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ittle bit of Mistowy

Mike Seymore
Z. Phys. C62 (1994) 127

LU TP 93-8

Searches for New Particles Using Cone and Cluster
Jet Algorithms: A Comparative Study

Michael H. Seymour
Department of Theoretical Physics, University of Lund,
Solvegatan 14A, S-22362 Lund, Sweden

Butterworth, Cox, Forshaw (hep-ph/021098)
Butterworth, Ellis, Raklev (hep-ph/0702150)

ATLAS Y-splitter

(ATL-PHYS-CONF-2008-008)

Butterworth, Davison, Rubin, Salam (0802.2470)

Monday, November 12, 12

mass drop

FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rgaj; and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.



[Johns Hopkins] Top Tagging New jet shapes

(Kaplan, Rehermann, Schwartz, Tweedie; 0806.0848) (Almeida, et al.; 0807.0234, 0810.0934)
3-body kinematic vari
Pruning (Thaler, Wang; 080@23)
(Ellis, Vermilion, Walsh; 0903.5081) CMS Top Tagging O(\Q HEP Top Tagger
(0909.4894) . Q (Plehn, Salam, Spannowsky; 0910.5472)
Jet Trimming g’\’\\
(Krohn, Thaler, Wang; 0912.1342) More j&@hapes
(Chekanov, Proudfoot, Le\Q%Yoshida; 1002.3982, 1009.2749)
® HEP Top Tagger++
Jet Pull &Q(b' (Plehn, Spannowsky, Takeuchi, Zerwas;
(Gallicchio, Schwartz; 1001.5027) @) 1006.2833...)
New ics multi-tagging

Template overlap

(Kribs, Martin, Rog\\6pannowsky; 0912.4731, 1006.1656) (Almeida et al.; 1006.2035)

\O ISR tagging
N-Subjettiness (Krohn, Randall, Wang 1101.0810)

(Thaler, Van Tilourg 1011.2268: Kim 1011.1493) Jet substructure without trees

(Jankowiak, Larkoski; 1104.1646)
Shower deconstruction

Dipolarity (Spannowsky, Soper 1102.3480)  wpyltivariate quark/gluon discrimination
(Hook, Jankowiak, Wacker; 1102.1012) (Gallicchio, Schwartz; 1106.3076)
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Too much creativity to be reviewed in a 20
minutes talk

| will concentrate on a few of my favorite
topics

Borrowed results from many sources
— thanks!

Monday, November 12, 12



A bit 0/[ O’zqamzation

Jet Grooming

2-pronged
resonances

3-pronged
resonances

General
procedures

Monday, November 12, 12

Filtering
Pruning
Trimming

Mass-drop/Filtering
and variations

Y-splitter

Johns Hopkins tagger
HEP tagger

tree-less approach

Template method
N-subjettiness
Multi-variate approach
Shower deconstruction
Qjets

Butterworth, Davison, Rubin, Salam (0802.2470)

Ellis, Vermilion, Walsh (0903.5081)
Krohn, Thaler, Wang (0912.1342)

Butterworth, Davison, Rubin, Salam (0802.2470)
Plehn, Salam, Spannowsky (0910.5472)
Kribs, Martin, TSR, Spannowsky; (0912.4731, 1006.1656)

Butterworth, Cox, Forshaw (hep-ph/021098)
Kaplan, Rehermann, Schwartz, Tweedie (0806.0848)
Plehn, Spannowsky, Takeuchi, Zerwas (1006.2833)
Jankowiak, Larkoski (1104.1646)

Almeida et al. (1006.2035)

Thaler, Van Tilburg (1011.2268); Kim (1011.1493)
Gallicchio, Schwartz (1106.3076)

Spannowsky, Soper 1102.3480)
Ellis, Hornig, Krohn, TSR, Schwartz (1201.1914)



et g’mominq

Start with a large jet (capturing all decay products)

4.5¢

Boosted Top Jet, R =0.8

/
5.5
]

0.5

1.5

VS.

5.57

4.5¢

Boosted Top Jet, R =0.8

0.5 1

1.5

loss of mass resolution from
out-of-cone effects

A grooming procedure removes radiation which is more likely to be

contamination from the Underlying events and Pile-up

Improved mass resolution expected.

Monday, November 12, 12



Mass c[’zO/O / ﬁ.i/te’zing e e

Start with high-p; jet C/A, R=1.2

1. Undo last stage of clustering (= reduce R): J — J1, b

2. If max(my, my) < 0.67m, call this a mass drop lelse goto 1]
: _ min(p?,p%,) 2, min(z1,2)
3. Require y1o = AR ~ o > 0.09 lelse goto 1]

dimensionless rejection of asymmetric QCD branching

Filter the jet
» Reconsider region of interest at smaller Rgy = min[0.3, —-2]

» Take 3 hardest subjets

Monday, November 12, 12



Ellis, Vermilion, Walsh

12 wning oo o

At every step of clustering check whether
the branch to be added is soft and wide
angled.

min (pr,, pr; )

soft if: = -
: : Lp72'+7p7}|
- if yes discard the softer four-vector.

wide-angled if:  AR;; > Dy

Monday, November 12, 12

Zcut

Dcut —

PT;



Ellis, Vermilion, Walsh
0903.5081

CMS,L=5fb at\s=7TeV_
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m(W+b) (GeV/c?)
arXiv:1204.2488v1



%imminq

Krohn, Thaler, Wang
0912.1342

® [ntroducing a “cut” on soft radiation.

® Discard “stuff” below the cut after jet clustering.

® Our implementation.
® Cluster all calorimeter data using any algorithm

® Take the constituents of each jet and recluster with
smaller radius Rsub (Rsub = 0.2 seems to work well).

® Discard the subjet i if pr; < feut - Ahard «—— ISR argument.

® Best choice of the hard scattering scale and fcut.

® Process dependent.

® Can be optimized experimentally. Without contamination ——

Lian-Tao Wang
Higgs @ Tevatron and LHC, Seattle,

Monday, November 12, 12
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Krohn, Thaler, Wang

j-’zimminq corzioe

SM ttbar events in data

AL
@ Jet Mass (leading pt anti-kt R=1.0 jet, pt > 350 GeV)

> 350 C T T 1T | T T 1T | LI | UL | L P | LI | T 1T | T |_ > 350 N 1T 17T | 1T 17T | L | L | 1T T | T T | T T ‘ T _]
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o 300 [ anti-k LCW jets with R=1.0 = Q 300 [ anti-k, LCW jets with R=1.0 .
= [ No jet grooming applied —— Data 2011 R =) - Trimmed(f =0.05,R_ =0.3) —&— Data 2011 i
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Emily Thompson — Columbia University
on behalf of the ATLAS Collaboration

Boost 2012
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i tering vs.j.’zimming s. p’zuninq

Monday, November 12, 12

fraction of jets

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

s

.I:L,I_l,],,I_I,ll,,l_l,],l__,lIIlIII|III|III|III|III|III

anti-K; jets, R=1

p=3

filtering, R =0.35, N
) filt sul
pruning, zcu-t =0.1, Dcu

t

trimming Rsub =0.35, fCut =0.03 x P,

= m/pT

-
1

OO

200

50

100 150

250

jet mass [GeV]

(a) dijets, 500-600 GeV

fraction of jets

anti-K; jets, R=1

trimming F{sub =0.35, fcu[ =0.03 x P;
it 0.35, Nsub =3
pruning, Z.= 0.1, DCU‘ = m/pT

filtering, R

T
Sl E

100 150

(b) t, 500-600 GeV

200

jet mass [GeV]

250

Christopher Vermilion

Boost 2010



The relevant kinematic paltein

small pr
>
all taggers perform
reasonably well Iarge T, small T,
k/——* non busy final state non busy final state
e.g.Z -> tt e.g.pp->hZz
business
large pr, small pr,
busy final state busy final state
Y e.g. SUSY cascade e.g. pp -> tth

hardest scenario
HEP tagger is useful

Monday, November 12, 12



HEP top tagger

Plehn, Spannowsky, Takeuchi, Zerwas
1006.2833

Monday, November 12, 12

pT > 200GeV

K : _ Undo last clustering
fatjet, R=1.5 steps until m;<50 GeV

Recluster to 3 subjets

Qdentify top via mass ratios

Keep 5 hardest subjets

Drop activity outside \
substructure

Find subjets Gregor Kasieczka
(Universitat Heidelberg, Germany)

stay tuned for ATLAS results

for the ATLAS Collaboration,
Boost2012 Valencia, Spain



Thaler, Tilburg

N_ S UA’/.Q ttiness 1011.2268, 1108.2701

1 .
™ = E prrmin {ARk 1, ARg2,..., AR N}
0
k

Tagging with TN/TN-|

65 GeV <m. <95 GeV
j 145 GeV < mj < 205 GeV

0.08 ‘
—— W jets 0.06 — |T3/T2
0.07} —QCD jets|; —Top jets
0.05¢ = QCD jets
o 0.06/
0.04r

o
o
a

o]

o
o
w
Relative occurence
o
o
w

Relative occurenc
(@]
o
N

0 0.2 0.4 0.6 0.8 1 015 t
12/1:1 of jet 3

-G---

Jesse Thaler
Boost 2012
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Thaler, Tilburg

N_ S UA’/.Q ttiness 1011.2268, 1108.2701

Top Tagging ¢. 2012

Boost201 | Top Benchmark
500 GeV < pt < 600 GeV

Herwig 6.5 Herwig++
10 10 iz
o o ,/—, —_— =
© 8 _ =
@ @ - 2
E -
g ko) Z P
c c _TN -
3 — ATLAS 3 — ATLAS
o -2 = -2 /
910 — cMs 910 p — CMS
< -
z — HEP g A% — HEP
— M g & o
— NSub G( — NSub
- Pruned (Q/‘ - Pruned
10° - TW ; 10° | - TW
-  Trimmed -  Trimmed
0.1 0.2 0.3 0.2 05 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Signal efficiency Signal efficiency

Pythia 6.4 more optimistic, Sherpa more pessimistic.
Detector effects also important.

|deally: Calibrate in Data & Validate with Calculations

Jesse Thaler
Boost 2012
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Gallicchio, Schwartz

U tu}a’Ziate appyzoaC/l 1104.1175, 1106.3076

Quark versus Gluon jets

We looked at 10,000 variables

The menu, including varying jet size
m Distinguishable particles/tracks/subjets

m multiplicity, (pr), opp, (k1),
m charge-weighted pr sum

: : — best group of 5
| Moments | Gluon R,Q]GCthIl ,,,,,,, . charged mult & girth

,,,,,,, charged mult * girth
— charged mult R=0.5
subjet mult Rg,1,=0.1
,,,,,,, girth R=0.5
— optimal kernel
1st subjet R=0.5
,,,,,,, avg k1 of Rgup=0.1
— mass/Pt R=0.3
T . 11Ty D BN T YN decluster k7 Rgy,p=0.1
m Multiplicity for different algorithms and Rgup et shape W(0.1)

First subjet’s pr, 2nd’s pr, etc. — |pulll R=0.3

m mass, girth, jet broadening 10° T
m angularities A
m optimal kernel

m 2D: pull, planar flow

m Subjet properties

Gluon Rejection
o

‘T‘I’1‘I‘I‘I‘|“"‘ -

m Ratios of subjet pr’s. 1/30 = 3% | K S - ——

k1 splitting scale gluon 10

’I“F‘I‘T1‘I1[‘

Show http://jets.physics.harvard.edu/gvg

——

1:||||||||||||||||||||||||||||||||||||||||||||"\.”

0 01 02 03 04 05 06 0.7 08 0.9 1

Matthew SChwa rtZ Quark Jet Acceptance
40% quarks
Santa Fe 2012
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Ellis, TSR, Scholtz
1210.1855 ,1210.3657

Multivariate app’zoac/z

Photon vs. QCD-jets vs. Photon-jets

Jet substructure in photon physics

substructure variables

N_Subjettz’ness T~ = Zk; by, X min{ARLk, ARQ,k) 50 c 7ARN’]<;}
Zk; P, X R
1072
: - prr a
Leading Subjet Ay = log<1 — L) ©
pr, ©
1 <
Energy-Energy Correlation  €¢J = 2 EiEj L
J (l>j)€Nhard
1 1074
Subjet Spread pI=p > AR
(¢>7)€ Nhard 0.5

Acceptance (A)

. 1
Subjet Area of the Jet 65 = 1 Z A;

iENhard

Photons vs. QCD-jets

Monday, November 12, 12



ultwarate app’zoac/z

Ellis, TSR, Scholtz
1210.1855 ,1210.3657

N -Subjettiness

Leading Subjet

Energy-Energy Correlation — €J

Subjet Spread

Photon vs. QCD-jets vs. Photon-jets

substructure variables

S >y pr, X min{ARy j, ARy 1, ,ARn 1}
N Zk; P, X R
pTy,
A7 = log(1—
J g( pTJ>
1
- Bk
J (Z>j)€Nhard

pJ = %{ Z AR; ;

(7'>]) eNhard

. 1
Subjet Area of the Jet 65 = 1 Z A;

Monday, November 12, 12

iENhard

1 0 [T I ]
Q - Photons
o
8—4 BRI Yo lias ) it
w2 ,t' \\‘ <!
O H R [
= 0.5 X Q\‘\ ¥
L ‘3. NS
Ab . PEX -d ‘?"‘
Q E R 3 4..,
N’ - \"‘\.'f,\?"g',":‘:'"“. i
E ,o.nnmn Photon-jets
m 3 A W\ . |
D 00+ B
8 .
e AL
O 0.5 ----- 0.005 R0 o TN .
- v\ dQ\ u"
| L CAWALPNIC e
(e UL FC IR RN
g ——— 001 i N I
9 it N QGCD-jets
= S Seod ‘.
~ 0.05 }.:’m@» ;» ey :
-10 [ T \ "\: ‘: \ . T 1]
-10 -0.5 00 0.5 1.0

Photon—jet/Photon BDT (Dy) response



Ellis, Hornig, Krohn, TSR, Schwartz
Q 22 e t S 1201.1914

Qjets is an idea that explores the dimension of clustering history

. C/A
(__, calorimeter cells

jet
An event algorithms Qiet

. direction
particle flow < ]

I

it is a challenging task
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Q}ets

Qjets is an idea that explores the dimension of clustering
history

LT

answers to a question that

: depends on clustering history A
Start vylth the jet : \A would be different
Constltgents — algorithm
of a jet
Qjet
direction

it is a challenging task -- let us start with something simpler

Monday, November 12, 12



Ellis, Hornig, Krohn, TSR, Schwartz
Q 22 e t S 1201.1914

As in a sequential recombination algorithm, assign every pair of four-vectors a
distance measure di.

However, unlike a normal sequential algorithm (where the pair
with the smallest measure is clustered), here a given pair is
randomly selected for merging with probability

1 di;
Qz’j — — eXp | —«& /

N dmin
rigidity parameter

Repeat many (~100-1000) times, till the distribution (of the observable)
stabilizes.

Monday, November 12, 12



Ellis, Hornig, Krohn, TSR, Schwartz
Q 22 e t S 1201.1914

Take a sample jet

cluster it many times using QdJets clustering algorithm

prune it every time it is being clustered

10"

o=0.01
— W-Jets

T IIIIIIl

107

T Illlll

QJet pruned jetmass

distribution for a single jet s
10

W

10*

volatility of ajet )/ —

My

Volatility

wp = width of jetmass distribution
mp = averaged pruned jetmass
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Ellis, Hornig, Krohn, TSR, Schwartz
Q 22 e t S 1201.1914

Take a sample jet

cluster it many times using QdJets clustering algorithm

prune it every time it is being clustered

SIC from_TMVA

2.5

QJet pruned jetmass
distribution for a single jet

1.5

I,

wp |

W tagging (60-100 GeV window)
pruned mass
o/

=0.0001
0=0.001

volatility of ajet )/ —

0.5
My

a=0
a=0.0001 & /T, | Ly

0 o1 02 03 04 05 06 07 08 09 1

wp = width of jetmass distribution
mp = averaged pruned jetmass
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Outlook

Progress we've made, theoretical and experimental, was
not imaginable a few years ago, when the discussion about
jets used to be confined to “cone” v. “k;"

Today we have basic subjet tools + many advances
(shapes, Qjets, deconstruction, BDT taggers, ... )

Successful adoption by the experiments!

Job for theorists now:
Really understand the taggers?
Understand intermediate p; regions?
More searches?

Gavin Salam
Boost 2012
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Girth

Weight pr deposits by distance from jet center

1 .
Radial Moment, or Girth : 9= " Z prlril
DT icjet
[Tadial moment
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m— anti-k, FSR only

e anti-k . ISR/MI/pileup

W

S

(=)
|

s Trimming FSR only

i ; e Trimming ISR/MI/pileup

Planar flow

N
(@]
o

Cross Section [A.U.]

Defined in
L.Almeida, S.Lee, G. Perez, 300 [ — AR N S N 1 -
G. Sterman, I. Sung, ] Virzi, arXiv:0807.0234

200 — TR S—— o —

With no contamination — —5 ',|-|||..'

. ; " : ‘L |I, 1 ¥ - . | ..... ...... ..............
o ;Sl‘.'--*’"
With “trimming” v R N Tt Bl e [

111 .I_I | Y . | . 1111 | L1 | | | L1 1 | | L 11 | | 1111 | 1111 | L1 1|
0 0.1 0.2 03 04 05 0.6 0.7 0.8 09 1

Planar Flow
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