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Brief plan

@ Basic framework
Jets at the LHC, anti-k; algorithm, FastJet

@ Challenge 1: pileup

@ Run I: Jet area—median pileup subtraction
o Towards Run Il: noise-reduction ans SoftKiller

@ Challenge 2: jet substructure

@ New paradigm for jets
@ boosted jet tagging
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Jets: basic concepts
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Jets

Final-state events are pencil-like
already observed in eTe™ collisions:
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Jets

Final-state events are pencil-like
already observed in eTe™ collisions:

ets” = bunch of collimated particles
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Jets

Final-state events are pencil-like
already observed in eTe™ collisions:

ets” = bunch of collimated particles = hard partons
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Jets and partons

‘ “Jets" = bunch of collimated particles = hard partons ‘

“obviously” 2 jets
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Jets and partons

‘ “Jets" = bunch of collimated particles = hard partons ‘

3 jets?
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Jets and partons

‘ “Jets" = bunch of collimated particles = hard partons ‘

3 jets... or 47
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Jets and partons

‘ “Jets" = bunch of collimated particles = hard partons ‘

3 jets... or 47

@ “collinear” is arbitrary (typically needs a resolution parameter)

@ “parton” concept strictly valid only at LO
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( Partons/Particles/Calorimeter towers/Tracks )

Jet definition

( Jet algorithm ) ( Parameters )

( )
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Recombination algorithms

[M.Cacciari,G.Salam,GS,2008]

(Anti-k;) algorithm
@ From all the objects, define the distances
dj_mm(Pt,aP” )(AyU+A¢ ) dB—Pt 2R2

@ repeatedly find the minimal distance
if djj: recombine i and j into k =i+
if dig: call i a jet

@ One parameters: R (‘“jet radius”).

o Different R at the LHC. CMS: 0.5,0.7,0.4(soon); ATLAS: 0.4,0.6
@ Several nice properties:

@ |IRC-safe (i.e. can be computed theoretically in pQCD)
@ produces cone-like (circular) jets
o fast

4
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The anti-k; jets

Main property: hard jets are circular

\ anti-k, R=1 |

-4
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FastJet (1/2)

[M.Cacciari, G.Salam, 2005]

Inteld i5 760
[ FastJet 3.0
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5 /
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@ Tevatron era: k; too slow: O(N3) for N particles
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FastJet (1/2)

O
i
£

[M.Cacciari, G.Salam, 2005]
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IntelO i5 760 / f/'/

[ FastJet 3.0 o

10° /
/ Ktdet —=—
Fastlet ——

@ Tevatron era: k; too slow: O(N3) for N particles
@ Now: (anti-)k; very fast: O(N?) or even O(N log(N))
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FastJet (1/2)

O
i
£

[M.Cacciari, G.Salam, 2005]

10' ‘
IntelO i5 760 / f/'/

[ FastJet 3.0 o

10° /
/ Ktdet —=—
Fastlet ——

@ Tevatron era: k; too slow: O(N3) for N particles
@ Now: (anti-)k; very fast: O(N?) or even O(N log(N))
@ Fastjet 3.1: typically 5-50ms for LHC (with pileup and areas)
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FastJet (2/2)

[M.Cacciari, G.Salam, GS, 2007-2015]

@ Grown way beyond just fast recombinations:

o plugins for used jet definitions

@ jet areas and background subtraction (see below)
@ tools for manipulating jets

@ more to come...

@ FastJet 3.1.3 released in July 2015
see www.fastjet.fr

@ Standard interface for jet physics
for both theorists and experimentalists
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Pileup mitigation
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Pileup

Z — {70~ candidate at ATLAS

Low luminosity
(bunch population)
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Pileup

Z — {70~ candidate at ATLAS

Low luminosity High luminosity
(bunch population) (bunch population)

Pileup complicates things

@ many (soft) pp interactions with the hard one (here 25)
LHC Run I: ~ 20-25, Run II: < 60, upgrades: < 200

@ soft background in the whole detector
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Basic characterisation

Pileup mostly characterised by 3 numbers *):
@ p: the average activity in an event (per unit area)
@ o the intra-event fluctuations (per unit area)

® 0,: the event-to-event fluctuations of p

event 1 event 2

Pt Pt

—_——— e —_— 4+ - - p

yor¢ yor¢

Grégory Soyez (IPhT, CEA Saclay) Jets at the LHC From Run | to Run Il and be PragueOctober 22 2015 13 /51



Basic characterisation

Pileup mostly characterised by 3 numbers *):
@ p: the average activity in an event (per unit area)
@ o the intra-event fluctuations (per unit area)

® 0,: the event-to-event fluctuations of p

Jet of momentum p; and area A:

one event: py — py + pA+ VA
event average: p; — p: + (p)A+ 0,A+ aVA
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Basic characterisation

Pileup mostly characterised by 3 numbers *):

@ p: the average activity in an event (per unit area)

@ o the intra-event fluctuations (per

unit area)

® 0,: the event-to-event fluctuations of p

Jet of momentum p; and area A:

one event: p; — py +

PA oVA

event average: p; — pr H(p)AlE|o,A+ oVA
\
p: shift pt smearing

resolution degradation

(*) valid also for the underlying event in heavy-ion collisions
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[llustrative example
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Grégory Soyez (IPhT, CEA Saclay)

no‘ pileup
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Subtraction methods (correct for the shift)

one subtracts a contribution from individual jets

subtracted ‘ PU effects kept
constant p;: ((pA)) | both flucts + area flucts
{(p) x A | both flucts (7VA & 0,A)
(P) per PU vertex X PU X A oV/A and part of o,A
Pevent X A | only U\/Z
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Subtraction methods (correct for the shift)

one subtracts a contribution from individual jets

more averaged
subtracted ‘ PU effects kept

constant p;: ((pA)) | both flucts + area flucts
{(p) x A | both flucts (7VA & 0,A)
(P) per PU vertex X PU X A oV/A and part of o,A
Pevent X A | only U\/Z

'event-by-event’

Event-by-event determinations of the shift (are expected to) reduce
the smearing effects of PU
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Defining jet area

“Active” area definition:

@ Add “ghosts” to the event:

@ particles with infinitesimal p;
o on a grid (+ small random fluctuations) of cell area ag
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Defining jet area

“Active” area definition:

@ Add “ghosts” to the event:

@ particles with infinitesimal p;
o on a grid (+ small random fluctuations) of cell area ag

@ Include the ghosts in the clustering

PragueOctober 22 2015
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“Active” area definition:

@ Add “ghosts” to the event:

@ particles with infinitesimal p;
o on a grid (+ small random fluctuations) of cell area ag

@ Include the ghosts in the clustering

@ If a jet contains N, ghosts, its area is Ngag

PragueOctober 22 2015 16 / 51
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Median-area-based subtraction

[M.Cacciari, G.P. Salam, 07; M.Cacciari, G.P. Salam, GS, 2008]

. . . Pt.j
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j€patches Aj

. sub
Subtraction: pi?jl;t) = Ptjet — PestAiet

35 . \
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30 | ] .
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Subtraction benchmarks
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Subtraction benchmarks

average p; shift
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PU subtraction as seen in ATLAS
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[B. Petersen, ATLAS Status report for the LHCC, 2013]
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Further developments

Improvements/extensions of the basic method

@ Methods to handle positional dependence of p
Directly relevant for the LHC (e.g. rapidity dependence)
[M.Cacciari,G.Salam,GS,2010-2011]

@ Subtraction for jet mass and jet shapes
Important for jet tagging (“q v. g jet", b jet, top jet, H — bb)
[GS,G.Salam,J.Kim,S.Dutta,M.Cacciari,2013]
[P.Berta,M.Spousta,D.Miller,R.Leitner,2014]

@ Subtraction of fragmentation function (moments)
Useful for quenching in PbPb collisions
[M.Cacciari,P.Quiroga,G.Salam,GS,2012]

® Recommended setup: p estimation from a grid with cell-size=0.55 +
appropriate rescaling to handle rapidity dependence
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Rapidity dependence

. Pt j . Pt,j
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New techniques
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Noise-reduction techniques

Overall idea

@ Try to further reduce the impact on resolution oap,
@ Usually at the expense of biases on (Ap;)

@ Requires more delicate tuning
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Noise-reduction techniques

Overall idea
@ Try to further reduce the impact on resolution oap,

@ Usually at the expense of biases on (Ap;)

@ Requires more delicate tuning

Several methods

o SoftKiller: remove low-p; particles

[M.Cacciari,G.Salam,GS, 14]
@ PUPPI: from CMS (charged tracks info + assignment probability)
[D.Bertolini,P.Harris,M.Low,N.Tran,14]
@ Jet Cleansing: charged tracks + subjets + little extra
[D.Krohn,M.Low,M.Schwartz,L-T.Wang,13]
@ Constituent Subtractor: ask Peter
[P.Berta,I\/I.Spousta,D.MiIIer,R.Leitner,2014]/
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SoftKiller

Remove the softest particle in the event until pesy = 0
One parameter: a, the size of the grid used to estimate p
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SoftKiller

Remove the softest particle in the event until pesy = 0
One parameter: a, the size of the grid used to estimate p

2 T T 12 T T
area-median, dijets — — - — —  area-median, dijets
area-median, tthar — — - — — - area-median, ttbar
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SoftKiller

Remove the softest particle in the event until pest = 0
One parameter: a, the size of the grid used to estimate p

clﬁstering with areas
1000 plain clustering
//
g —— |
§ 10 - -
2 3 Allows very fast implementation
g; // )
S 1 '_ e . . .
= T N MOUOR Ser (see SoftKiller fastjet contrib)
a e ] e
o . LT .
01 fu-ot SoftKiller + clustering
‘ clustering after SoftKiller
SoftKiller -----
SoftKiller (no y,@init) =----
001 ller (no y,@init)
0 50 100 150 200

Npy
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Boosted jets
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Boosted jets: main iea

Object X decaying to hadrons

/L// .
boosted X \ single pem_ 1
—— et ~ope/z(1 - 2)

= ("Z:Z>\\\ K
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Boosted jets: main iea

Object X decaying to hadrons

/’\
- \
-

/L// .
boosted X \ single pem_ 1
—— et ~ope/z(1 - 2)

= ("Z:Z}\\\ K

If p > m, reconstructed as a single jet

How to disentangle that from a QCD jet?
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An illustration

What jet do we have here?
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An illustration

What jet do we have here?

@ a quark?
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An illustration

What jet do we have here?
@ a quark?

@ a gluon?
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An illustration

What jet do we have here?
@ a quark?
@ a gluon?
@ a W/Z (or a Higgs)?

Grégory Soyez (IPhT, CEA Saclay) Jets at the LHC From Run | to Run Il and be PragueOctober 22 2015



An illustration

What jet do we have here?
@ a quark?
@ a gluon?
@ a W/Z (or a Higgs)?
@ a top quark?
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An illustration

What jet do we have here?
@ a quark?
@ a gluon?
@ a W/Z (or a Higgs)?
@ a top quark?

Source: ATLAS boosted top candidate
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An illustration

@ a quark?

@ a gluon?

@ a W/Z (or a Higgs)?
@ a top quark?

Source: ATLAS boosted top candidate

Paradigm shift: a jet can be more than a quark or gluon
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Boosted jets: applications

Many applications: (examples)
o 2-pronged decay: W — qg, H — bb
@ 3-pronged decay: t — qgb, X — qqq

@ busier combinations: ttH

@ new physics: e.g. R-parity violating x — gqq, boosted tops in SUSY
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Boosted jets: applications

Many applications: (examples)
o 2-pronged decay: W — qg, H — bb
@ 3-pronged decay: t — qgb, X — qqq

@ busier combinations: ttH

@ new physics: e.g. R-parity violating x — gqq, boosted tops in SUSY

Increasingly important:
® Increasing LHC energy
@ Increasing bounds/scales

@ More-and-more discussions about yet higher-energy colliders

More and more boosted jets
Needs to be under control
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Boosted jets

How to proceed?
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Naive ideas do not work!

| | |
2 Z+jet .
Z+W (x20)

% 15 LHC14, Pythia8 |
Q Z-py
2 anti-kt(R=0.8)
= 1r p>400 GeV -
S
RS
[S)
S 05

0

0 50 100 150 200

jet mass m [GeV]
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A lot of activity since 2008

papers / month

Papers containing "jet substructure"
+ pioneering papers by Mike Seymour in 1991 and 1994
(Source: INSPIRE)

Seymour

N
L[

1990

Jet substructure as a new Higgs search channel at the LHC

1995 2000
year

Jon Butterworth, Adam Davison, Mathieu Rubin, Gavin Salam, 0802.2470

Grégory Soyez (IPhT, CEA Saclay) Jets at the LHC From Run | to Run Il and be

PragueOctober 22 2015

31 /51



A lot of activity since 2008

mass drop

mass drop; filtering, trimming, pruning; soft drop, Y-splitter;
N-subjettiness, planar flow, energy correlations, pull; Q-jets, ScJets;
shower deconstruction; template methods; Johns Hopkins top tagger,
HEPTopTagger, CASubjet tagging; ...

Implementation: Mostly in FastJet, fastjet-contrib and 3'4-party codes
See www.fastjet.fr and http://fastjet.hepforge.org/contrib
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Two major ideas

ldea 1:
Find N = 2,3, ... hard cores

Works because different splitting
QCD jets: P(z) x1/z
= dominated by soft emissions

= “single” hard core

Grégory Soyez (IPhT, CEA Saclay) Jets at the LHC From Run | to Run Il and be PragueOctober 22 2015 33 /51



Two major ideas

ldea 1: ldea 2:
Find N = 2,3, ... hard cores Constrain radiation patterns

Works because different splitting Works because different colours

QCD jets: P(z) x1/z Radiation pattern is different for
= dominated by soft emissions @ colourless W — qg
= ‘“single” hard core @ coloured g — qg
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Two major ideas

Idea 1: ldea 2:
Find N = 2,3, ... hard cores Constrain radiation patterns

Works because different splitting

Works because different colours

QCD jets: P(z) x 1/z Radiation pattern is different for
= dominated by soft emissions @ colourless W — qg
= ‘“single” hard core @ coloured g — qg

A few key approaches:

@ uncluster the jet into subjets/investigate the clustering history
@ use jet shapes (functions of jet constituents),...
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Grooming

One usually work with large-R jets (R ~ 0.8 — 1.5)
= large sensitivity to UE (and pileup)

009 T L T T T 0012 T T T T T
0.08 L : W, noUE ------ | g/g, noUE ------
. . W, UE 0.01 | ) q/g, UE — |
T'; 0.07 - ' LHC14, PythiaB_ 7'; ! LHC14, Pythia8
8 0.06 + 3 anti-kt(R=1),p>400 GeV 8 0.008 I+ anti-kt(R=1),p>400 GeV -
= 0.05 " . =
E " E  0.006 |
S 004 " 1 Sy
4 " 4
S 003} o 1 ©  0.004 -
z - z
= 0.02 | . B =
. 0.002 -
0.01 | 1
O L L 0 .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
jet mass m [GeV] jet mass m [GeV]
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One usually work with large-R jets (R ~ 0.8 — 1.5)
= large sensitivity to UE (and pileup)

“grooming” techniques reduce sensitivity to soft-and-large-angle

Example 1: Filtering/trimming

@ re-cluster the jet with the k; algorithm, R = Ryup

@ Filtering: keep the ng)¢ hardest subjets
[J.Buterworth,A.Davison,M.Rubin,G.Salam,08]

@ Trimming: keep subjets with p; > firimPt,jet [D.Krohn,J. Thaler,L-T .Wang,10]

Grégory Soyez (IPhT, CEA Saclay) Jets at the LHC From Run | to Run Il and be PragueOctober 22 2015 34 /51



Methods for finding hard cores

Example 2: (modified) mass-drop tagger ((m)MDT)

@ start with a jet clustered with Cambridge/Aachen
@ undo the last splitting j — j1 + jo
o if max(ps1, pr2) > ZeutPt, 1 and jo are the 2 hard cores
otherwise, continue with the hardest subjet
@ Original version also imposed a mass-drop: max(my, mp) < um
[J.Buterworth,A.Davison,M.Rubin,G.Salam,08; M.Dasgupta,A.Fregoso,S.Marzani,G.Salam,13]

v
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Methods for finding hard cores

Example 2: (modified) mass-drop tagger ((m)MDT)

@ start with a jet clustered with Cambridge/Aachen
@ undo the last splitting j — j1 + jo
o if max(ps1, pr2) > ZeutPt, 1 and jo are the 2 hard cores
otherwise, continue with the hardest subjet
@ Original version also imposed a mass-drop: max(my, mp) < um
[J.Buterworth,A.Davison,M.Rubin,G.Salam,08; M.Dasgupta,A.Fregoso,S.Marzani,G.Salam,13]

v

SoftDrop

Same de-clustering procedure as the mMDT but angular-dependent cut

max(ps1, Pr2) > Zcutpt(912/R)B
[A.Larkoski,S.Marzani,J. Thaler,GS,14]
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MassDrop—+-Filtering in action

Start with the jets in an event

b, [GeV] | a."”jl.i'.té,”(i.l.i'f.au|t R=12
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MassDrop—+-Filtering in action

This is what they look like with their area

all jets, default R = 1.2

Y
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MassDrop—+-Filtering in action

Take the hardest, apply a step of mass-drop

Drop step 1; Delta R = 1.03129; pt1=243.291 m1=139.158; pt2=3.944 m2=5.24475 I

p, 6oV |

gog=

805
03N
601N
50T N

0 5 -4

Y
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MassDrop—+-Filtering in action

Failed... iterate the mass drop

Drop step 2; Delta R = 0.87699; pt1=146.636 m1=52.3423; pt2=102.622 m2=27.7967

p, 6oV |

gog=

805
03N
601N
50T N

0 5 -4

Y
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MassDrop—+-Filtering in action

Good... Now recluster what is left with a smaller R

p, [GeV] | _RAlt=0.3 : |
g0

805 —
05N
603N
50T

-2

0 5 -4 y
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MassDrop—+-Filtering in action

And keep only the 3 hardest

| Final filtered result, pt=227.257 m=117.211 |

Grégory Soyez (IPhT, CEA Saclay) Jets at the LHC From Run | to Run Il and be PragueOctober 22 2015 36 / 51



MassDrop for H — bb searches

[J.Buterworth,A.Davison,M.Rubin,G.Salam,08]
This is the kind of Higgs reconstruction one would get
2190 () il
™160F SNB =59 = V+jets
= Fint112-128GeV VY
=V+Higgs

%20 40 60 80 100 120 140 160 180 20
Mass (GeV)
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Constraining radiation

Example 3: N-subjettiness

Given N directions in a jet (axes) [# options, e.g. k; subjets or optimal]

5 1 i
T P
UE =

@ Measure of the radiation from N prongs

® Ty N—1 = Tn/Tn—1 is a good variable for N-prong v. QCD
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Constraining radiation

Example 3: N-subjettiness

Given N directions in a jet (axes) [# options, e.g. k; subjets or optimal]

8 _ 1 i 4
™= W Z ptlmln(el 31""’9"73”)

@ Measure of the radiation from N prongs

® Ty N—1 = Tn/Tn—1 is a good variable for N-prong v. QCD

Tools are

@ developed/tested on Monte-Carlo simulations
o validated at the LHC (QCD backgrounds)
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Example 1: Monte Carlo v. data

Trimming Mass-drop-filtering
x10° x10°
s ADAL A AR AR AR AR ARARN 0 AR R A AR AR RN
L F ATLAS ILdt:aﬂb", s=7Tev ] L 40EATLAS J'Ldt=4.7fb'1, 5=7Tev]
"5 £ anti-k, LC\}IQV jets with R=1.0 E “5 355 CIA L[():géjets with R=1.2 E
— = s R ] — EHiae - =
g Eeoog;>f‘<soo GeV, || <0.8 ] g 305 805pf‘<800 GeV, h| <0.8 El
r Data 2011 - E Data 2011 E
g L Dﬁe?s (Pythia) ] g E D;‘e?s (Pythia) 9
= E Dijets (POWHEG+Pythia) E =z 25 Dijets (POWHEG+Pythia) E
E Dijets (Herwig++) ] 2 Dijets (Herwig++) E
5
1.4F : 1.4+ ¥
< 0.8 ; T 0.81*
B =) N i B S S Es.0.60‘”‘\‘”‘\HH\HH\HH\HH\HH\
8 G0 50 100 150 200 250 300 350 a 50 100 150 200 250 300 350
Jet mass [GeV] Jet mass [GeV]
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Example 1: Monte Carlo v. data

(“Groomed” mass)/(plain mass)

CMS, L=5fbtat Vs =7 TeV, AK7 Dijets

e L LA A e
= [ —e— Filtered data RECO [
B 0.12F = Filtered PYTHIAG, Z2 RECO Sy
@ [ e Filtered PYTHIAG, Z2 GEN b
% 0 l: —&— Trimmed data RECO .
’5_ r -+ Trimmed PYTHIA6, Z2 RECO H
= 0.08F Trimmed PYTHIA6, Z2 GEN ;
= | —4— Pruned data RECO ]
S o.06F Pruned PYTHIAG, Z2 RECO H
o Y¥PL g
et [ Pruned PYTHIAG, Z2 GEN B
(O] - ]
= 0.04 —
D N ]
0.02 i
0 L i g - ‘o
0 01 0.2 03 04 05 06 07 08 09 1

Groom
Migt / Mee
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Example 1: Monte Carlo v. data

N-subjettiness 73 trimming+732
“ L L B e e e B LI I e e R R - T T e T T T
S 600 ATLAS ILd!:47ib“\I§:7TeV 4 S 600 ATLAS J'Lm:4.7m‘,\l§=7'rev |
> [ antik, LCW jets with R=1.0 | > [ anti, LCW jets with R=1.0 Bl
£ E Nojet grooming applied —e— Data 2011 B £ E Trimmed (=005, R ,=03) —e— Data 2011 B
QL 500f-p" 2350 Gev Ja 4 Q  500fp 2350 Gev & 4
. F ] wiets ] u E [ Wiets 3
4001~ [ zviets 4 400F e [ z+jets 3
C |+ I single Top = r [ single Top B
300F Statistical uncertainty | 300 Statistical uncertainty—|
2000 E 200 3
100F = 100~ =
£ | | o B E ! I L 1
OO 02 04 06 08 1 12 14 16 18 00 02 04 06 08 1 12 14 16 18
N-subjettiness 1,, N-subjettiness t,,
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Example 1: Monte Carlo v. data

Events /0.1

N-subjettiness 73 trimming+732
L L B e e e B LI I e e R R - T T e T T T
600—ATLAS ILd!:47ib“\I§:7TeV 4 S 600 ATLAS J'Lm:4.7m‘,\l§=7'rev |
[ antik, LCW jets with R=1.0 | > [ anti, LCW jets with R=1.0 i
E Nojet grooming applied o —e— Data 2011 B £ E Trimmed (=005, R ,=03) —e— Data 2011 ]
500} pf' 2350 Gev Ja 4 Q  500fp 2350 Gev & 4
E [ Wiets 7 w = [ WHiets b
4001~ [ zviets 4 400F e [ z+jets 3
£ [ single Top B = [ single Top ]
300F tatistical uncertainty | 300 Statistical uncertainty—|
200~ - 200f— —
100 4 100~ -
O: | Lo | 0’ | | | ]
0 02 04 06 08 1 12 14 16 18 0 1 12 14 16 18

N-subjettiness 1,,

@ decent agreement between data and Monte-Carlo

' N-subjettiness Ty

@ but some differences are observed
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Example 2: top tagging MC study

[Boost 2011 proceedings]

Sherpa 1.3.1 — anti-k:(R=0.1) jets, p; > 200 GeV

ep fraction of
QCD jets
tagged
10"
o
8
o
£
e
C
3 . / better — ATLAS
g — CMs
& — HEP
— NSub
- - Pruned
103 b -- TW J
- - Trimmed
0.1 02 03 0.4 05 0.6 0.7 .
Signal efficiency €s fract|on Of

top jets tagged
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Now,... one can get creative...

Finding N prongs works ) Constraining radiation works ]
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Now,... one can get creative...

Finding N prongs works ) Constraining radiation works ]

Why not combining the two? |
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[Boost 2013 WG]

W v. q jets: combination of “2-core finder” + “radiation constraint”

ebkg

102

Grégory Soyez (IPhT, CEA Saclay)

Jets at the LHC

—m

Cgjer+m

Morunt Mgy

From Run | to Run Il and be

mmdt
= Mt My ey

- mmmdl"";gﬂm

p=1 p=2 p=1
-— - c
T m,
e i mmdt
o
p=1 p=2
—m+C, —m+C, M+l g,
m+m, —m+m, — m+m_
o1 gdt PR -
rﬁ;ﬂgg 13:11-02- 1:[3':14-02 2
=1 1 =1
4 +M, r1+m_qm 1+m£n
Iﬁium‘dﬂ rgfz+cf|' T 12+C§'
=2 2 =2
Ty +M -1
T 1,::143.'1 C ":cmd' cz‘L‘:rpm
2t = Bt 2 fer Gic

CE=2+ qe C. _2+mr{_l ————— CE=2+mmmd‘

C, +mg -C, +m d, FQHTn\H_i

CojertMprun r°'°'+miti2 Cojert :,_

mir«m"'mprug2 mlrlm"'msdﬁ:_ o m‘"'“+mi;’=z

mmd‘ﬂ;‘r:;d == MMy LI
——mg+my —allvars
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[Boost 2013 WG]

W v. q jets: combination of “2-core finder” + “radiation constraint”

ebkg

102

@ Combination largely helps

@ details not so obvious
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Jets at the LHC
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— m+mg 1 +To1
iy r§= Ty

21, M 1 +Mgy
=2 =2
Toy +H g; ‘Lﬁ- +I
i T
- Ty +Miy Ty, +Miy
-1 =1
C, +m, Co +m_
1 Him B2
----- C, +my [0 P
e it
- Cy +Mpryn o HMLg
T gjot*Mmmat CgjerMprun
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STOP and think

can we stop blindly running Monte-Carlo and understand
things better (from first-principle QCD)?
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Empirical Monte-Carlo approach is limited

@ Hard to extrapolate parameters

@ No understanding of the details
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Empirical Monte-Carlo approach is limited

@ Hard to extrapolate parameters

@ No understanding of the details

v

Analytic/first-principle tools have a larege potential

@ Understand the underlying physics

@ Infer how to improve things further

(*] prOVide rObUSt theory Uncertainties (competition with performance?)
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Empirical Monte-Carlo approach is limited

@ Hard to extrapolate parameters

@ No understanding of the details

A,

Analytic/first-principle tools have a larege potential

@ Understand the underlying physics

@ Infer how to improve things further

(*] prOVide I’Obust theory Uncertainties (competition with performance?)

4

Requires QCD techniques

o p=m/(pR) < 1= we get aslog®(1/p)
= need resummation

® matching with fixed-order for precision

@ some nice QCD structures around the corner

4
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Example 1:: the jet mass

Can reach high precision

Z+jet, R=0.6, py; > 200 GeV

14 r r r r
NLL+LO
Sherpa PS ——
12 bk Pythia 8 PS ——
Herwig++ PS ———

l/odao/d

0 0.05 0.1 0.15 0.2 0.25 0.3
{=mylpyy
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Monte-Carlo v. analytic

First analytic understanding of jet substructure:

Monte Carlo

quark jets: m [GeV], for p, = 3 TeV
10 100 1000

T T T
------ Trimmer (z,,=0.05, Ry,,=0.3)
= = = Pruner (0.1

02 F L MDT guco0s.im06n

Q
=l
o
° -
T e S
. . ~
‘ S
Li-=7 \‘
'
3\
Y
obweet 00N
10°° 10 001 0.1

p=m/(p? R?)

plodo/dp

Analytics

analytics quark jets: m [GeV], for p,= 3 TeV

10 100 1000

0.3

plain jet ma;ss

------ TrimMmMer (2,201, Ry,=02)
= = = Pruner @,z=o0.1)

02 F === MDT =009 u=067)

01F --=3.
e

o o e =

ok 1
10°° 10" 001 01

p=m’(p? R

1

@ Similar behaviour at large mass/small boost (region tested so far)

@ Significant differences at larger boost

Jets at the LHC From Run | to Run Il and be

PragueOctober 22 2015

[M.Dasgupta,A.Fregoso,S.Marzani,G.Salam,13]
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Monte-Carlo v. analytic

[M.Dasgupta,L.Sarem-Schunk,GS,15]

For jet shapes:

Pythia8(FSR) analytic
1 T T T 1 T T T
Lp=4.25 Lp=4.25
0.1 0.1 E
[2] oM
w w
0.01 0.01 | E
0.001 0.001
0O 02 04 06 0.8 1 0 02 04 06 0.8 1
£€s €s
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Summary: take-home messages

o Generic jet concepts

@ anti-k; used almost everywhere, IRC-safe and fast
@ alternatives for specific cases

o Pileup mitigation

o Area—median subtraction used in Run I: unbiased and efficient
@ Alternative methods (e.g. SoftKiller). Better resolution but need more
tuning

o Boosted jets

@ More and more relevant
@ Many techniques around, validated at Run |
@ First-principle understanding has a large potential for more surprises

Grégory Soyez (IPhT, CEA Saclay) Jets at the LHC From Run | to Run Il and be PragueOctober 22 2015 50 / 51



Tools: who? where?

Tool Who'! Where
Mass-Drop TButterworth, Davison, Rubin, Salam fj::MassDropTagger
fDasgupta, Fregoso, Marzani, Salam fj::contrib: :ModifiedMassDropTagger
Filtering fButterworth, Davison, Rubin, Salam j ilter
Trimming TKrohn, Thaler, Wang ilter
Pruning TEllis, Vermilion, Walsh Pruner
SoftDrop fLarkoski, Marzani, Soyez, Thaler j::contrib::SoftDrop

N-subjettiness

Energy correlations
Variable R

Sclets

Johns Hopkins top tag
Jets without jets
CASubjet tagging

Y -splitter

Planar flow

Pull

Q-jets
HEPTopTagger
TemplateTagger
shower deconstruction

fThaler, Van Tilburg, Vermilion, Wilkinson
tJihun Kim

fLarkoski,Salam, Thaler

TKrohn, Thaler, Wang

fTseng, Evans

tKaplan, Rehermann, Schwartz, Tweedie
fBertolini, Chan, Thaler

tSalam

TButterworth, Cox, Forshaw

TAlmeida, Lee, Perez, Sterman, Sung, Virzi
fGallicchio, Schwartz

TEllis, Hornig, Krohn, Roy and Schwartz
tPlehn, Salam, Spannowsky, Takeuchi
fBackovic, Juknevic, Perez

fSoper, Spannowsky

1 .
References are incomplete

CEA Saclay)

Jets at the LHC From Run | to Run Il and be

:contrib::Nsubjettiness
j::RestFrameNSubjettinessTagger
: :EnergyCorrelator
VariableR
j::contrib::VariableR
j::JHTopTagger

£j::ClusterSequence: : exclusive_subdmerge ()
party
party
party
party
party
party
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http://arxiv.org/abs/0802.2470
http://arxiv.org/abs/1307.0007
http://arxiv.org/abs/0802.2470
http://arxiv.org/abs/0912.1342
http://arxiv.org/abs/0903.5081
http://arxiv.org/abs/1402.2657
http://arxiv.org/abs/1011.2268
http://arxiv.org/abs/1011.1493
http://arxiv.org/abs/1305.0007
http://arxiv.org/abs/0903.0392
http://arxiv.org/abs/1304.1025
http://arxiv.org/abs/0806.0848
http://arxiv.org/abs/1310.7584
http://arxiv.org/abs/0906.0728
http://arxiv.org/abs/hep-ph/0201098
http://arxiv.org/abs/0807.0234
http://arxiv.org/abs/1001.5027
http://arxiv.org/abs/1201.1914
http://arxiv.org/abs/0910.5472
http://arxiv.org/abs/1212.2978
http://arxiv.org/abs/1102.3480

Backup slides
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Example: plain-jet mass and resummation

1 do R dg> [t a
;W:/o 7 | dz P(z) 2—;5(m2—z(1—z)92pf)

@ We focus on small-R, p:R > m
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Example: plain-jet mass and resummation

1 do d6? , 2

R? 2
0 2Ck s
z/ d / dz ﬁa—a( 2 _ L2p2)

@ We focus on small-R, p:R > m
@ P(z) = 2Cgr/z up to subleading (log) corrections
@ (1 — z) only need to power (of m/(p:R)) corrections
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Example: plain-jet mass and resummation

1 do d6? , 2,

R? 2
0 2Ck as
z/ d / dz ﬁa—a( 2 _ L2p2)

~

@ We focus on small-R, p:R > m

@ P(z) =2Cgr/z up to subleading (log) corrections

@ (1 — z) only need to power (of m/(p:R)) corrections
@ we get a logarithmic enhancement
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Example: plain-jet mass and resummation

1 do d6? , 2,

R2 2
9 2Ck as
/ d /d &“—5( 2 20%p?)

@ We focus on small-R, p:R > m

@ P(z) =2Cgr/z up to subleading (log) corrections

@ (1 — z) only need to power (of m/(p:R)) corrections

@ we get a logarithmic enhancement

@ Or, for the integrated distribution, using p = m?/(p?R?)

1
1
Pi(> p):/ dx —— = asCRﬂilogZ(l/p)
o
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Example: plain-jet mass and resummation

1
P1(> p) = asCrr 5 log?(1/p)
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Example: plain-jet mass and resummation

1
P1(> p) = asCrr 5 log?(1/p)

For small enough p = m?/(p?R?), aslog?(p) ~ 1: no more perturbative!
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Example: plain-jet mass and resummation

1
P1(> p) = asCrr 5 log?(1/p)

For small enough p = m?/(p?R?), aslog?(p) ~ 1: no more perturbative!
= resum contributions at all orders
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Example: plain-jet mass and resummation

1
P1(> p) = asCrr 5 log?(1/p)

For small enough p = m?/(p?R?), aslog?(p) ~ 1: no more perturbative!
= resum contributions at all orders

00 R2 2
1 do;
P(<p)zzm/ /dz, (i) O‘s
n=0 “0

) [e(m%Z...n < p) + virtual]

@ ‘virtual” includes any number of the n gluons being virtual
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Example: plain-jet mass and resummation

1
P1(> p) = asCrr 5 log?(1/p)

For small enough p = m?/(p?R?), aslog?(p) ~ 1: no more perturbative!

= resum contributions at all orders

<1 (R ap?
P(< p) = Z m/ / dz; P(z;) as) [@(mfzmn < p) + virtual]
n=0 "

= i %/0 d02 / dz; P(z;) ) ﬁ O(z6? < pR?) — 1]
n=0

i=1

@ ‘virtual” includes any number of the n gluons being virtual
@ Leading term: independent emissions
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Example: plain-jet mass and resummation

1
P1(> p) = asCrr 5 log?(1/p)

For small enough p = m?/(p?R?), aslog?(p) ~ 1: no more perturbative!

= resum contributions at all orders

<1 (R ap?
P(< p) = Z m/ / dz; P(z;) as) [@(mfzmn < p) + virtual]
n=0 "

= i %/0 d02 / dz; P(z;) ) ﬁ O(z6? < pR?) — 1]
n=0

i=1

= exp [-P1(> p)]

@ ‘virtual” includes any number of the n gluons being virtual
@ Leading term: independent emissions
@ Sudakov exponentiation
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Resummation in QCD

A much more general situation

For a jet shape v we will get terms enhanced by log(®(1/v) that have to
be resummed at all orders
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Resummation in QCD

A much more general situation

For a jet shape v we will get terms enhanced by log(®(1/v) that have to
be resummed at all orders

Leading log (LL)
Resums double logs (a5 log?(1/v))" = (asl?)":
P(< v) =exp[—P1(> p)]

Note: including running-coupling corrections: Py = > 7_;(asL)¥L
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Resummation in QCD

A much more general situation

For a jet shape v we will get terms enhanced by log(®(1/v) that have to
be resummed at all orders

Leading log (LL)

Resums double logs (a5 log?(1/v))" = (asl?)":

P(< v) =exp[—P1(> p)]
Note: including running-coupling corrections: Py = > [_, (asL)kL

Physics idea

@ Remember: (i) independent emissions, (ii) real and virtual emissions
@ emissions “smaller” than v: do not contribute: real and virtual cancel

@ emissions “larger” than v: real are vetoed
= we are left with virtuals(=-real)
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Resummation in QCD

Next-to-leading log (NLL)

P(< v) = exp[—gi(asL)L — g(asL)]

@ gy includes double logs (with running coupling)

@ g» includes single logs

Finite piece in P(z)

Multiple (not independent) emissions contributing to v
2-loop running coupling (+ scheme dependence)

Nasty non-global logs (out-of-jet emissions emitting back in)

<

¢ ¢ ¢

@ Can be matched to a fixed-order calculation
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A few plots to illustrate what is going on

matching LO fixed-order with NLL resummation

Z+jet, R=1.0, pr; > 200 GeV
0.8 . v

07k . NLL+LO —— 1
06k .
05

04 F

1/o do/ dC

03

02

0.1f

{=mylpyy
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A few plots to illustrate what is going on

Comparison with parton shower

Z+jet, R=0.6, py; > 200 GeV

14 r r r r
NLL+LO
Sherpa PS ——
12 bk Pythia 8 PS ——
Herwig++ PS ———

l/odao/d

0 0.05 0.1 0.15 0.2 0.25 0.3
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A few plots to illustrate what is going on

Including hadronisation

Z+jet, R=0.6, py; > 200 GeV

14 r r r r ol
NLL+LO with shift a= 1.5 GeV
NLL+LO with shift o= 2.0 GeV n—
12 kb Sherpa with hadronisation o
Pythia 8 with hadronisation -
Herwig++ with hadronisation
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same approach for jet-substructure tools |
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Monte-Carlo v. analytic

First analytic understanding of jet substructure:

Monte Carlo

quark jets: m [GeV], for p, = 3 TeV
10 100 1000

T T T
------ Trimmer (z,,=0.05, Ry,,=0.3)
= = = Pruner (0.1

02 F L MDT guco0s.im06n

Q
=l
o
° -
T e S
. . ~
‘ S
Li-=7 \‘
'
3\
Y
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10°° 10 001 0.1

p=m/(p? R?)

plodo/dp

Analytics

analytics quark jets: m [GeV], for p,= 3 TeV

10 100 1000

0.3

plain jet ma;ss

------ TrimMmMer (2,201, Ry,=02)
= = = Pruner @,z=o0.1)

02 F === MDT =009 u=067)

01F --=3.
e

o o e =

ok 1
10°° 10" 001 01

p=m’(p? R

1

@ Similar behaviour at large mass/small boost (region tested so far)

@ Significant differences at larger boost

Jets at the LHC From Run | to Run Il and be

PragueOctober 22 2015

[M.Dasgupta,A.Fregoso,S.Marzani,G.Salam,13]
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Analytic example: mass drop

@ Boosted limit: p; > mor p = m?/(p;R)? < 1
@ Emission of one gluon:

Cr [ de?
P> p) = 2F /?dz Py(2) ©(z > zewt) O(2(1 — 2)6% > pR?)

sym. cut mass
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Analytic example: mass drop

@ Boosted limit: p; > mor p = m?/(p;R)? < 1
@ Emission of one gluon:

Cr [ de?
P> p) = 2F / 52 Pro(2) Oz > 2) O(2(1 = 2)02 > pR?)

sym. cut mass

@ Focus on logarithmically enhanced terms

P> 1) = 22 | 0g(1/ ) 0g(1/ ) ~ 5 loa(1/p) — 5 108%(1/ 2
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Analytic example: mass drop

@ Boosted limit: p; > mor p = m?/(p;R)? < 1
@ Emission of one gluon:

Cr [ de?
P> p) = 2F / 52 Pro(2) Oz > 2) O(2(1 = 2)02 > pR?)

sym. cut mass
@ Focus on logarithmically enhanced terms

P> 1) = 22 | 0g(1/ ) 0g(1/ ) ~ 5 loa(1/p) — 5 108%(1/ 2

@ All-order resummation: exponentiation!

P orders(< P) = exp [_Pl(> p)]
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Analytic example: mass drop

@ Boosted limit: p; > mor p = m?/(p;R)? < 1
@ Emission of one gluon:

Cr [ de?
P> p) = 2F / 52 Pro(2) Oz > 2) O(2(1 = 2)02 > pR?)

sym. cut mass
@ Focus on logarithmically enhanced terms

P> 1) = 22 | 0g(1/ ) 0g(1/ ) ~ 5 loa(1/p) — 5 108%(1/ 2

@ All-order resummation: exponentiation!

P orders(< P) = exp [_Pl(> p)]

@ single log in p!

Grégory Soyez (IPhT, CEA Saclay) Jets at the LHC From Run | to Run Il and be PragueOctober 22 2015 11 /13



Analytic example: extra notes

Analytic control teaches many lessons:

@ Original mass-drop tagger had an extra “mass-drop” condition:
no contribution at this order (+work in progress)

@ Original mass-drop tagger had an extra “filtering” step:
no contribution at this order
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Analytic example: extra notes

Analytic control teaches many lessons:

@ Original mass-drop tagger had an extra “mass-drop” condition:
no contribution at this order (+work in progress)

@ Original mass-drop tagger had an extra “filtering” step:
no contribution at this order

@ Original mass-drop tagger recursed into most massive branch:
looses direct exponentiation!
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Analytic example: extra notes

Analytic control teaches many lessons:

@ Original mass-drop tagger had an extra “mass-drop” condition:
no contribution at this order (+work in progress)

@ Original mass-drop tagger had an extra “filtering” step:
no contribution at this order

@ Original mass-drop tagger recursed into most massive branch:
looses direct exponentiation!

@ Absence of problematic non-global logs
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Analytic example: extra notes

Analytic control teaches many lessons:

@ Original mass-drop tagger had an extra “mass-drop” condition:
no contribution at this order (+work in progress)

@ Original mass-drop tagger had an extra “filtering” step:
no contribution at this order

@ Original mass-drop tagger recursed into most massive branch:
looses direct exponentiation!

@ Absence of problematic non-global logs

@ Non-perturbative corrections using similar techniques than previously
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Analytic example: extra notes

@ Trimming:
o Same as mass-drop for p > fa1i(Raie/R)?
o double log behaviour (log®(1/p) of plain jet mass for p < fa1(Raw/R)?
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Analytic example: extra notes

@ Trimming:
o Same as mass-drop for p > fa1i(Raie/R)?
o double log behaviour (log®(1/p) of plain jet mass for p < fa1(Raw/R)?

@ SoftDrop: essentially the same as mMDT but with double logs
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Analytic example: extra notes

@ Trimming:
o Same as mass-drop for p > fa1i(Raie/R)?
o double log behaviour (log®(1/p) of plain jet mass for p < fa1(Raw/R)?

@ SoftDrop: essentially the same as mMDT but with double logs

First-principle understanding of jet substructure
o is still a young field but looks promising
@ allows to understand what is going on

@ allows control over th. uncertainties

@ allows to introduce new, better, tools
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