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Particle flow inside a jet hints to
source

Jet can be a discovery tool by
itself

In particular most interesting for
boosted (new) heavy particle like
Kaluza-Klein excitations

But also interesting for Standard
Model particles like boosted top
quarks

Usefulness depends on the ability
to resolve decay structure
E.g., 2-prong (like W) or 3-prong
(top) decays
Resolution scale given by mass
of particle (or by particle

hypothesis) — to be reflected
with detector capabilities

Jet Substructure

2 —prong decay inside
reconstructed jet, e.g.
from W —qgq (SM) or
heavy new object like
¢—>ggorZ'—qq
(BSM)

P. Loch
U of Arizona
April 22, 2010

3—prong decay inside

reconstructed jet, e.g.
from t — qggb (SM) or
heavy new object like
é, —>QQb+ X or

t"— qqgb (BSM)
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Observables and tools

Single jet mass

Mass generated by four-
momentum recombination
should reflect heavy source

Scales proportional to pT for
light quark or gluon jet

P. Loch

JEt Mass U of Arizona

April 22, 2010

jet | _ [ constituents E2 i

— = mjet - pjet
: : pconstituent

constituents

mass of gluon/light quark jets:

—

pjet

jet -

(E ] Z Econstituent 5

LO  1-—parton jets have vanishing mass

NLO 2-—parton configurations at given p... generate

jet

average invariant jet mass:
<mjzet>NLo - C_(pjet/\/g)as (pjet /z)pjzetRczone
with:

C_(p /\g) pre-function of magnitude O(1)
jet

(absorbes color charges and pdf,

slowly decreases with rising p,.,)
a, (pjet/z) strong coupling at scale i :pjet/z
— expect linear mass in NLO to scale with p,, :
. —
<mjet>NLo = caspjetRcone

rule of thumb at \/2214 TeV:

<m1'29t >NLO ~0.2: pjetRcone



4 @THE UNIVERSITY
. OF ARIZONA.

Observables and tools

Single jet mass

Mass generated by four-
momentum recombination
should reflect heavy source

Scales proportional to pT for
light quark or gluon jet

S.D.Ellis, J.Huston, K.Hatakeyama, P.Loch, and M.Tonnesmann, p,.. =700 GeV
Prog.Part.Nucl.Phys.60 484-551 (2008)

P. Loch
U of Arizona
April 22, 2010

Jet Mass

NLO Jet Mass Calculations
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Observables and tools e 2. Econsient :
_}Jet __| constituents —~m. = Ez _‘[—5
Slngle Jet mass pjet Z 5constituent “ “ “

constituents

Mass generated by four-
momentum recombination
should reflect heavy source

e requires good reconstruction of particle flow in
jet by detector signal > depends on chosen

_ calorimeter signal definition, e.g. test
Scales proportional to pT for

light quark or gluon jet

m

jet,reco - mjet,truth

m

for matching truth and

. jet,truth [ (plots from Chiara Paleari)
Subject to severe detector effects __, .. .. -
J ) : cluster jets
Lateral energy spread by e plot on the right B Ser e
individual particle cascades shows the spectrum ol ATLAS MC
reduce§ single jet mass of this relative :: (prenmi:%r;)
resolution A

mass difference for 200/

Calorimeter signal definition simulated QCD di-jets
(kT, R=0.6) in ATLAS '™

choices on top of shower spread
can enhance or reduce 3

(old plot, educational purpose only!) 120

sensitivity to in-jet particle flow

and thus improve or worsen &0

40

single jet mass resolution "‘

A
T : :
1 o &
s % (mjet,reco - mjet,truth )/mjet,truth

cluster jets

tower jets

3.7<|y| <42
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Relative mass 100 = T oo oto g g a g aaes e
change 80 F- 5 | ATLAS MC
Truncate jet mass 60 __ particle jet
Calculate mass 40 £ | & tower jet
using only < - | | Tuster ;
constituents above = 20 min — 100 MeV . o clusterjet
- p ¢ |
pT thresholds =) = I |
Compare ratio to /\.._ 100 :_ IW%FU—UrU‘urUfuwfu;uM
unbiased mass & 80 s, | R e
— - & | 2 |
Particle (hadron), o} — o | e |
. 60 [— A A ! .
cluster, tower jets _& — Aah . — particle jet
— - | | .
£ 40 : . a  tower jet
IS — i .
Q 20 mm _ o cluster jet
A = P =400 MeV |
SE 100 | - |
5 80 .
& - ! :
I | 5_—6—"5 !
60 - ,_:~. A ! Tt . — particle jet
40 a S arah * : s  tower jet
20 mm ~1GeV | ' o cluster jet
S.D.Ellis, J.Huston, K.Hatakeyama, P.Loch, and O:' L J. o 'l T
M.Tonnesmann, Prog.Part.Nucl.Phys.60 484- 0 05 1 15 2 25 3

A

r 551 (2008); also in arXiv:0901.0512 [hep-ex]
& ) . .

g |0810(m,~et(PT,,- >O)/GeV)
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Observables and tools _ , _
y —scale in kT algorithms provides a p, scale

Recombination scales and order  t which a given recombination can be undone
in kT like algorithms recall variables:

Jet decomposition tracing back
the (recursive) recombination

2 . ARij
d,=p;, and d; =min(d,,d) p

principal kT clustering rules:

(1) build list of d; and d;; from all protojets

(2) if common minimum is a d., call i from list
and call it a jet

(3) else combine i andj to a jet and add to list, and
remove the previous protojets i and j

(4) repeat from (1) until no protojets are left

define y —scale
2

Voo =V, Xp‘lz',jet’ with n being a resolution parameter
example: n=2 refers to the last recombination in
the clustering sequence, i.e. d, <d,,d,:

vyt =y, X Py =A/Min(d,,d,)

relates to mass in two-prong decays
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Observables and tools

Recombination scales and order
in kT like algorithms
Jet decomposition tracing back
the (recursive) recombination
Can be considered resolving
fragmentation to a given scale
Scale of last clustering step

relates to mass of source in two-
prong decay

P. Loch
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arXiv:0901.0512 [hep-ex]  ATLAS MC

Arbitrary Units

[ ]QCD

| W W—jj

r
|||||rl—|||||||||||||||||||||||||||||||J:IJTII—H

0 10 20 30 40 50 60 70 80 90 100
y  (GeV)

Sscale
152

Ve fOF jets with m, > 40 GeV, for QCD and hadronically

decaying boosted W.
Note that for QCD y,? is logarithmically below p, . due

scale

to the strong ordering (in ;) in QCD evolution, while

<y1—>2> ~m,, reflects the 2-prong decay of the W boson

scale
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Observables and tools

Recombination scales and order
in kT like algorithms
Jet decomposition tracing back
the (recursive) recombination
Can be considered resolving
fragmentation to a given scale
Scale of last clustering step

relates to mass of source in two-
prong decay

P. Loch

Relation to Jet Mass U of Arizona

G. Brooijmnas, ATL-PHYS-CONF-2008-008

April 22, 2010

[
w
[=]

ATLAS Preliminary R I.

o]
o
[=]

YScale 1-2 (GeV)

150

100

50

1 I'1:E-|:.I-.I II 1 I 1111 | 1111 | 1111 | 1111 | 1111 | I |
% 50 100 150 200 250 300 350 400
Jet Mass (GeV)

ATLAS simulation:
Z'—>tt, m, =2(3) TeV
p,(t) > 300 GeV

e y.? probes top decay,

mtO
peaks at ~100 GeV =~ , "

2—3

e y. - probes W decay,

peaks at ~40 GeV z%
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® =250 —
Observables and tools S 3 [ ATLAS Preliminary TP S
§ ; : e
Recombination scales and order Y S200
Z 8 r
in kT like algorithms 8¢ T
¥ 150_—
Jet decomposition tracing back R -
the (recursive) recombination % 100
Can be considered resolving = -
= 50—
fragmentation to a given scale S -
« EEEEEE e
Scale of last clustering step O o ko
. Jet Mass (GeV)
relates to mass of source in two-
o0 —_—
prong decay 8 3140~ ATLAS Preliminary
o0 —
O ™ B
Scale of next-to-last clustering ] V1200
step relates to mass of sourcein =~ & Jypor o - T
three-prong decay % C L pmlInimamnmaniani o
E 80—_ LT
Can be expected to correlate with N e 1 R HINE R
jet mass in heavy particle decays 8 o o
< L
:g- r
C%’ 20—
LD. _II'.I:E:ETIEI.I .III.-II|IIII|IIII|IIII|IIII|IIII

JAY 1
AT 0 50 100 150 200 250 300 350 400
, % Jet Mass (GeV)
S]
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Fast Simulation ATLAS MC

[ | Full Simulation

Observables and tools

Recombination scales and order

Arbitrary units

in kT like algorithms

Jet decomposition tracing back
the (recursive) recombination

arXiv:0901.0512 [hep-ex]

Can be considered resolving
fragmentation to a given scale

Scale of last clustering step
relates to mass of source in two-
prong decay

I.-II—-—L--H—L III|IIII|IIII|III .J_._IL.L-IL._II_

Scale of next-to-last cIusterlng- 40 30 20 10 0 10 20 30 40 50
step relates to mass of source in AY..un (GEV)
three-prong decay

n
o

152
- y scale

Ayscale = y:L:IZe . for jetS with

particle cal

Can be eXpeCted to correlate with m... >40 GeV from hadronically decaying boosted W.

jet mass in heavy particle decays yoo2l is calculated for parameterized, response

calo

smearing simulation (fast, no lateral shower spread)

894 less sensitive to detector effects! and from detailed full simulation — indications that
A‘& r 12

7 L

A

S

But different resolution — likely

Y. is little sensitive to details of showering.
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Observables and tools

Direct attempt to reconstruct
sub-jets within jet
Narrow jet reconstruction in

bigger jet motivated by mass
drop

Includes signal enhancement
strategy
Requires additional (3"9) jet from

gluon radiation in the decay
system

J.M. Butterworth, A.R. Davison, M.Rubin, G.P.Salam,
Phys.Rev.Lett.100:242001,2008

Sub-Jet Analysis

P. Loch
U of Arizona
April 22, 2010

Look for H — bbg with p, ,>200 GeV in
WH / ZH production - about 5% of total

cross-section:

b b R RI::
g — —
mass drop filter
1 m
~ H
Rbb - ’ pT > mH
z(1-z) Py

use Cambridge/Aachen kT flavour jet finder to find large jet (R =1.2),

p;>200 GeV for sub-jet analysis

(1) break jetj into two subjects j, j,, with m, >m,, by undoing last
recombination

(2) if there is a significant mass drop such that m, <um,, and the
splitting j = (j,, j,) is not too asymmetric, i.e.
min(p; ,pfz)/mfARjzl,j2 >V ouir
then the jetj is assumed to be the heavy particle neighbourhood
and the analysis stops
(3) else, setj = j, and go back to step (1)
apply filter to all heavy particle neighbourhoods, with a finer angular
=min(0.3,R,, /2) seems to be good for LHC,

scale R, <R,,,e.8., R

filter filter

and take the 3 hardest objects that appear — H — bbg, including
the hardest (O(«,)) radiation. Tag the b jets and calculate the
invariant mass.
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Observables and tools

Direct attempt to reconstruct
sub-jets within jet
Narrow jet reconstruction in
bigger jet motivated by mass
drop
Includes signal enhancement
strategy
Requires additional (3"9) jet from

gluon radiation in the decay
system

J.M. Butterworth, A.R. Davison, M.Rubin, G.P.Salam,
Phys.Rev.Lett.100:242001,2008

1500

Events / 4 GeV

1000

500

-
-y
o

—

Events / 8GeV / 30fb™

Sub-Jet Analysis

P. Loch
U of Arizona
April 22, 2010
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Observables and tools Jet Pruning
Jet pruning e attempt to suppress underlying event and pile-up

. contributions to jets
Enhancement of jet components

. ) e cleans jets by vetoing spurious recombinations
to increase substructure resolution J y &3P

L. . . during clustering — kT and C/A jets only!
Applied in kT-style jet clustering s 8 . Y

procedure e sensitive variables are angular distance ¢ = AR,

and relative p; hierarchy z = min(pT,l,ple)/pT,p ,in
recombination 1,2 > p

e suppress large distances and large hierarchies at each
clustering iteration
$>R.,
z<z,,

works better for heavy particle decays than for QCD:

e not clear what R_, is for QCD — R_, ~m/p, for heavy
particle decays

e also not clear what z_. should be — contamination

cut
looks hard early in clustering, especially for kT; for
=0.1(0.15) works well for kT(C/A)
jets from boosted top

heavy particles, z

cut
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Observables and tools Jet Pruning

Jet pruning e attempt to suppress underlying event and pile-up
. contributions to jets
Enhancement of jet components

. ) e cleans jets by vetoing spurious recombinations
to increase substructure resolution J y &3P

o . . during clustering — kT and C/A jets only!
Applied in kT-style jet clustering - , ,
e sensitive variables are angular distance ¢ = AR,

procedure . _ _ .

and relative p; hierarchy z = mln(pT,l,pm)/pT,p ,in
recombination 1,2 > p

e suppress large distances and large hierarchies at each
clustering iteration
¢ > Rcut
z<2z,,

works better for heavy particle decays than for QCD:

20'8’ P

o - Pruning would throw this
aak. ul W &\ away because it’s wide
sk ‘M- angle and much softer
07 S ' than the core of the jet.
02 .

D.Krohn, Jet Trimming, talk given at the Theoretical- M? : @ \ It would keep this because
experimental workshop on jet & jet substructure at LHC, e 3 T although it’s at a wide
University of Washington, January 10-15, 2010 (based on g bbb b gl angle, it’s not soft.
f% D.Krohn, JThaler, LT. Wang, arXiv:0912.1342) = _ =

A
v

N /,&I& Boosted Higgs Jet
S
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Observables and tools Jet Pruning

Jet pruning e attempt to suppress underlying event and pile-up

. contributions to jets
Enhancement of jet components

. ) e cleans jets by vetoing spurious recombinations
to increase substructure resolution J y &3P

L. . . during clustering — kT and C/A jets only!
Applied in kT-style jet clustering s 8 . Y

procedure e sensitive variables are angular distance ¢ = AR,

and relative p; hierarchy z = min(pT,l,ple)/pT,p ,in
recombination 1,2 > p

e suppress large distances and large hierarchies at each
clustering iteration
¢ >R
z<z,,

works better for heavy particle decays than for QCD:

2040
0.6
04 -
0ok Lt It’s harder to get Pruning to
L mEman work here.
_0_2:, . . - ] . - \
- oLt What is the appropriate Reu?
D.Krohn, Jet Trimming, talk given at the Theoretical- ’0'4; . LT
experimental workshop on jet & jet substructure at LHC, 08 What is the appropriate zeu?

University of Washington, January 10-15, 2010 (based on O e s
D.Krohn, JThaler, LT. Wang, arXiv:0912.1342) a0

T —— T

A
N E QCD Jet
NP .
A
S
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Observables and tools Jet Pruning
Jet pruning e improves jet mass measurement for boosted top etc.
Enhancement of jet components - e DrUNEd
to increase substructure resolution - ' ' j ?|_ P
Applied in kT-style jet clustering 0081 . _|J ;l ' unpruned
procedure ooek 30 5 R T
n,nz;r:.-._l- : o —
u.mf : E
Qa0 145 450 155 460 165 470 175 480 185 190

m,,, (GeV) for boosted top decays (p; ., >200 GeV)

J. Walsh, Understanding Jet Substructure, talk given at the
Theoretical-experimental TeraScale workshop on event
shapes, University of Oregon, February 23-27, 2009
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Observables and tools Jet Trimming

Jet pruning e main motivation is removing contaminations from e.g.

Enhancement of jet components
to increase substructure resolution

pile-up and underlying event, from a fully reconstructed
jet

o ) . e measures softness/hardness of contamination relative to
Applied in kT-style jet clustering

procedure whole jet — no judgements at the clustering stage

e approach:

Jet trimming (1) fully reconstruct jet from calorimeter signals

Applies a filter by removing soft (2) cluster narrow sub-jets, typically with R_, =0.2

sub-jets in a jet (3) discard sub-jets i with p;, < f. A,

Soft pT cut-off evaluated (4) rebuild jet from surviving sub-jets

dynamically jet by jet o typical choice for A, is A, = Pr et

D.Krohn, Jet Trimming, talk given at 3 i i} 30
the Theoretical-experimental 1i le. " g
workshop on jet & jet substructure - ni _==- . i L
at LHC, University of Washington, o5k . . - 0l
January 10-15, 2010 (based on ' m ™ m . B} i .
D.Krohn, J.Thaler, L.T. Wang, ol:!' - "Ei. + 0 --E_
arXiv:0912.1342) r L. EoE . - o
0 5; m " 0.5 m
Hum ..
u
1= « "B i s 1=
L] [ ] |
L |
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Jet Trimming
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D.Krohn, Jet Trimming, talk given at - - "2
the Theoretical-experimental T~ 55 0 05 1 15
workshop on jet & jet substructure an
at LHC, University of Washington, === T——
January 10-15, 2010 (based on
D.Krohn, J.Thaler, L.T. Wang,
arXiv:0912.1342) 3
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P. Loch
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April 22, 2010
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Before Trimming After Trimming
215 S50
- - ooo
1 " 1= OEmOO
r 4 C oEE00
C C o
05 0.5
i C oood
C C oooooo
N _ O0EEEE00
or - Un O moE00
e ml- C [] [a[s]s|
C . C 800
C C oo
-0.5 0.5 m[olo)
C C [[=[c]
L C og
C C oo
-1 -1 f
_I‘Si_.] |- | | I ‘ Ll 1 | I ‘ | ‘ | S S« _I'Sil Ll | ‘ | I |- | | I | | I | L1l
a5 -1 0.5 0 0.5 1 15 a5 -1 -0 0 05 1 15
An An
Empty squares
D.Krohn, Jet Trimming, talk given at denote extent
the Theoretical-experimental .
workshop on jet & jet substructure of ]Et darea

at LHC, University of Washington,
January 10-15, 2010 (based on
D.Krohn, J.Thaler, L.T. Wang,
arXiv:0912.1342)
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—0.25 - a‘nti_kT —0.25 — VR
=2 r ) ) = i
< - =~ anti-k trimmed < - = VR trimmed
g [ s [
S 02 g 02
L] = 5] -
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D.Krohn, Jet Trimming, talk given at Trimmed and variable radius (VR) jets from
the Theoretical-experimental

workshop on jet & jet substructure ¢ — 449,99
at LHC, University of Washington,
January 10-15, 2010 (based on (for VR, see D. Krohn, J. Thaler, and L.-T. Wang,

O mois 100y, | Jets with Variable R, JHEP 06 (2009) 059)
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