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| Outline |

ASome new developments in QCD for understanding
LHC physics.

AExamples of QCD in results such asusyexclusions
and Higgs boson.

Vast field. Impossible to cover everything in a half an

hour, so | will just show a few examples of recent
progress

Apologies to the many whoseportant workl will gloss over or skip.
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A EXPERIMENT

Note jets

To properly interpret we need QCD
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Complicated environment: many aspects of QCD must be understo
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| Standard QCD Tools for Experimenters|

Many important theoretical tools used by experimenters:
Pythia, Herwig, Alpgen, Madgraph, Sherpa, MC@NLO,
POWHEG, etc. Many important improvements in recent years.

In this talk | will focus on recent examples oforecision
QCD calculationsfor hadron colliders, especially examples
aiding the search for new physics.

An important ingredient underlying precision physics with jets
at the LHC are infrared safejet algorithms used by both CMS
and ATLAS. Without these, problematic to compare to QCD.

FastJetpackage
supplies IR safe
soft

radiation algorithms
Cacciarj Salam Soyez

not infrared safe Infrared safe



| Boosted Objects and Jet Substructure}
Use jet substructure to identify heavy particles

Clean up jets to expose heavy particles in jet substructure:

AFiltering: undo last recombinationsand keep mainsubjets
Butterworth, Davison, Rubin, Salam  (arXiv:0802.2470)

ATrimming: remove regions in a jet with too little energy.
Krohn, Thalerand Wang (arXiv:0912.1342)

APruning: take a jet andrecluster it removing asymmetric wide

anglerecombinations  Elis , vermilion, Walsh (arxiv:0903.5081,
arxiv:0912.0033)

Improves resolution by removing soft, largeangle particles from jet

Many others have contributed: Almeidaacciarj Chen,Erdogan Falkowski Han, Hook, Jankowiak
Juknevich Katz, Kim,Kribs, Larkoski Lee, Martin,Nojiri, PerezPlehn Rakley RehermannRoy, Rojo,
Shelton,SreethawongSon,Soyez Sung,Tweedie Schwartz, Seymougoper SpannowskyStermarn

van Tilburg,Virzi, Wacker Wang, Zhu, etc. 6



Experimental Progress on Booste
Objects and Jet Substructure
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Offers a new window to search for new heavy mass states

decaying into jets, previously thought to be inaccessible due to
QCD background.



| PDF Issues and Higgs

What 060s up wit h tadwne sun@ih MdcrQativa262.228)
10
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The discrepancy due to use of different data sets
and treatment of power corrections. a. low for ABM
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Up to 15% effect on the Higgs cross section atTéV

lllustrates the crucial importance of getting thePDFsright.



| Why We Do HigherOrder QCD Calculations |

ote Classic example of the use of higher order QCD
CDF collaboration

disagreement _
W + 2 jets at theTevatron arXiv: 0711.4044
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Higher-order QCD can resolve discrepancies between
theory and experiment.



| Data Driven Background Estimation |

CMS uses photons to estimatg background to susysearches.
CMS PAS SUSD8-002; CMS PAS SUS0-005; arXiv:1106.4503

Ypp! Z(! °9)+ jets) = Hpp! °+ jets) ERz=
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irreducible background measure this ratio is
) theory input
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Photons have better statistics thalZ — L4
Task of theorists was tounderstand conversionand give

theoreticaluncertaintyto CMS.

ZB, Diana, DixonFebregCordero,Hoche Ita, D.A. Kosower D. Maitre, Ozeren (arXiv:1106.1423)
Ask, Parker, Sandoval, Shé&ijrling (arXiv:1107.2803) 10




| Z/gratio |

BlackHat Collaboration
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Different theoretical predictions track each other.
This conversion directly used by CMS in their estimate
of theory uncertainty in susysearch. 1



The NLO revolution. G sgiam, IcCHEP 2010 &
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2009: NLO W+3j [Rocket: Ellis, Melnikov & Zanderighi] [unitarity]
2009: NLO W+3j [BlackHat: Berger et al] [unitarity]
2009: NLO ttbb [Bredenstein et all [traditional]
2009: NLO ttbb [HELAC-NLO: Bevilacqua et al] [unitarity]
2009: NLO qg — bbbb [Golem: Binoth et al] [traditional]
2010: NLO ttjj [HELAC-NLO: Bevilacqua et al] [unitarity]
2010: NLO Z+-3j [BlackHat: Berger et al] [unitarity]

Gavin Salam (LPTHE, Paris) pQCD for LHC ICHEP 2010, July 27 13 / 30



NLO timeline | B
G. Salam, LaThuile 2012
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1980 1985 1990 1995 2000 2005 2010
2010: NLO W—+4; [BlackHat+Sherpa: Berger et al] [unitarity]
2011: NLO WWjj [Rocket: Melia et al] [unitarity]
2011: NLO Z+4; [BlackHat+Sherpa: Ita et al] [unitarity]
2011: NLO 4/ [BlackHat+Sherpa: Bern et al] [unitarity]
2011: first automation [MadNLO: Hirschi et al] [unitarity + feyn.diags]
2011: first automation [Helac NLO: Bevilacqua et al] [unitarity]
2011: first automation [GoSam: Cullen et al] [feyn.diags(+unitarity)]
2011: e"e™ — 7/ [Becker et al, leading colour] [numerical loops]

2012: NLO W+5j BlackHat+Sherpgpreliminary] [unitarity]



| Some Advances on-shel
AOn-Shell Revolution. A different way to do QFT. 4

ZB, Dixon, Dunbar,Kosower; ZB, Morgan; ZB, DixonKosower

Britto, CachazandFeng AnastasiouBritto, Feng Kunszt Mastrolig
Giele Kunszt Melnikov; Badger; Ossola, Papadopoulos, Pittau; Giele, Kunszt, Melni
Forde; Berger, ZBKosower Forde,Gleisberg Hoeche Ita, Maitre,Ozeren & others

Almproved efficiency in Feynman diagram methods.

Bredenstein Denner Dittmaier Pozzorinj Cascioli, Maierhofer andPozzorini

ANew purely numerical approach. Becker, GoetzReuschleSchwanWeinzierl
Some of the new packages using modern ideas:

0 Helac-NLO Bevilacqua Czakon Garzelli vanHamerenKardos Ossola
Papadopoulg$ittay Worek

0 CutTools Ossola Papadopoulo®ittau

0 BlackHat ZB, Dixon, FebresCordero,Hoechg Ita, Kosower Maitre,Ozeren

0 Rocket Ellis, Giele, Kunszt Melnikov, Zanderighi

0 SAMURAI Mastrolia Ossola Reiter, Tramontano

0 MadLoop Hirchi, Maltoni, Frixione, Frederix Garzelli Pittau

0 GoSam Cullen, Greiner, Heinrich,uisoni, Mastrolig Ossola Reiter, Tramontano
0 Ngluon BadgerBiedermannUwer
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| Example: SusySearch |

x’  ACascadefrom gluino to neutralino

(escapesietector)
ASignal: missingenergy + 4 jets
ASM background from Z + 4 jets,
Z A neutrinos

To improve understanding of background we want
pp — Z + 4 jetsin at least NLO QCD

g 7 15



| Z+4 Jets at NLO |

[BlackHal Ita, ZB, FebresCordero, DixonKosower Maitre (2011)

A Big improvement in scale stability. g
A Best available theoretical predictions. o



