Jet Substructure
& N-subjettiness

Jesse Thaler

i
Thanks to Sal Rappoccio and Chris Lee for slides!
David Miller for up-to-the-minute results!

Based on work with Ken Van Tilburg: 1011.2268 & |1108.2701
Preliminary work with llya Fiege, Matthew Schwartz, and lain Stewart
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Extreme Kinematics at the LHC

\/g =>> Mtop 4 AR ~ MTtop

Heavy resonance to boosted tops...
...looks just like QCD dijets.

Must reduce QCD by 1073 in boosted regime!
(rejection factor of few x 1072 per jet)
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Experimentally... it works!

CMS-PAS-EXO-11-006
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Jet Merging in Boosted Regime
— “Fat” Jet ldentification

Type |: Top tag
Type 2: W tag + b tag

Competitive with “resolved” searches
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Jet Substructure & N-subjettiness

Overview of Jet Substructure

Boosted objects at the LHC

N N CMS Preliminary, 4|90'pl?" 'at'\!§| =7TeV
S 7E
8 6 mPATA  =175.52+ 5.97 GeV
) E miic =171.35 + 4.97 GeV
~ 5F
2 F WTop
S 4F EWdets
D LF CJaco
SE ¢ Data
Py — Data fit
= - -MC fit
1
00 100 200 300 400 500 600

Mass of Top Jet Candidate (GeV/c?)

Introducing N-subjettiness Ongoing Theoretical Studies

Top tagging with T3/T2, W/Z/H tagging with T2/T) Expanding about the infinite boost limit
1
™ = — E prrmin {AR4 i}
do
[JDT,Van Tilburg: 1011.2268 & 1108.2701] [Fiege, Schwartz, Stewart, JDT: | 2xx.xxxx]
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Overview of Jet Substructure

Boosted objects at the LHC

CMS Preliminary, 490 pb™” at\'s = 7 TeV
L L L L L

mpATA =175.52 = 5.97 GeV
myc =171.35 = 4.97 GeV
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Thanks to Sal Rappoccio and Chris Lee for slides!

(I am assuming you know how to reconstruct jets, R = eta-phi distance, etc.)

Jesse Thaler — Jet Substructure & N-subjettiness



Jet Substructure by Eye

Two jets with mjec = mop. Coloring by exclusive k.

Boosted Top Jet, R=0.8

Algorithmic:
Basic
Tagging
Strategies: Jet Shape Cut:
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Boosted QCD Jet, R =0.8

1.75

1.35¢
I .

0.85f "I
|

0.35¢

085 4 s 0

{pi} = Pjet, yes/no
Currently used by CMS: JHTT, Pruning

f({pz}) < fcut

Theoretically appealing, typically less effective



Algorithmic: Johns Hopkins Tagger

Inspired by BDRS Boosted Higgs Method

[Kaplan,
Top Tagging Details Rehermann,
. hwartz
e Based on Kaplan et al. (arXiv:0806.0848) Sc Wa. ’
e (luster particle flow candidates using Cambridge Aachen Tweedle]
e Reverse the clustering sequence in order to find substructure
e Subjets must satisfy two requirements Removes soft clusters
- Momentum fraction criterion: pTsubjet > 0.05xpThard jet /
- Adjacency criterion: AR(A, B) > 0.4 - 0.0004xpT <—|Removes wide ang|e clusters
e |terative process - throw out objects that fail momentum fraction cut and try to decluster
again
e Then use: N e, ICIIVIISI?rellilpipall'y,l4sliolpl?"Iatl\E|=l7TeyI
0 E
- Jet Mass ~ Top mass E mgn  =17ss2s SSTGEV
— Minimum mass pairing of subjets ~ W mass 10 e SISSsAeTeV o
2 ETop 7
g C .
Primarv Decomposition: Secondary Decomposition L% E‘géents ]

Break jet into two parent Repeat on parent clusters

clusters ° G
5

26 July 2011 Require >= 3

Monday, July 25, 2011
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Algorithmic: Jet Grooming

See also Jet Filtering & Jet Trimming

[Ellis,
Jet Pruning Details Vermilion,
Walsh]
. . £ 028 T e T
e Ellis et al. (arXiv:0903.5081) 5[ 1] | = et eyinsoet:
. S B Jet Pruning Algorithm -|
® Improves mass resolution by & 02 QS Simulaton
removing soft, large angle particles [ . ]
from thegjet , 1arg gep 0151 Simulation
e Recluster each jet, requiring that o .
each recombination satisfy the 005 E
fO”OWing: : CMS Prelimi 490 pb™ at\Vs = 7 TeV
B i reliminary, pb at\s=7Te
mln(pTl?pT2)>01 0"‘20‘”40‘“6‘()“‘8‘0“‘1(;0”120 140 N<\320' N
) Jet Mass (GeV/c?) > 18 O 8275 s 238 GeV
pr > [T — E‘D) 16 m‘“,"v:C ;sz:oo; 2:2zeev
m. = B —Z -t ] ~ 14
jet 5 o1 —— QCD Pythia 6 D6T | o W Top
ARlQ < 0.5 >< 'g L .(l:et:rsu_ningy,;lgorithm GC) ::5 Ewdets
pPT & 008 avesrror o Jaco
3 B e Data
. . i i i i — Data fit
e For W tagging, require: ol Simulation ~Dstar
- Jet mass in 60-100 GeV/c2 i ]
0.04— . T
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m . | .
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CMS Preliminary, 886 pb ™ at\'s = 7 TeV
Combined type 1+1 & 1+2
Observed (95% CL)
Expected (95% CL)
+ 10 Expected
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KK Gluon, Agashe et al

Topcolor Z', 3.0% width, Harris et al
=rmamEy Topcolor Z', 1.2% width, Harris et al

Jet 3:
pt 47.8 GeVl/c,
b-tag discriminant 4.2

Jet 2: Jet Pruning

pt 484.3 GeV/c,

mass = 68.8 GeV/c2
Jet 2 + 3: Mass = 167

Jet 1 : Top Tagging

pt 589.1 GeV/c,

3 subjets,

mass = 186.7 GeV/c2,
minMass = 87.2 GeV/c2
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Other Notable Measurements
ATL-STDM-2011-19

Jet Mass Vdi2 = min(pra, pri) X ORap,

o goooff T T T BRI L B B > ARBALRARSIRAASS Rasns nasns nanns Rasas nanss Ranas nasey
O - ATLAS —u— 2010 Data.IL= 35pb" & 10000~ ATLAS —a— 2010 Data.ILs 35pb’
S 8000} anti-k, R=1.0 jets 0 - anti-k, R=1.0 jets :
P . - 300 < p, <400 GeV —— Pythia @ - 300 < p, < 400 GeV ——— Pythia -
3 000 ; Ney=1,lyl<2 Herwiges L 8000Nn,, =1y<2 Horwige-s -
3 6000/ .
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05+ | N
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QCD-like <> Signal-like QCD-like <> Signal-like

ATLAS Measurement of Jet Substructure in Inclusive QCD Jets
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Other Notable Measurements

ATL-STDM-2011-19

LI LI ]lTll] LI LI I]TTYTII]TT

> ;T LI I LB L l LI g

(A 260: ATLAS —ea— Before Splitting/Filtering -

: 24OL f L=35pb" —=»— After Splitting/Filtering j

B D R M eth O d s » ~——a—After Splitting Only
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ATLAS Test of Grooming Procedures and Pileup
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Jet Shapes: Angularities

Close Relatives of N-subjettiness

Calculable Measures: Jet Shapes

* Additional discriminating power by measuring more shapes:

“The” Jet Shape: (- / R) = energy fraction

.. Ellis, Kunzst, Soper
inside subcone P

Quark/Gluon
Separation

Quark jets
(blue)

Gluon jets
(red)

“Angularity” Jet Shapes: Ty = —

Ellis, Hornig, CL,Vermilion,Walsh
(2009);

cf.Almeida, S. Lee, Perez, Sterman,
Sung,Virzi (2008)

based on event shape

by Berger, Kucs, Sterman (2003)

a=1/2,R=|

jet core

Christopher Lee — Panic 201 |
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Jet Shapes: Planar Flow
Top Tagging with Jet Shapes

Top Mass Window

Calculable Measures: Jet Shapes 02y rorsonane
i — QCD Dijet (P8,py)
0.10- - — QCD Dijet (P6,pr)
; ---- QCD Dijet (P6,Q)
0.08-
s
© 0.06 - -y =T - _—!"
0.04; Eml_r: T e
0.02; -
- QN Q- o0 005 o0 015 020 0z
QCD massive jet top jet det S*
*Planar flow, Pf, measures the energy ratio between two P ———
rimary axes of cone surface: Almeida, S. Lee, Perez,
P Y 1 Sterman, Sung,Virzi (2008) Ok To p/ QCD
o\ 6 . . 9, Pik Pil Thaler,Wang (2008) .
(i) “moment of inertia’: m_J’eZREi B E Separatlon
. det(Ig) 4A1 A2
(i) Planar flow: r()? (Ot M)
leading order QCD, Pf=0 top jet, Pf=1
R — "
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Additional Observables

Dipolarity Pull
PTe p = Plo 1z | 7.
3132 a€jet pTJet acjet pT,jet
[Hook, Jankowiak, Wacker] [Gallicchio, Schwartz]

Substructure without Trees
Zjﬁéh d(JADE) K(R AR]I]Q)

J1J2

JADE
Zjl;éjz d§132 )@<R AR]1]2)

AG(R)= R

[Jankowiak, Larkoski]

See Seung Lee’s talk on Template Overlap Method

Other Algorithmic Methods: HEPTopTagger,YSplitter, Filtripruning
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Boosted
Hadronic Top

Top Tagging c. 2010

Boost2010 Top Benchmark
500 GeV < pr < 600 GeV

VS.

High Mass
Quark/Gluon Jet
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Boosted
Hadronic Top

Top Tagging c. 201 |

Boost2010 Top Benchmark

500 GeV < pt < 600 GeV

VS.

High Mass
Quark/Gluon Jet

/Q

© -
©
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8
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S
10 —
Jet Shape -
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g/q o
0.1
Algorithmic
~———
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Jet Shape! efficiency

“Thaler/Van Tilburg”

fixed 160 GeV < mjer < 240 GeV cut
one-dimensional cut on T3/T»



Introducing N-subjettiness
Top tagging with T3/T2, W/Z/H tagging with T2/T|

™ = - ZPT”“ min{ARA 1}
0 7 A

[JDT,Van Tilburg: 1011.2268 & 1108.2701]
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Introducing N-subjettiness

1 .
™ = - E prxmin{ARg1,ARro,..., ARy N}
0
k

Boosted Top Jet, R=0.8

Generalization of thrust

67 ‘_\\ ° °
to multiple (sub)jets!
5.5 I,’ ':"\_ .. (strictly speaking, generalization of jet broadening)
- Tmed o
= il
5¢ A .
Jet shape “counts” number of subjets!
45} .
w # subjets: < N >N
0 0.5 1 1.5
n ]
™: O I

Adapted from “N-jettiness”, used to define exclusive jet bins
[Stewart, Tackmann, Waalewijn: 1004.2489]
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Introducing N-subjettiness

1 .
TN — d_o ZPT’k 1mirn {ARkjl, AR]{’Q, “ oy AR]{,N}B
k

Choice of subjet axes?  Choice of angular weighting?

Axes that minimize TN! R =] = Jet Broadening
TN = min Ty 3 =2: =Thrust -
{Daxes } 3 = 2-a: = Angularities
Analogous to thrust B = | is preferred for boosted object hunting
Fast implementation by generalized (Open theoretical question: why?)

k-means clustering

No algorithmic dependence (apart from initial jet finding)

Jesse Thaler — Jet Substructure & N-subjettiness
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Tagging with TN/TN-|

Some raw distinguishing power...

145 GeV < mj <205 GeV

0.25

o
()

0.157

Relative occurence
o
—

0.057

—Top jets
—QCD jets||

0.4

0.3}

0.1}

0.2

04 .06
T, of jet

145 GeV < mj < 205 GeV

0.8

0.15

Relative occurence

0 QCD jets (blue/open)
B Top jets (redffilled)

......

l

145 GeV < mj <205 GeV

0.1r

0.057

—Top jets
——QCD jets

0 0.2 0.4 0.6 0.8 1

T, of jet

...but suggests
multivariate cut!
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145 GeV < mj < 205 GeV

. . . —] T3/
—Top jets | | R
—QCD jets| I B

0.06

0.057

0.04

Relative occurence
o
o
w

Flexible cut to adjust
sighal acceptance vs.
background rejection

T3/T2: Boosted Tops
T2/T1: Boosted W/Z/H

Ratio is quasi-boost invariant
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Hot Off the Press from ATLAS

Calibration on Background. Thanks to David Miller!

EE; T T Y T T I 12 T ] T 12 Y ] T T T i T T T N
o - ; .
™ 1 s = -

© - .
= - ——— Pythia -
5000} .

: ------ Herwig++ :

4000 i =
3000} —o- -

- 5 @ prees ]

- anti-k, R=1.0 jets .

1000} 300 <p, <400 GeV e ~

- Ney=1,]y|<2 l 7l

l 3 i L l s 2 1 l ' L 2 l L L L l s ' L n

o 1.8¢ :

= 1.65 3
Q 14F bey
| S
0.8F |-i- E
0.4 =

0% 02 04 06 08 1 1

Signal-like <—|—>

N-subjettiness 1,
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Top Tagging c. 201 |

[ L L L B L AL LN
© - === Hopkins
% — ammns CMS
k% - Pruning
E | s ATLAS
10" | === Thaler/Wang

o

ERNR

v

L i iiTs

3

500 GeV < pr < 600 GeV

fixed jet mass cut:
160 GeV to 240 GeV

one-dimensional cut
on T3/T2 (from minimum)

dashed = Fisher Discriminant

Intuitive measure of “number of subjets”
Based on true jet shape (can use as hybrid, too)
Plays well with multivariate methods

10° QQ‘@/‘ —
€’ . — T3/T) -
N " - == Multivariate tyy
01 . 02 03') 04 05 06 07
Jet Shape! efficiency
N-subjettiness:

Jesse Thaler — Jet Substructure & N-subjettiness

Excellent tagging performance out of the box
Ratio Tn/TN-1 has reduced JES sensitivity

Plays well with grooming (e.g. pruning)
Calculable (& resummable!) in perturbation theory

23



Background mis-tag

=
o
-

=
o
N

Top Tagging c. 2012

Boost201| | Top Benchmark

500 GeV < pr < 600 GeV

Herwig 6.5

CMS
— HEP

& — M
G( — NSub
(@/‘ - - Pruned
-- TW
- - Trimmed
o‘.2 0‘.3 o‘.4 0‘.5 0‘.6 o‘.7

Signal efficiency

Background mis-tag

[
o
—

=
o
N}
N

103 |

\\ \
\\\
\\ \

S\
R\

— ATLAS
— CMS

— HEP

— NSub

- - Pruned
-- TW

- -  Trimmed

0.1

0.2

0.3 0.4 0.5
Signal efficiency

Pythia 6.4 more optimistic, Sherpa more pessimistic,
Detector effects also important.
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Ongoing Theoretical Studies
Expanding about the infinite boost limit

-
Vs ~
\,

A

]
]
1
1
)

.
A .
n .
1 A} A Y
. A}
.
A Y 1
.
A Y
‘.
A Y
A 3
Z *
SeLe
A

[Fiege, Schwartz, Stewart, |IDT: | 2xx.xxxx]

S m="
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Calculate ldealized 2-subjettiness
In SCET, easier to use “geometric’” definition:
Ty = Zmiﬂ{ﬁl Dk, N2+ Pi}
Essentially 2-subjettl:ness with B = 2, using light-like vectors
Ay - f; =0 7] = 1

A

‘\ \‘ (Additional
s, + Complication
. i of Jet Radius)
~ Z \~~ - ‘,'
na2

Rest Frame = Classic Thrust Boosted Frame = 2-subjettiness
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2-subjettiness in Pythia

Pythia Z — Hadrons
0.08} - Q=0GeV
----- Q =50 GeV
0.06} === Q=100 GeV
1 do —— -~ Q=200 GeV
o dry 004 —— = Q=500 GeV
— — 1
0.02 Q = 1000 GeV |
0.00 : : =
00 0.1 02 03 04 05 06
75 (arb.)
Pythia Z — Hadrons
5F — Q=0 GeV (times e) 1
A — Q = 1000 GeV '
1 do 3L
(o dT2
ot
1L
0 , R . h
0.0 0.1 0.2 03 0.4
/1

T2/T) (Q = ) = e x thrust (!!

Pythia Z — Hadrons
010 ...................
—— Q=0GeV
008p i - Q = 50 GeV
| do 006} |1t ~~=~=~ Q=100 GeV
- ——= Q=200 GeV
7 ATy 004 ——— Q=500 GeV
002} — Q=1000 GeV ]
0.00 . T
0.0 0.1 02 03 0.4
/1

T2/T| saturates as Q — oo (!)

Cone and ISR/UE Effects in Pythia
(Q = 1000 GeV, [mje— mz| < 10 GeV)

0.05
Baseline
0.04 s, Above + R=1.0
' ~=-" Above + ISR/UE ]

1 do 0.03F -~ ~ — ~ Above + At
_ 1
o dty 0ol . Above + At

001}

0.00 L P P T TP T R

/1

Control over ISR/UE/Pileup (!!)

Allows systematic jet substructure calculations in 1/Q

Jesse Thaler — Jet Substructure & N-subjettiness
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2-subjettiness in SCET
Ql—El ji_)z mZX«; ,

®---—-—-—-— >
&/’ Q2 = Eo /
2 _
— mZ D1
/A 0 = angle between rest frame
512 \/in M2 thrust axis and boost axis

Recycle NNLL thrust by boosting! (and O integral...)

1 do ~ dcos b
= 712/ H(mz, uwm)Ung(mz, i, o)

00d7'2/1 2
/dk A0 Ty, [T (Timags k). { 2250 )]
/ T,
Py s 2 MS)
U k‘ f ST E_ ’ y
: S< ' By ﬁe) ( Bo "~ Be

Jesse Thaler — Jet Substructure & N-subjettiness
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Boosted Z Signal Predictions

Surprisingly good agreement between Pythia and NNLL

Pythia vs. NNLL Calculation

20 ——————————r—————————————————r—r—
: '\ﬁ1 — Q=0GeV :
15[ \ = Q = 1000 GeV
1 do | CY AN :
— 10 F '
o dT2/1 Ao
5[ i
' PRELIMINARY 1

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30

2/1

Extra SCET machinery (—l—) Tails match beautifully

needed for precise peak shape

Next targets: fat jet background, boosted top signal

Jesse Thaler — Jet Substructure & N-subjettiness



Correction Factors

Estimated sizes using Pythia

Effects included in
SCET calculation

Hadronization and ISR /UE Effects in Pythia
(Imjei— mz| < 10 GeV)

b
0.3' .‘-___,.___..____._ _____ .-- -
s i I S -.:
Dgs 02 I
°-0 o--_ o --@--—--- @ - __ PY
0.1}
i - Baseline — Without Hadronization
- Baseline —» R/ISR/UE (Without A7)
00 ....................
0 500 1000 1500 2000

Fully analytic corrections,
hadronization can be
derived from LEP thrust

Jesse Thaler — Jet Substructure & N-subjettiness

Effects neglected
(scale as 1/Q)

Cone and ISR/UE Effects in Pythia
(Imje— mz| < 10 GeV)

o4r—— 77—
"""" Baseline - R=1.0
03 3 — — 7 Baseline - R/ISR/UE + At |
1 Baseline - R/ISR/UE + A7' |
Dgg 0.2-
0.1} Sl
: —_— T :
00 . . . I. 1 . . ey e - n —
0 500 1000 1500 2000
Q [GeV]

Remaining effects less than 5%
(also [/mz calculable effects)



Excitement at QCD/BSM Boundary
BOO5T2012

giving physics @ boost

-‘J_""'ﬂqt‘“ i« /!

MAIN MENU

Home

Scientific programme
Timetable
Committees

Poster

Financial support
Accomodation
Registration

Participants

THE BOOST SERIES

The BOOST series of workshops brings together world-leading theorists and
experimentalists from the Tevatron experiments and ATLAS and CMS. The goal is to SLAC - 2009
enhance the potential of the LHC for the decay topologies that form when highly boosted Oxford - 2010
heavy particles like the W and Z boson and top quarks decay.

Princeton - 2011
The next event in the BOOST series will be organized by IFIC Valencia. The conference
will take place in the centro cultural Bancaja in the heart of Valencia from the 23rd until the
27th of July 2012.

Registration will start in April. More information will be available on this webpage soon.

USEFUL LINKS

IFIC Valencia
How to get to Valencia

BO0ST2012 IS POSSIBLE THANKS TO THE GENEROUS SUPPORT OF OUR SPONSORS:

"' GENERALITAT
€y §VAL[NCJANA 6°/. o

m \\lf\tl\

© 2012 ALL RIGHTS RESERVED BOOST2012
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Jet Substructure & N-subjettiness

Overview of Jet Substructure

Boosted objects at the LHC

N N CMS Preliminary, 4|90'pl?" 'at'\!§| =7TeV
S 7E
8 6 mPATA  =175.52+ 5.97 GeV
) E miic =171.35 + 4.97 GeV
~ 5F
2 F WTop
S 4F EWdets
D LF CJaco
SE ¢ Data
Py — Data fit
= - -MC fit
1
00 100 200 300 400 500 600

Mass of Top Jet Candidate (GeV/c?)

Introducing N-subjettiness Ongoing Theoretical Studies

Top tagging with T3/T2, W/Z/H tagging with T2/T) Expanding about the infinite boost limit
1
™ = — E prrmin {AR4 i}
do
[JDT,Van Tilburg: 1011.2268 & 1108.2701] [Fiege, Schwartz, Stewart, JDT: | 2xx.xxxx]
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Credit to Original Literature

Higgs Top SUSY

[Seymour; Butterworth, [Butterworth, Davison, [Brooijmans; Kaplan, [Butterworth, Ellis,
Cox, Forshaw; ...] Rubin, Salam; Plehn, Salam, Rehermann, Schwartz, Raklev, Salam; ...]
Spannowsky; see also Tweedie; Ellis,Vermilion,
Kribs, Martin, Roy, Walsh; see also JDT,Wang;
Spannowsky; ...] Almeida, Lee, Perez,

Sterman, Sung,Virzi; ...]
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WV Tagging

65 GeV < mj <95 GeV 65 GeV < mj <95 GeV 65 GeV < mj <95 GeV
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65 GeV < mj <95 GeV W jets vs. QCD jets, 450 GeV < pr < 600 GeV
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200 GeV
< PT <
800 GeV

500 GeV
< PT <
600 GeV
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Relative occurence

0.02

0.12

0.1

0.08 _
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o
o
»

o
o
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More Plots

___Top jets, anti—kr‘, R=1.0
__Top jets,«:3/7:2 <0.5

—_QCD jets, anti-k, R=1.0 .
_ _QCD jets, 13/12 <05
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Jet mass (GeV)

___Top jets, anti—kr‘, R=1.0
__Top je’[s,rS/ﬂ:2 <05

—_QCD jets, anti-k_, R=1.0

__QCD jets, 1:3/1:2 <0.5
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mistag rate

mistag rate

200 GeV < pt <800 GeV
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— e Pruning ‘\"‘ AL \‘\T
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Linear Fisher Discriminant

500 GeV < p._ <600 GeV, 160 GeV <m < 240 GeV 500 GeV < p_ <600 GeV
1 . . . | 107 5
;ééé‘mm;ﬂ‘lll‘- a ‘ ‘
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Improving the Reach

CMS Preliminary, 886 pb” at\'s = 7 TeV
T T T T T T T I T T T T

— T T T T T T - T 3
- -8_ Combined type 1+1 & 1+2 3
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Z N 1 ——— KK Gluon, Agashe et al .
N —
Q: -------- Topcolor Z', 3.0% width, Harris et al
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X 1 n
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h—aa— (T777)(7777)

0.4 .

Recent Applications

ditau jets

light flavor jets ---------

c jets =mmm= .

0 s £

0 0.25

[Englert, Roy, Spannowsky]

o (fb)

100 -

0.01 -

10 -

pa — mara — (99)(g9)

---- Jet Sub. (0.1)
-=-- Jet Mass (0.1)

— Atlas 163 pb!  ----

Atlas 5 fb~!
— — Jet Sub. (0.2)

— - JetMass (02) |

| 860 o 10‘00‘ o 12‘00‘ o 14‘00‘ o 16‘00‘ o 18‘00‘ ‘2000
m,,. (GeV)
[Bai, Shelton]

N-subjettiness: Powerful discriminating variable,
by itself or as part of a multivariate study
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Minimization
Classic problem in computer science!

L .1 . B
T{—{;EQQ}TN TTN— i Ek:pT,kmjn{ARA,k}

True Jet Shape Hybrid Jet Shape

B =2 (= thrust): “k-means clustering”

=~ iterative jet finding, fixed number of jets, voronoi boundaries
011 . S
I =0 = paxiszzpk
anIS L

l.e. Jet axis = jet momentum

B = | (= jet broadening): We developed new minimization algorithm,
jet axis # jet momentum, kind of like a “median” jet

Jesse Thaler — Jet Substructure & N-subjettiness
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Effect of Minimization

Boosted top jet, 13/1:2 =0.32 (lin,p=1)
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1.2f

Boosted top jet, 13/1:2 =0.22 (quad, p=2)

Boosted top jet, T /t, =0.28 (k, p = 1)

y
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02 04 06 _ 08
13/12([?=1)

0.5 1 -0.5 0 0.5

With minimization,
TN T <

Better Top/QCD
Separation
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A New/Old Jet Algorithm

Jesse Thaler — Jet Substructure & N-subjettiness

Exclusive Cones for Higgs Searches

Event display comparing N-jettiness and anti—kT clusterini

[JDT,Vermilion: Ongoing]
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Thoughts on Jet Algorithms

Hybrid Jet Shape: 7~ = f({pr}, {Paxes})

Minimization of any hybrid jet shape defines a jet algorithm!

Not a new idea... Stable cone finding:

over axis A:

Minimize ) (RO) _ Zka min(ARAJC, RO)2 <« Key!
k

[Ellis, Huston,
Tonnesmann]

Solution: Djet = E Pk In cone
k

In CS optimization: cluster finding = minimization

Jesse Thaler — Jet Substructure & N-subjettiness
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N-jettiness

Original Purpose: Define exclusive jet cross sections
Especially important for Higgs + N jet searches

[Stewart, Tackmann, Waalewijn]

“Exactly N jets™?

Current Method Alternative Method
Run jet algorithm, Find exactly N jets,
require exactly N jets restrict event to be below
above jet pt threshold N-jettiness threshold

With minimization, can use to define N jets!

T](Vﬁ) (Ro) — ZPT’i min {(ARLZ)ﬁ oo e ey (ARN,Z)B ] (R())B}
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N-jettiness Jets

Event display comparing N—jettiness and anti—kT clustering

| | I I
6 (p = 1) conesf;
— (p = 2) cones
anti—kT area
S |
(p=1) axes
O P = 2) axes
4L % antl—kT axes ||
= gL B
2r i
1 - |
l l l l l l
-5 —4 -3 -2 2 3 4
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A Killer App!?

. CMS Preliminary: Oct 2010
- Projected 95% CL Limit on o/og,,

—
o
w

The Boosted Higgs Search

qgqq — 2" — ZH
L bb

s T

—— WW(212v)+0]

1 2 F -1 — Comb'nec:i
0 F 5fb” @7 TeV o -~ WW(212v)+1
[ —— V(bb)-boosted .- VBF(WW)— 212
VBF(t7) — 774l

P ? [ —— W(WW)—> IvIvjj (SS) - - - ZZ— 2I2v
Y. wensss ZZ> 212b

95% CL Limit on o/og,,
o

—

—
Q

200 300 400 500 600
Higgs mass, m [GeV/c?]

BDRS Method An Alternative!?

[Butterworth, Davison, Rubin, Salam]
Signal has exactly 2 jets!

: — No need for jet substructure,
| i Py just minimize 2-jettiness

g —

mass drop

(Or if you have to use substructure,
use T2/T| on fat jets)
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Interpolating the Higgs Search

2-jettiness vs. anti-kT: interpolating between regimes

» — —— Low P, anti-k .
% 100 :_ — Low p,_2-jettiness|
— - —— High-p_anti-k
D) | T
'g 80 - — High P, 2-jettinesy
2 N

60

40—

201

0300 130 200" 250 300 350400
dijetMass
Signal: H(bb)Z(pp) Same analysis works over all(?) pr!

low pt = no cut
high pr = > 300 GeV

[Chris Vermilion, very preliminary]

Jesse Thaler — Jet Substructure & N-subjettiness

47



Interpolating for Top!

More complicated: all-hadronic ttbar

Entries 101694

Meanx 3148

Meany 4735
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Mass of all jet triplets (inspired by CDF/CMS resonance search)’

Exclusive kT, 6 jets

*

[Chris Vermilion, very preliminary]

—— Hardest 6 AKTO05

—— 6-jettiness

—— Exclusive k(6)

T Tl
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