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Outline

 An Event

 What'’s a Jet

* Jet substructure tools

e Theory tools: Analytic and Monte Carlo

e Event generation: the challenge.
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Structure of an event

e QCD at colliders: Jets!

{triggers, tracking,

/ calorimetry, cuts....}

f-*-& RLmﬁ‘NST -

e

Multijet Event: arXiv:1107.2092,
Saba Zuberi 6 jets with pr> 60 GeV, Iyl <28
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Structure of an event: Theorist’s View
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Structure of an event: Theorist’s View
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Structure of an event: Theorist’s View
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Structure of an event: Theorist’s View
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Structure of an event: Theorist’s View
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What’s a Jet?
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Jets: Unfolding QCD Evolution

Hadronization

A

QCD Evolution

Hard
interaction
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Jets: Unfolding QCD Evolution

Hadron Momenta

Hadronization
{pi}
A
_ Action of
QCD Evolution Algorithm
\ 4
Hard Candidate Jet
interaction D
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Jets: Unfolding QCD Evolution

Hadronizat Hadron Momenta Jet algorithms attempt to unfold
adronization {pz} QCD branchings.

A

_ QCD effects projected onto jet over
Action of

: a wide range of scales
QCD Evolution Algorithm g

Associate jet to single hard object

\4
_ Hard_ Candidate Jet
interaction DJ * Combine pairs with strongest

divergences (soft and collinear) -
most likely to belong together

oF
(1 —coséb,)
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Jet Algorithms

* Jet recombination algorithms

| AR, Algorithm
Pij = Min (Ef‘, EJO‘) Rm ] Pi — Ef‘ start
* If p;; is smallest
\/
i Candidate  Algorithm
_______ 1
ﬁl — (@) Jet end

e If Piis smallest, particle is promoted to candidate jet

 Repeat until all particles have formed candidate jets
Apply p%ut to jets
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Jet Algorithms

e Jet recombination algorithms

_ AR, N Algorithm
pij = min ( ?aE;X)TJ’ pi =L, W start
|

kT: =1 CA:a=0 Anti-kT: o = —1

P, [GeV]
25

, R=1 |
p, [GaV] Lt | p, [GeV] Cam/Aachen, R=1 | anti-k,, R=1 |

(Cacciari, Salam, Soyez '08)
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Beyond Jet to Parton Mapping

e At large pr boosted decay products lead to fat jet

e Top Jet

—1— PTJ

IW boost
—— my

mj sub

e In high pr >> mw regime at LHC see fat jets in many EW decays
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Jet Substructure

e Goal: Improve discrimination between ‘QCD jets’ and ‘Higgs/top jets

G,
e Generic steps in jet substructure method w
: kinematic cuts construct §§§ &
find subjets on subiets observable i i iwimE,
via algorithm ] from subjets s (GeV]
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Jet Substructure

e Goal: Improve discrimination between ‘QCD jets’ and ‘Higgs/top jets

e Generic steps in jet substructure method

007
—> —> —>
kinematic cuts construct 7o
find subjets . observable Mo e
. . on SUbletS 40 150 160 170 180 190 200 210
via algorithm from subjets my (GeV]

 Approaches:
* |dentifying subjets: use kinematics of hard splitting
e Cuts on energy flow based on color of signal vs QCD jets

* Grooming: remove soft contamination from UE and pile-up
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Jet Substructure: Higgs

. Butterworth,Davison, Rubin, Salam (2008)
e Mass-Drop Filter

1) Decluster using CA 3) Grooming: Filter
> —>
2) Mass Drop:
Msubjet < U Mijet Recluster
Keep 3 hardest
+ Cut on kT of splitting d12 subjets

If not discard soft subjet. Repeat.
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Jet Substructure: Higgs

e Mass-Drop Filter

Saba Zuberi

1) Decluster using CA
*)

2) Mass Drop:
Msubjet < HT5et

+ Cut on kr of splitting d12

If not discard soft subjet. Repeat.

Butterworth,Davison, Rubin, Salam (2008)

3) Grooming: Filter
‘)

Recluster
Keep 3 hardest
subjets

y
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Jet Substructure: Top Tagging

Kaplan, Rehermann, Schwartz, Tweedie (2008)

 Hopkins Top Tagger

1) Decluster
) 2) Kinematic Cuts

using CA
—> >
Discard soft i) Whole jet near top mass t W

branchings ii) Two subjets near W mass

3) Remove QCD
background
Cut on helicity angle of W

O
(1 —coséb,)
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Jet Grooming

* Pros: Method not tied to specific boosted heavy object

* UE lower energy, not localized.

* Pruning: Decluster and discard softer particle if splitting is wide angled or soft

Ellis Vermillion
Walsh (2008)

e Trimming

Krohn, Thaler,Wang
(2009)
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A comparison

Background
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Remarkable Experimental Progress

* Mass Drop Filter
Events are selected to be
consistent with W — v + 1jet

> 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
@ 160 ATLAS Preliminary
9 140 - Data

; WW

% 120 tt

= + B W+jets

100 + L dt =0.61fb”
i ]

Jet Mass [GeV]

*See David Miller’s talk

Probability

Pruning

Applied to tag W jets decaying

hadronically
l I L L I LI l L L I LI I LI I LI l Ll :
¢ Data -
0.22 —— Pythia TuneZ2 =
—— Pythia TuneD6T -
0.2 Herwig++ Tune23 =
0.18 Jet Pruning Algorithm 3
CMS Preliminary -
0.16 34.7pb'atVs=7TeV
0.14 :] o
0.12 =
0.1 =
0.08 - —;
0.06 -
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* v, n
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Remarkable Experimental Progress

e Boosted ¢t event:

_ Triply-tagged
svscwe . |ttbar candidate!
Top, W, and b!

e

" Jet 2: Jet Pruning - T
. pt 484.3 GeVic, - . S TR
mass = 68.8 GeV/c2 : (Pt
Jot 2 + 3 : Mass = 167 hadronic top | g~ |

candidate \.. ¥
Jet 1 : Top Taggng 5 N
pt 589.1 GeVie, -
3 subjets,
mass = 186.7 CeV/c2
minMass = B7 2 GeV/c2

V/

leptonic top

p N
A 3

s N X _,\‘},{

X \ ‘ X, \<-

- = ..\-\i . / 4
/ 7 EXPERIMENT
> y -
/ ARun Number: 166658, Event Number: 34533931
. g Date: 2010-10-11 23:57:42 CEST

ndidate
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Theoretical Tools

b
JATLAS S

LEXPERIMENT

-
.

Cr0_87‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7

nte Carlo *

N~
=

S_;—Oj M O

s

ATLAS Preliminary ]

R=0.6, f L dt=2.43 pb”

—e— Data (/s=7 TeV)+syst.
—&— ALPGEN+HERWIG AUET1
—o— PYTHIA AMBT1 ]

— ‘ALPGENTPYTHIA l‘\/ICOQ’ 1
11 1 | I I | | | L1117

MC/Data

o
a%e
1—%‘0\0—:&%%

||||||||||||||||||||||||||||||||||
0800 200 300 400 500 600 700 800

do =

Saba Zuberi

Hard
Interaction

P, (leading jet) [GeV]

Collinear
Evolution

Cx0.8:‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\\\\\:

207 Analytic ., .

ATLAS Preliminary -
R=0.6, f Ldt=2.43pb”

- Data (Vs=7 TeV)+syst.

l

Soft
Radiation

X

llll‘llll‘llll‘llll‘llll‘llll‘llll’
100 200 300 400 500 600 700 800

p'fad [GeV]

PDFs

Hadronization

Underlying Event
DPF Aug 9, 2011

Tuesday, August 9, 2011



Monte Carlo

* Key Feature: Monte Carlos are exclusive
Basic role of event generator: return weight for each point in N-body phase
space do/d®y

= Can implement arbitrary experimental cuts  {7cut, P, R}
Major challenge for analytic calculations.

= [eading small prresummation and large pr fixed order
Analytic calculations available to much higher precision

= Allows one to be exclusive in jet multiplicities
Eg. pp — H + 0,1, 2jets have different backgrounds and sensitivities

= Returns hadrons not partons. Model non-perturbative physics.
Dependence on tunes

* Analytic calculations provide a cross-check of MC eg jet substructure

* Insights in to designing/understanding jet tools
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Analytic Control Over Jet Observables

e Framework to calculate in QCD - prove factorization, integrate hard ME and

resum large logarithms
Bauer, Fleming, Luke, 2000

= Soft-collinear Effective Theory (SCET) Bauer, Fleming, Pirjol, Stewart 2001

e Separtes key features of QCD evolution: collinear and soft with systematic power

counting

-~ Q1,02 ) s~ QA2 N2\

pe ~ Q( ) ps~ Q ) L~ AO
p=(E+p:, F—p., p1) n=(1,0,0,1)

e Many applications to jets:

e Jet Shapes and Jet algorithm (glis, Hornig, Lee, Walsh, Vermilion), PP 10 N-jettiness
(Stewart, Tackmann,Waalewijn), H+0 jets NNLL NNLO (Berger,
Marcantonini,Stewart, Tackmann,Waalewijn), Dijet iINnvariant mass Spectra (Bauer, Tackmann, Walsh,
SZ)
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Understanding Jet Algorithms

e Power counting easy way to understand key features of jet structure (Walsh, SZ)

e Can use to determine test for when factorization of substructure method fails

0 0.2 04 0.6 0.8 1.
bl rich
Particles Particles
kT:a=1 Anti-kT: o = —1

g Lo kr algorithm 1.0 anti-ky algorl A
= A
= 08 1 Pss
'éoos —+ P
o— ccC
o
<
Q 06 0.6
2: . /)(LS
0, —1 Psss Pes oa
o
E 0.2 — Pcc

D 02 04 0.6 08 1.0 080 02 04 06 038 1

pr ratio pr ratio

Energetic collinear particles
in jet combined first
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N

An Example: Higgs

O |ets

Anastasiou, Dissertori, Stockli (2007)
pp-H+X-WN+X-ever+X

* Large fixed order corrections. Vary with T
cut aoo:— MESI2001 10, MEST2004 NLO/NHIO —
pT My/2apug=py 221, NNLO 1
sl M, = 185 eV
* FO a5 expansion describe large preUt o \
re gl on f% 200 - ." .030.0300.0 o‘\\ \\\\
Unreliable at small preUt ;
P
* Need asln o resummation (parton 00| 23 =
H : :
shower)
e [GeV]
Berger, Marcantonini, Stewart, Tackmann, Waalewijn
0.5 2010)
. . llIIIlllllllIIIIlllllllIlllllIIllIlIllIIIIIIllII
E._m— i TOV
; 0.4 my =165 GeV
& B NNLL | NNLO
= 0.3 BEE NLL'+NLO
= BB NLL
0.2
=
e 2 0.1
Soft
v 0 REREERE RN ERERI RN R IR NI NN N IR RN
0 10 20 30 40 50
Saba Zuberi Town [GeV] 11
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Perturbative Accuracy

* Perturbative structure of hard interaction ® parton shower

o~ {10 L~ 22S
: ' Hhard

------------------------------------

......................................

LL NLL N°LL
e Parton Shower has LL (partial NLL) behaviour
e MC@NLO : Parton Shower and fixed NLO

e SCET H+0 jets calculation N2LL and N2LO  (Berger, Marcantonini, Stewart, Tackmann, Waalewijn

* In MC want to Combine Hard Matrix Element NLO with Resummation (parton

shower)
Geneva: Christian Bauer, Calvin Berggren, Nicholas Dunn, Andrew Hornig, Frank
Tackmann, Jesse Thaler, Christopher Vermilion, Jonathan Walsh, SZ
Saba Zuberi DPF Aug 9, 2011
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Parts of the Monte Carlo

* Hard Interaction: Fixed order partonic matrix —~—

doMC —

Hard
Interaction

elements. Legs + Loops.

e Parton Shower: Collinear and soft splittings.

Parton
3 Shower

High Multiplicity final state. Logs a In’ ’“;is .
H
dq)n d(bn+1 d¢n+2 d¢n+3
LO Matrix Parton Parton Parton
Element Shower Shower Shower

e Hadronization/ UE: Model non-perturbative

physics. Partons to hadrons

Saba Zuberi

Hadronization
Underlying Event

s g™

I

Hard Interaction

HUhard

Shower
Evolution

Hadronization

A Agcep
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Challenge : Fixed Order and

At LO:

dcbn d¢n+1 d¢n+2 d¢n+3
LO Matrix Parton Parton Parton
Element Shower Shower Shower

* Beyond LO: N-body Phase Space ;é N-parton Phase Space

IR finite NLO = —= @ = d®dn + £ dPp 1

= Make each weight well defined.

* Both Parton Shower and NLO ME include real emission corrections

FO: exact n+1 body, PS collinear/soft limit.

At NLO:

dq)n dq)n+1 d¢n+2 d¢n+3
. Parton Parton
LO +Virtual [Req] Shower Shower

= Avoid Double Counting

Saba Zuberi
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Current Approaches: Fixed Order @ Parton Shower

*touch on just a few

 MC@NLO/ POWHEG (NLO for single jet multiplicity) ) (LL Parton Shower)

= Divergences: Define Subtraction d®, [Vn + / d<1>n+1|nS] +d®p 1 [R1 — 5]
Maps N-Body Phase Space to N-Parton Phase Space [Frixione, Webber; Nason;

Frixione, Nason, Oleari]

= Double Counting: Modify 1st emission of parton shower. Inclusive jet observable at NLO

[Catani, Krauss, Kuhn, Webber;

* Multi-jets at LO (LO for all jet multiplicities) & (LL Parton Shower) Lonnblad: Mangano]
Hhard
Partonic LOME ;. _ < &—> Hard matrix element

................................................. combined with Sudakov

Parton Showerl S ® to cancel [res
KPS dependence.

Hadronization

[Bauer, Tackmann,
Thaler; Hamilton,

Nason; Hoche,

= MENLOPS (NLO single jet + LO rest jet multiplicities)@ (LL Parton Shower) Krauss, Schonherr,
Siegert]

Agcep
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.
e G.ENEVA' The Geneva Approach

e Goal: Exclusive jet multiplicities all at NLO + resummation pp — H/W + 0,1, 2 jets
Start with eTe™ — 2,3, 4jets.
Naively 4 jets NLO would require 2 jet to N3LO to be IR finite.
Geneva: relevant pieces obtained from resummation

= Divergences: Map N-jet Phase Space to N-body Phase Space

= Divide Phase Space : Resolution variable, N-jettiness Ta. Vetos > N jets. Well
defined for any number of partonic final states.

[Stewart, Tackmann, Waalewijn ]

incl .
Ao Tow > T5  do5™ i To > Towe > T3 40a 2 T3, > Teus

— N

HUhard
Resummed Calculation C——e——
SCET Hres ™~ 7::11’5
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Combining Higher Jet Multiplicities

e Previously: 2 jets at NLL+NLO and 3 jets at LO

e Now with Geneva have 2 jets at NLL+NLO and 3 jets at NLO
Systematically extendable

30llll|llll|llll|llll|llll|llll|llll|llll|llll

et V)
) -

ek
-

Illl|llll|llll

do /dT; [fb/GeV]

0

I

I

e Monte Carlo with
theory (scale)

E.,=500GeV

B NLL'+NLO - L
e NLL : uncertainties not
I GENEVA — MC statistics!

/

II|IIII|IIII

IlIlllllllllllllllllllllllllIIIIIIII

10 20 30 40 50 60 70 &0 90 100
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First Results: 2 and 3 jets at NLO

e Consider variable sensitive to ®3 angular dependence.
 Should reproduce shape. d®3 = d®5 dzd72 d¢ i
Definition of variables consistent for 3-jets (at any order). L Fr
By + B>
5EIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIIE
- E.n=500GeV =
4 72> 10 GeV =
— E == NLO - e 2+ 3jets at NLO
i‘g - LO E 3 jet NLO shift ~ a?
- GENEVA - °
o E :/
T2F H 3
_g - - * Theory scale
; Singular behavior L ; uncertainties
1 — | turned off by =
= [ Tew < T2 < 1?’2 -
Oi IIIIIII|IIIIIII%I|IIIIIIIII|IIIIIIIII|IIIIIIIII:
0 0.1 0.2 0.3 0.4 0.5
<
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Conclusions

* Remarkable experimental progress in understanding jet substructure.
Increasingly sophisticated tools - promising future!

* Analytic tools play an important role in understanding algorithms, and
interpreting MC

e \Want event generators with best possible accuracy to connect theory and
experiment

* A recent development: Can now combine several jet multiplicities at NLO with
resummation/parton shower
Expect pp — H +0,1jets, pp — W + 0,1 jets soon.
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Thank you
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Back Up Slides
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Systematic Improvement of MC Using EF 1

* Forgiven N-jet T—=eo——7

[Bauer, Fleming, Luke, Pirjol, Stewart]

e Small 7> : Use SCET to calculate resummed QCD distributions.

Systematically include: «; matching and resum renormalization group o In"™(7/Q)/T

dJS dOB / S1 S2
OdT = dngQ(Ecm\,ILL dsidsg J1(s1, p) J2(s2, i) So (T— O; — Q27:u>
Hard F.unction: NLO \ Jet and Soft functions:
matrix elements Collinear and soft limit
| | o - 1,QCD |
e Combine with large 75 in 2-jet bin dog  doj . doy B do3

dQd7T  dQdT ' | dQdT  dQAT lexp
Resummed Non-singular NLO
NLL'= NLO FO+ o L*" 1
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» Distribute events according to:

2-body events 3-body events
doo / Teut dos do>3 dos dos do 5(3)
- = 7::11 p— dT + — — = 9 ou
d(I)2 ( t) } ? d2 d7—2 dq)g dQQ d7'2 dQQ d 7-2 exp d(I)g (75 = T t)
Constant 7 Has full ®s
dependence for dependence Large 75 : Resummation
2-body events starts to turn off.

Ratio starts at O(a?)
Small 75, : Resummation
important
Ratio starts at NNLL
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