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JETS & JET ALGORITHMS



IR Safe Jet Algorithms (and Fast!)

In the past, performance of  Great progress in recent years:

implementations of IR safe
jet algorithms, kept them
away from practical use at
hadroncolliders: for
example with the

Galdl y RscaliiRyof the
kt algorithm, or the naive 2
of seedless cone algorithms

Some typical event multiplicities
at colliders:

Type of event N
ete” event on the Z peak 50
Tevatron (/s = 1.96 TeV) dijet event 200
LHC (/s = 14 TeV) dijet event 500
LHC low-luminosity event (5 pileup collisions) 1000
LHC high-luminosity event (20 pileup collisions) | 4000
RHIC AuAu event (/s = 200 GeV /nucleon) 3000
LHC PbPb event (/s = 5.5 TeV /nucleon) 30000

[Salam arXiv:0906.1833]

ASequential recombination algorithms

askt/ CambrigeAachen / antkt  [Cacciari Salam
have been implemented with hep-ph/0512210]
N In (N)scaling

AA seedless infrared safe cone [Salam Soyez
algorithm,SISConghas appeared arXiv:0704.0292]
with N? In (N) scaling

Available withinFatJethttp://fastjet.fr
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The need of IR safety

Collinear Configuration

/Collinear safe jet alg.
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\t EN \E\ N

I jet1 I I jet1 I I jet1 I jet1
jet2

X (=) ogX (+e0) g X (Coe e GO X (oo )

Collinear unsafe jet alg\

\ Infinities cancel

Infinities do not cancel

Soft Configuration

(a)

“—— soft divergence —

(b)

(c)

b Lumgafetymakes data pertubativecalculation comparison hard (if at all meaningful)
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[Salam SoyezarXiv:0704.0292]
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Observable 1st miss cones at | Last meaningful order

Inclusive jet cross section NNLO NLO JetClu 50.1%

W/Z/H + 1 jet cross section NNLO NLO SearchCone 48.2%

3 jet cross section NLO LO -

W/Z/H + 2 jet cross section NLO LO MidPoint BE

jet masses in 3 jets, W/Z/H + 2 jets LO none Midpoint-3 15.6%
PxCone 9.3%

Testing IR safety of some commonl;/)

used cone algorithms

Both ATLAS and CMS already include IR safe

algorithms in their standard software!

Seedless [SM-p,] 1.6%

0.17% Seedless [SM-MIP]

<10° Seedless (SISCone)
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Fraction of hard events failing IR safety test
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[Salam arXiv:0906.1833]
Many new ideas likgariableR algorithmgKrohn Thaler Wang arXiv:0903.0392]
filtering [Butterworth, Davison, Rubin, Salam arXiv:0802.2451Qining[Ellis,
Vermilion, Walsh arXiv:0903.508 @mong others, and the availability iwfany
practical IR safe jet algorithmbaveopenedthe possibility ofoptimizing jet

definitions for a given physical study See also for examplgBuge Heinrich, Klein,
Rabbertz CacciariRojq SalamSoyez
arXiv:0803.0678]lness SoperarXiv:0907.5052]

anti-k;,  SISCone  C/A-filt

Different jet algorithms perform

differently:
@ A 22 &Y hadrbnizationlh
effects
22 tFNBS w b !\
= and PileUp

[CacciariRojg SalamSoyezarXiv:0810.1304]
See alsofRojoarXiv:0910.1449]

AL 2B peoooL BB pslL bbb asogo) bb

5

R R R R R



Jet Substructure

DAGSY (KS fFNHS FY2dzyd 2F SySNHeée | 00
highly boosted heavy objected top or a Higgs) whose decaying products will

a1
appear as in'a single jet: Then the need tdook inside jets!

See for examplgButterworth, Cox, Forshalwep-
ph/0702150], Ellis, Vermilion, WalsarXiv:0903.5081] ,

, [Almeida, Lee, Pere8terman SungVirziarXiv:0807.0234],
R+ [Plehn SalamSpannowsk@rXiv:0910.5472]

An exampleTwo-pronged decaysLHC/AK 2 b | OréEsoued)

S1aof @ M a 28

2 ok o ey ﬁ% " With a highly boosted Higgs, this
G100t . = V+Higgs channel is rescued to become one
2 s of the best discovery channels for a

Z aof- \ light Higgs at the LHC! (about 5.9
; | at 30 fb?)
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PERTURBATINZECD



PartonicCross Section
In Perturbation Theory

'S g 2
Hanimpi) = Tl |69+ 5260 up i) + (52) 5@ Gupourd +
v v
LO NLO NNLO

Problem: Leadingorder, treelevel predictions onlygualitative

due topoor convergence o ,03”“’0"”“ -
of expansion N Oég([JJ) i NNLO ) * DO RunllDate
. — — I~ T pto — NNLO MRST 04
(setting MR = M_F = ) ; i NLO,,  (2007)
Example:Zproduction at Tevatron 2 jl
Distribution in rapidityY > 1o
s LO
Y = 1In (E-I—pz) S 0t
2 E—»p ey 51— '
do has S
E— Na — [ I
dy e =wl R TR R T B TH

still ~50% corrections, L& NLO [Anastasioy Dixon Melnikoy, E’etriellohepph/0312266i
11/16/2009 by NNLO, a precision observable



NLO Success DescribMgrjetsData

Tevatron: W + n jets DateCDF, arXiv:0711.4004 data from 320pb—1
e CDFIl/MLM MLM uncertainty
m CDFIl/SMPR SMPR uncertainty
& CDF I/ MCFM

T A TR AR IR
------ MCFM PDF uncertainty
- MCFM Scale uncertainty
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NLO:
MCFEM parton level, LOmatched to parton shower:
includingBern,Dixon Kosower andVeinzierl  AMLM-model: Alpgen+Herwig.
W+21-loop matrix elements; ASMPRmodel: Madgraph+Pythia

Full NLO b ampbell and Ellis
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And Even More!

Tevatron: W + n jets DataCDF, arXiv:0711.4004 1

data from 320pb~—1

NLO:

MCFM parton level,

LOmatched to parton shower/ o

AMLM-model: Alpgen+Herwig:

ASMPRmodel: Madgraph+Pythia

11/16/2009
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State of the Art of NLO QCD Quanturr
Corrections

ANLO QCD corrections tpp — tthb + X

[BredensteinDenner Dittmaier, PozzorinarXiv:0905.0110];
[BevilacquaCzakonPapadopouloRittau, Worek
arXiv:0907.4723]

ANLO QCD corrections Yu+3 jets + X
[Ellis,Melnikov, ZanderigharXiv:0901.4101,
arXiv:0906.1445]Nlelnikov, ZanderigharXiv:0910.3671]
[ Berger, Bern, Dixon, Forde, Blgisberg Ita, Kosowey
Maitre arXiv:0902.2760; arXiv:0907.1984 ]

ANLO QCD corrections -3 jets + X

[ Berger, Bern, Dixon, Forde, Blgisberg Ita,
KosoweyMaitre PRELIMINARY ]

11/16/2009 Jets & Weak Vector Bosog$HCP2009 11



1-loop Amplitudes fromUnitarity

. . Seg| Bern, DixonDunbarKosowerhep-ph/9212308]
Rationalin momenta .
\ Logarithmic iimomenta

Processlependent; rational iimomenta

/| l

K2., [3 .-Ks

| [Britto, CachazpFenghep-th/0412103]
’ : O And then one can extract
lo-~- S tree rtree Atree e all coefficients!Ossola
| | E bi - AEI) ‘”1?(;2) ‘J‘ES) At(al) PapadopoulosRittau hep-
Q- —0- ph/0609007] [EllisGiele
Ky L " Ky KunsztarXiv:0708.2398]

[Forde arXiv:0704.1835]
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A Powerful Technique!

10* AT (4-4-..) [DP] * | [Giele Zanderighi

A'(+-+-..) [DP] * arXiv:0806.2152]
fit to degree 4 polynom. = =
fit to degree 9 'polynom. —

2 10 15 20
Number of gluons
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NLO Automation: VirtuaPart (Based
on Unitarity)

BlackH Al [Berger, Bern, Dixon, Forde, A&, Kosowey Maitre
arXiv:0803.4180arXiv0808.0941

HELAC&CutTo QI/& Harmeren PapadopouloPittau arXiv0903.4665;
BevilacquaCzakon PapadopouloRittau, WorekarXiv:0907.4723

ROCkEH‘ M C F MEIIis,GieIe Kunszt Melnikoy, ZanderigharXiv:0810.2762]

OtherS:[LazopoulosarXiv:OSlZ.2998] [WintetielearXiv:0902.0094Giele
KunszE 2 AYUOSNI I NI AGYndpmmdmdpec HB X
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NLO Automation: Real Part

A CataniSeymour Dipoles:
I Automation within Sherpa:ieisbergkrauss arxiv:0709.2881]
I UsingMadGraph(MadDipol§ [rrederix Gehrmann Greiner

arXiv:0808.2128]

I OtherS[Seymour,T evlinarXiv:0803.2231], [Hasegawdpch, Uwer
arXiv:0807.3701X

A Frixione Kunzstand Signesubstraction
I UsingM adG raph(M ad FK$[Frederix Frixione Maltoni, Stelzer

arXiv:0908.4272]

11/16/2009 Jets & Weak Vector Bosog$HCP2009 15



Campbell

11/16/2009

Jets & Weak Vector Boson$iCP2009

16



