Ve ‘ e SR n G, L e R 2
ﬁo.om ATLAS —a— 2010 \).r;l_jl pb" —| 'o[g 5 —— 2010 1).114""1. asgb ATLAS
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o Jet mass is unfolded to the particle level to correct for detector effects.
@ PYTHIA under(over)estimates number of jets with large (small) jet mass
e “3-body-like” measure: N-subjettiness, 7 (Thaler & Tilburg)
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Quark gluon tagging and inclusive jet measurements of substructure

Unfolded jet mass and substructure in 35 pb

Jet “grooming’” algorithms in active use in ATLAS

An attempt to remove uncorrelated soft, wide-angle radiation without significantly
affecting hard, massive splittings within parton shower or, more importantly, heavy
particle decays — Improve mass resolution & S/B, reduce sensitivity to UE/pile-up.

@ Mass-drop Filtering: mors, rri200s)

.......

Initial jet

) AR
R = min[0.3, —-4 Filtered jet
- B e R AR e R AR e by 00 iee—— g,
o Prunlng. (Ellis, Vermillion, & Walsh, PRD 2009) .~ "-.\
—————— ‘..' \\‘
k, or C/A 'lf ‘.
—y | | —>
\ /
[y I
A ,’
Y o
\.‘\ —,’
ital | 12 J1+)2 | i
Initial jet PEIPE? > 2w or ARj,jy < R Prumedjet
- . ®
o Trlmmmg. (Krohn, Thaler, & Wang, JTHEP 2010) e L
I" \\\
l’ \
k R=R, / \
|| "'
[} [ ]
\ "
s\ .
‘s‘ ’,’
Initial jet p",._fp,I: < fei Trimmed jet
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Quark gluon tagging and inclusive jet measurements of substructure Unfolded jet mass and substructure in 35 pb

First measurements of split/filtered jet mass (35 pb™!)

By applying the jet filtering algorithm (necessary for mass resolution in boosted Higgs,
H —» bb), generator differences are reduced and impact of pile-up is removed.
(Butterworth, Davison, Rubin, S_alam - BDRS, PRL 100, 242001 (2008))

— i fibatt i Sl S sh Sttt A e T : .
- @ ATLAS 2 ata, 35 pb >
._|L5,0'0M i EET1100 J-‘ o o 260 ATLAS —a— Before Splitting/Filtering
o|E Cambridge-Aachen R«1.2 Systematic Unc — ‘
'U|U0>012 Split/Filtered with R > 0.3 mtal Une ~ 240 J-L 35 pb " After Splitting/Filtering
" 0.01 400 <, <509 GeV —— Pythia - ; . After Splitting Only
t Ny =1, [yl <2 ik 8 220 Cambridge-Aachen R=1.2 jets
0.008 L Split/Filtered with R 0> 03
% 200 Py > 300 GeV, lyl < l’)
0.006 3]
= 180
0.004 S (ﬁl = 2.9+ 0.3 GeV
= 160 gt
0.002 % dm
5 g 140 N 0.1+ 02 (:\: ) e b
1.8 —_,
816 120
S 13 100
1.
€ L0 242401 GoV
82 80“‘"""'W' ................................. .
04 1 2 3 4 5 6 7 8 9
0‘20— 50 100 150 200 250 300 N
Jet Mass [GeV] PV
. 1 . . . .
C/A, R = 1.2 (filtered) mass (35 pb™ ") Impact of pile-up on mass w/ & w/o filtering

@ World’s first measurement of split/filtered jet mass. Agreement among MC is good
after filtering — soft components reduced / removed.
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Quark gluon tagging and inclusive jet measurements of substructure Detector-level jet mass, substructure, and grooming in 5 fb

Comparisons of “fat” jet substructure with 5 fb=! (I)

“Ungroomed” and trimmed jet mass: PYTHIA vs. POWHEG+PYTHIA
(Krohn, Thaler, & Wang, JHEP 02(2010)084)

s ) ATLAS-CONF-2012-065
0 T T 0 10 T T |
L 60 ATLAS Preliminary 1N ATLAS Preliminary
u— anti-k, LCW jets with R=1.0 w 10 anti-k, LOW jets with R=1,0
S Trimmed (1 ; 0.05, R =03) 8 Trimmed {1”"0.0!). R, .=0.3)
[11] 50 600 = p"' < 800 GeV, Iyl < 0.8 o 10° 800 = p!" < BOD GaV
-8 ~—e— Data 2011,[Ldt = 4.7 fb' -g === Data 2011, {Ldt = 4.7 fo"
S 40 ««o @+« Dijots (Pythia) 35 1 0"! - «omee Dijets (Pythia)
zZ A Dijets (POWHEG+Pythia) Z - o 4 Dijets (POWHEG+Pythia)
0| vy o S (T
’ "-'»'_
10° w80
20 ""..n
b ] 10? .'.“... .
10%. i d
¢ -Q-..’...u‘.'. . 10 -
| L evene, | 4
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~ ' - ad i ~ Diwe e i
o 08 @ 08 " ¥ +
et 06 I | | it | | | P | - 06 | | | | | n | I |
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Jet mass [GeV
[GeV] \d,, [GeV]

anti-k;, R = 1.0 mass (600-800 GeV, trimmed) anti-k,, R = 1.0 v/d)» (600-800 GeV, trimmed)

@ 10%-15% improvements in jet mass description with NLO, up to 25% for \/du
@ PYTHIA 6.425 tends to underestimate underestimate hard, wide-angle emission
o POWHEG+PYTHIA 6.425 is accurate to few %, even at large M’
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Quark gluon tagging and inclusive jet measurements of substructure

Unfolded jet mass and substructure in 35 pb
Jet “grooming” algorithms in active use in ATLAS

An attempt to remove uncorrelated soft, wide-angle radiation without significantly
affecting hard, massive splittings within parton shower or, more importantly, heavy
particle decays — Improve mass resolution & S/B, reduce sensitivity to UE/pile-up.

@ Mass-drop Filtering: mors, rri200s)

.......

Initial jet

. AR .
Rey = min[0.3, —5-4 Filtered jet
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Quark gluon tagging and inclusive jet measurements

Comparisons of “fat” |

“Ungroomed” and trimmed jet mass

Arbitrary units

o Grooming provides resilience against } -up

bl substructure
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Detector-level jet mass, substructure, and grooming in 5 fb
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o Full jet mass distribution exhibits significa

o Not a jet mass correction but rather a robust n}
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Quark gluon tagging and inclusive jet measurements of substructure Detector-level jet mass, substructure, and grooming in 5 fb

Comparisons of “fat” jet substructure with 5 fb! (1)
“Ungroomed” and trimmed jet mass: PYTHIA vs. POWHEG+PYTHIA

ATLAS-CONF-2012-066
1

9 S —— : 8
= ATLAS Preliminary ‘© 014 ATLAS Preliminary
= Data 2011, [ Ldt = 4.7 tb” = Data 2011, [ Ldt = 4.7 fb"
2 0. anti-k with R=1.0 LCW, No jet grooming 2 (.42 anti-k with A=1.0 LOW, 1 =0.05, R =03
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< 008 “ 55N, 57 < 01 . 52Ny <7
. 8=N, =11 . BN, =11
008 TP Neval2
0.06 !
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0.02
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anti-k;, R = 1.0 mass (ungroomed) anti-k;, R = 1.0 mass (trimmed)

e Grooming provides resilience against pile-up
e Full jet mass distribution exhibits significantly improved stability
e Not ajet mass correction but rather a robust new definition of a jet
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Quark gluon tagging and inclusive jet measurements of substructure Systematic uncertainties using tracking

Preliminary mass scale uncertainties using tracking

>.,D.12 ............. S — >‘012 mmman e n e —m—————r—— 1
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o 01 ot : : o 0.1
cc) No jet grooming applied g Filtered (p -0 67)
-] For Inl < 1.2 and 200 < p, <1000 GeV ) Forinl <1 2'and 200 < p, < 1000 GeV
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t
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e Preliminary mass scale uncertainties for large-R jets: approximately
5-6%
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Boosted hadronic object tagging in data Constraining the jet mass scale in situ

Using hadronic W decays as a standard candle
Adam Davison (UCL) & Gregor Kasieczka (Heidelberg)

>
§1000 % - L AT N5 I ] 1 (TR S TS S VO L S AR
5 800 L 180E- f Ldt=471' ATLAS Preliminary I
3 T 160F )
600 — S 140 g&, - =~
e = 120 Elz{y- .l
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- 60}~ E
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'%0 40 60 80 100 120 140 160 180 200 )
Jet Mass [GeV| W Candidate Mass [GeV]
Direct filtered C/A W+jets HEPTopTagger + ff selection
. ~ ' . . 'ml
o Direct filtered C/A W+jets: W+l jet, Ag(W, jet) > 1.8, pr > 200 GeV
e Focus on muon channel only, use filtered C/A jets and trimmed jets
e For HEPTopTagger: use a full 77 semi-leptonic muon-channel selection
@ Preliminary preliminary expected uncertainty: 2-3%!/
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Boosted hadronic object kagging indata  Constraining the jet mass scale in situ

Using hadronic W decays as a standard candle
Adam Davison (UCL) & Gregor Kasjeczka (Heidelberg)
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© Direct filtered C/A W+jets: W+1 jet, Ad(W, jet N 1.8 P
o Focus on muon channel only, use filtered C/A jets ¢

© For HEPTopTagger: use a full 7 semi-leptonic muon-
o Preliminary preliminary expected uncertainty: 2-3%!
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Boosted hadronic object tagging in data

Standard Model top quarks at high p-

Commissioning boosted object tools with SM top quarks (1)

Enriched sample of boosted tops using semi-leptonic (1) selection and high-pr fat jets
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ATLAS Preliminary
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[ W+jets
[ Z+jets
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Statistical uncertainty

- L

|
250 300 350

Mass [GeV]

anti-k;, R = 1.0, trimmed

@ Significant increase in the purity of the top mass peak between 120 < M < 200 GeV
e Narrower top mass peak after trimming that is well described by the data
@ Rate of boosted tops is well-predicted by MC@NLO top MC

o implicit limits from this plot alone

D.W. Miller (EFI, Chicago)
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Boosted hadronic object tagging indata  Constraining the jet mass scale in situ

Using hadronic W decqys as a standard candle
Adam Davison (UCL) & Gregor Kasjieczka (Heidelberg)
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Direct filtered C/A W+jets

HEPTopTagger + 17 selection

© Direct filtered C/A W+jets: W+1 jet, A¢(W, jet) > 1.8, P > 200 GeV
o Focus on muon channel only, use filtered C/A jets and trimmed jets

o For HEPTopTagger: use a full ¢7 semi-leptonic muon-channel selection
© Preliminary preliminary expected uncertainty: 2-3%:!
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Boosted hadronic objectfapging indata  Standard Model top quarks at high p

Commissioning boosted object tools with SM top quarks (1)

Enriched sample of boosted tops using semi-leptonic (1) selection and high-py fat jets

ATLAS-CONF-2012-065
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o Significant increase in the purity of the top mass peak between 12
o Narrower top mass peak after trimming that is well described by the
o Rate of boosted tops is well-predicted by MC@NLO top MC

o implicit limits from this plot alone

It <200 GeV
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Commissioning boosted object tools with SM top quarks (1)

Boosted hadronic object tagging in data

Standard Model top quarks at high p-

Enriched sample of boosted tops using semi-leptonic (1) selection and high-pr fat jets
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@ Significant increase in the purity of the top mass peak between 120 < M < 200 GeV
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e Narrower top mass peak after trimming that is well described by the data
@ Rate of boosted tops is well-predicted by MC@NLO top MC

o implicit limits from this plot alone

e b-tag requirement highlights improvement in mass resolution from trimming

D.W. Miller (EFI, Chicago)
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Comparisons of “fat” |

“Ungroomed” and trimmed jet mass

Quark gluon tagping and inclusive jet measurements pf substructure

Detector-level jet mass, substructure, and grooming in 5 fb™

. : 1]
et substructure with 5 tb~" (II)
f PYTHIA vs. POWHEG+PYTHIA
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o Grooming provides resilience against pile-up
o Full jet mass distribution exhibits Significa

: . improved stability
o Not a jet mass correction but rather a robust

definition of a jet
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Boosted hadronic objectpagging in data  Standard Model top quarks at high p

Commissioning boosteii object tools with SM top quarks (1)
g

. . » oS . Y. . I T 1 A
Enriched sample of boosted tops using semi-leptonic (1) selection and high-py fat jets

ATLAS-CONF-2012-065
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® Significant increase in the purity of the top mass peak between 120 < M* <200 GeV
o Narrower top mass peak after trimmin

g that is well described by the data

o Rate of boosted tops is well-predicted by MC@NLO top MC

o implicit limits from this plot alone
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Boosted hadronic object fagging in data  Standard Model top quarks at high pt

Commissioning boosteyl object tools with SM top quarks (I)

Enriched sample of boosted tops using semi-leptonic (1) selection and high-py fat jets
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o Significant increase in the purity of l.hc top mass peak between 120 < M < 200 GeV
o Narrower top mass peak after trimmin

g that is well described by the data
o Rate of boosted tops is well-predicted by MC@NLO top MC

o implicit limits from this plot alone
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Boosted hadronic object

Complex tagging algoni

HEPTopTagger: Plehn, Salam, Span

tapging indata  Standard Model top quarks at high pt

ithms using substructure

Takeuchi, Zerwas JHEP 10(2010)078 _
; J"\, ..... \
C/A . )
e —_—

. - > YA
Combine generic substructure WSS ’ \ o
tools like mass drop and x m: 5 < p

. nital je :
properties of the decay s M <
products like the helicity angle RO
of the W and create a tagger: = /j
I Keep the hardm.l.ti .':]_-:n:!:.cls
@ Cluster fat jet and apply \er 7 O ;
tc S —_— ——-bl
mass-drop N 'Cf‘* %0 CQ QO
O Find subjets and keep N R = min03, .FT;,..,R,., """" i
hardest

© Recluster into 3 objects
(for top tagging)

D.W. Miller (EFI, Chicago)

Jets & Substructure in ATLAS - Perimeter [nstitute o

_— Make exactly
P artnhon

three jets  ,»*"" ™,
l." “\ l "’l )
> \ ‘
i-\ SRt .‘I ) —
[ (‘\ NI | £
W \
\ o 4
Fd

s R g g e

Tap candidate

LAlA

(b s fy b o)

23 Wober, 2012

howksy, PRL 104, 111801 (2010) and Plehn, Spannowsky,

19731

Page 33/58



Boosted hadronic object tagging in data Standard Model top quarks at high p-

Complex tagging algorithms using substructure
HEPTopTagger: Plehn, Salam, Spannowksy, PRL 104, 111801 (2010) and Plehn, Spannowsky,
Takeuchi, Zerwas JHEP 10(2010)078
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Boosted hadronic objectfagging indata  Standard Model top quarks at high pt

Commissioning boosteyl object tools with SM top quarks (II)
HEPTopTagger (HTT) in data
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© Significant drop in background coy
resolution N

© Again, both shape and rate of high-pr R guarks well reproduced by MC@NLQ (top)
and ALPGEN (W+jets)

© Calibration of subjets used in HEPTopTaggeNiporant

ination from W+jets and increase in mass
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Boosted hadronic object tagging in data Standard Model top quarks at high p-

Complex tagging algorithms using substructure
HEPTopTagger: Plehn, Salam, Spannowksy, PRL 104, 111801 (2010) and Plehn, Spannowsky,
Takeuchi, Zerwas JHEP 10(2010)078
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