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JETS & JET ALGORITHMS
Lw ǎŀŦŜǘȅ όŦŀǎǘΗύΣ άjetographyέΣ ƧŜǘ ǎǳōǎǘǊǳŎǘǳǊŜ



IR Safe Jet Algorithms (and Fast!)

[Salam arXiv:0906.1833]

Some typical event multiplicities 
at colliders:

In the past, performance of 
implementations of IR safe 
jet algorithms, kept them 
away from practical use at 
hadroncolliders: for 
example with the 
άǎǘŀƴŘŀǊŘέ b3 scaling of the 
kt algorithm, or the naive 2N

of seedless cone algorithms

Great progress in recent years:
ÅSequential recombination algorithms 
as kt / Cambrige-Aachen / anti-kt
have been implemented with 
N ln (N) scaling
ÅA seedless infrared safe cone 
algorithm, SISCone, has appeared 
with N2 ln (N) scaling

[Cacciari, Salam 
hep-ph/0512210]

[Salam, Soyez
arXiv:0704.0292]

Available within FatJethttp://fastjet.fr 



The need of IR safety
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Collinear Configuration Soft Configuration

Ҧ Lw/ unsafetymakes data / pertubativecalculation comparison hard (if at all meaningful)
Ҧ LƴŘŜŜŘΣ ǉǳŀƴǘǳƳ ŎƻǊǊŜŎǘƛƻƴǎ ōŜŎƻƳŜ ǳǎŜƭŜǎǎ ŦƻǊ ƭŀǊƎŜ ŜƴƻǳƎƘ ƳǳƭǘƛǇƭƛŎƛǘȅΗ

[Salam, SoyezarXiv:0704.0292]

Testing IR safety of some commonly 
used cone algorithms

Both ATLAS and CMS already include IR safe 
algorithms in their standard software!



¢ƻǿŀǊŘǎ άjetographyέ

5

[Salam arXiv:0906.1833]

Many new ideas like variable-R algorithms[Krohn, Thaler, Wang arXiv:0903.0392], 
filtering [Butterworth, Davison, Rubin, Salam arXiv:0802.2470], pruning[Ellis, 
Vermilion, Walsh arXiv:0903.5081], among others, and the availability of many 
practical IR safe jet algorithms, have opened the possibility of optimizing jet 
definitions for a given physical study See also for example: [Buge, Heinrich, Klein, 

Rabbertz; Cacciari, Rojo, Salam, Soyez
arXiv:0803.0678], [Olness, SoperarXiv:0907.5052]

[Cacciari, Rojo, Salam, SoyezarXiv:0810.1304]
See also:[RojoarXiv:0910.1449]

Different jet algorithms perform 
differently:
Å¢ƻƻ ǎƳŀƭƭ w Ҧ hadronization
effects
Å¢ƻƻ ƭŀǊƎŜ w Ҧ ¦ƴŘŜǊƭȅƛƴƎ 9ǾŜƴǘ 
and Pile-Up



Jet Substructure

6

DƛǾŜƴ ǘƘŜ ƭŀǊƎŜ ŀƳƻǳƴǘ ƻŦ ŜƴŜǊƎȅ ŀŎŎŜǎǎƛōƭŜ ŀǘ ǘƘŜ [I/Σ ƛǘΩƭƭ ōŜ ŎƻƳƳƻƴ ǘƻ ŦƛƴŘ 
highly boosted heavy objects (eg. top or a Higgs) whose decaying products will 
appear as in a single jet!

Then the need to look inside jets!

See for example: [Butterworth, Cox, Forshaw hep-
ph/0702150], [Ellis, Vermilion, Walsh arXiv:0903.5081] , 
[Almeida, Lee, Perez, Sterman, Sung, VirziarXiv:0807.0234], 
[Plehn, Salam, SpannowskyarXiv:0910.5472]

An example: Two-pronged decays,  LHC ½κ²ҌIόҦōōύrescued
_

With a highly boosted Higgs, this 
channel is rescued to become one 
of the best discovery channels for a 
light Higgs at the LHC! (about 5.9̀
at 30 fb-1)

[Butterworth, Davison, Rubin, Salam arXiv:0802.2470]



PERTURBATIVEQCD
W/Z at NNLO, Unitarity, NLO automation
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Problem: Leading-order, tree-level predictions only qualitative

due to poor convergence

of expansion in 

(setting )

PartonicCross Section 
in Perturbation Theory

Example:  Zproduction at Tevatron
Distribution in rapidity Y

LO NLO NNLO

has

still  ~50%  corrections, LO ĄNLO

ADMP (2004)

(2007)

by NNLO, a precision observable

LO

NLO

NNLO

[Anastasiou, Dixon, Melnikov, Petriellohep-ph/0312266]
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NLO Success Describing W+jetsData

Tevatron: W + n jets Data. (CDF, arXiv:0711.4044)

LOmatched to parton shower:
ÅMLM-model: Alpgen+Herwig.
ÅSMPR-model: Madgraph+Pythia

NLO:
MCFM; parton level;  
including Bern, Dixon, Kosower and Weinzierl
W+21-loop matrix elements;
Full NLO by Campbell and Ellis.
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And Even More!
Tevatron: W + n jets Data. (CDF, arXiv:0711.4044)

LOmatched to parton shower:
ÅMLM-model: Alpgen+Herwig.
ÅSMPR-model: Madgraph+Pythia

NLO:
MCFM; parton level;  



State of the Art of NLO QCD Quantum 
Corrections
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ÅNLO QCD corrections  to

[Bredenstein, Denner, Dittmaier, PozzoriniarXiv:0905.0110]; 
[Bevilacqua, Czakon, Papadopoulos, Pittau, Worek
arXiv:0907.4723]

ÅNLO QCD corrections to W+3 jets + X
[Ellis, Melnikov, ZanderighiarXiv:0901.4101, 
arXiv:0906.1445]; [Melnikov, ZanderighiarXiv:0910.3671]
[ Berger, Bern, Dixon, Forde, FC, Gleisberg,  Ita, Kosower, 
Maître  arXiv:0902.2760; arXiv:0907.1984 ]

ÅNLO QCD corrections to Z+3 jets + X

[ Berger, Bern, Dixon, Forde, FC, Gleisberg,  Ita, 
Kosower, Maître  PRELIMINARY ]



1-loop Amplitudes from Unitarity
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Rational in momenta
Logarithmic in momenta

Process dependent; rational in momenta

See[ Bern, Dixon, Dunbar, Kosowerhep-ph/9212308]

And then one can extract 
all coefficients! [Ossola, 

Papadopoulos, Pittauhep-
ph/0609007] [Ellis, Giele, 
KunsztarXiv:0708.2398] 
[Forde arXiv:0704.1835]

[Britto, Cachazo, Fenghep-th/0412103]

bi



A Powerful Technique!
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[Giele, Zanderighi
arXiv:0806.2152]



NLO Automation: Virtual Part (Based 
on Unitarity)

11/16/2009 Jets & Weak Vector Bosons ςHCP2009 14

BlackHat: [Berger, Bern, Dixon, Forde, FC,  Ita, Kosower, Maître 

arXiv:0803.4180; arXiv0808.0941]

HELAC&CutTools[van Harmeren, Papadopoulos, Pittau arXiv:0903.4665; 

Bevilacqua, Czakon,  Papadopoulos, Pittau, WorekarXiv:0907.4723]

Rocket+MCFM: [Ellis, Giele, Kunszt, Melnikov, ZanderighiarXiv:0810.2762]

Others: [LazopoulosarXiv:0812.2998] [Winter, GielearXiv:0902.0094; Giele, 

KunsztΣ ²ƛƴǘŜǊ ŀǊ·ƛǾΥлфммΦмфснϐ Χ



NLO Automation: Real Part

ÅCatani-Seymour Dipoles:

ïAutomation within Sherpa [Gleisberg, Krauss arXiv:0709.2881]

ïUsing MadGraph(MadDipole) [Frederix, Gehrmann, Greiner 

arXiv:0808.2128]

ïOthers [Seymour, TevlinarXiv:0803.2231], [Hasegawa, Moch, Uwer

arXiv:0807.3701], Χ

ÅFrixione, Kunzstand Signer substraction:

ïUsing MadGraph(MadFKS) [Frederix, Frixione, Maltoni, Stelzer

arXiv:0908.4272]
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Campbell

What to Expect?


