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The questions ahead...
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3. Conclusions and Outlook




Why NLO?
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CDF Run Il Preliminary, L=2.2fb"
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W+1ljet W+2jets W+3jets W+4jets

Matrix element method uses full information of LO matrix
elements to pull the signal out of background.
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CDF 5 sigma discovery!

Tevatron: Single Top Production
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It should be possible to do better by using NLO matrix elements.

A goal is to provide experimenters with necessary theoretical tools

for a wide variety of processes.

DO 5 sigma discovery!
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QCD: “Experimenters’ Wish List”

Les Houches 2007

Process Comments

(Ve{Z,W,7})

4. pp — tEbb relevant for tH

5. pp — ti+2jets relevant for ttH

6. pp — VV bb, relevant for VBF — H — VV, ttH
7. pp — VV{2jets relevant for VBF — H —» VV

VBF contributions calculated by
(Bozzi/)Jéager/Oleari/Zeppenfeld.
8. pp — V+43jets various new physics signatures

NLO calculations added to list in 2007

9. pp — bbbb Higgs and new physics signatures

* Five-particle processes under good control with
Feynman diagram based approaches.

* Six-particle processes still difficult challenge.



What Has Been Done?: 2 to 3 field...

e Most physics results done from Feynman diagram approach:

— QCD corrections to vector boson pair production (W*W-, W=Z & ZZ) via
vector boson fusion (VBF). (Jager, Oleari, Zeppenfeld)+(Bozzi)

— QCD and EW corrections to Higgs production via VBF. (Ciccolini, Denner,
Dittmaier)

— pp — Higgs+2 jets. (via gluon fusion Campbell, Ellis, Zanderighi), (via weak interactions

Ciccolini, Denner, Dittmaier). pp — Higgs+3 jets (leading contribution). (Figy,
Hankele, Zeppenfeld)

— pp— ttH. (Beenakker, Dittmaier, Kramer, Plimper, Spira, Zerwas), (Dawson, Jackson, Reina,
Wackeroth)

— pp — ZZZ. (Lazopoulos, Petriello, Melnikov) pp — tt_Z +(McElmurry)
— pp — WWZ, WWW. (Hankele, Zeppenfeld, Campanario, Oleari, Prestel)
— pp—WW+j+X. (Campbell, Ellis, Zanderighi), (Dittmaier, Kallweit, Uwer)
— pp —W/Z bb . (FFC, Reina, Wackeroth)

— pp — tt—+jet . (Dittmaier,Uwer,Weinzierl)



What Has Been Done?: 2 to 3 field...

e One case stands alone, using Unitarity Techniques:

— QCD corrections to W/Z + 2 jets (Bern, Dixon, Kosower - 1997)+(Campbell, Ellis -
2002, included in MCFM)

W+1jet W+2 jets

Required
new
techniques

Amplitudes : Early 80’s [Ellis, 1997 [Bern, Dixon, Kosower],
Martinelli, Petronzio]

NLO Corrections : | Mid 80’s [Arnold, Ellis, MCFM 2002 [Campbell, Ellis]
Reno],




What Has Been Done?: 2 to 4 field...

e Unitarity Based techniques:

— Leading color QCD corrections to W + 3 jets, some subprocesses with 3
gluons (Ellis, Melnikov, Zanderighi - 2009)

— QCD corrections to W + 3 jets, all subprocesses, leading color virtual
matrix elements (Berger, Bern, Dixon, FFC, Forde, Gleisberg, Ita, Kosower, Maitre - 2009)

%)

e Using Feynman Diagrams:

— QCD corrections to pp — tfbl_) -+ X (Bredenstein, Denner, Dittmaier, Pozzorini -
2009)



Strong growth in difficulty at one loop (NLO)
with number of final-state objects

# of jets # 1-loop Feynman diagrams (gluons only)

3

10,860

o -
o
o-

3,017,490



Think off-shell, work on-shell!

Avoid the source of computational complexity in Feynman Diagrams:
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Unitarity Method

e Unitarity Approach:

— Bern, Dixon, Dunbar, Kosower, hep-ph/9403226, hep-
th/9409265.
— Recent Advances using spinorial integration techniques:
e Cachazo, Svrcek, Witten; Britto, Cachazo, Feng; Britto, Feng, Mastrolia

e Generalized Unitarity:

— Bern, Dixon, Kosower, hep-ph/9708239, hep-ph/0001001.
— Britto, Cachazo, Feng, hep-th/0412103.

— Recent Advances: classification of surface terms.
e del Aguila and Pittau, hep-ph/0404120.
e Ossola, Papadopoulos and Pittau, hep-ph/0609007.
e Forde, 0704.1835; Badger, 0806.4600, 0807.1245 .

e Ellis, Giele, Kunszt 0708.2398; Giele, Kunszt and Melnikov, 0801.2237;
Ellis, Giele, Kunszt, Melnikov, 0806.3467; Ellis, Giele, Kunszt,
Melnikov,Zanderighi 0810.2762



Amplitudes and more amplitudes

e Past years progress using unitarity and related techniques,

— 09 — ggdgg amplitude. (Bern,bixon,Kosower), (Britto,Feng,Mastrolia),

(Bern,Bjerrum-Bohr,Dunbar,Ita), (Berger,Bern,Dixon,Forde,Kosower),
(Bedford,Brandhuber,Spence,Travaglini) (Xiao,Yang,Zhu) ,(Berger,Bern,Dixon,Forde,Kosower),
(Giele,Kunszt,Melnikov)

— Lots of glUOﬂS (Berger, Bern, Dixon, FFC, Forde, Ita, Kosower, Maitre), (Giele,
Zanderighi), (Lazopoulos), (Giele, Winter)

- W+3 (7 point) amplitudes (Berger, Bern, Dixon, FFC, Forde, Ita, Kosower, Maitre),
(Ellis, Giele, Kunszt, Melnikov, Zanderighi)

— All 2->4 wish listed amplitUdes (Hameren, Papadopoulos, Pittau)

e Numerical packages under construction:
— BlackHat Berger, Bern, Dixon, FFC, Forde, Ita, Kosower, Maitre

— CutTools Ossola, Papadopoulos, Pittau

— Rocket Ellis, Giele, Kunszt, Melnikov, Zanderighi
— Lazopoulos

— Giele and Winter



A

e Cut Part from unitarity cuts in 4 dimensions.

e Rational part from on-shell recurrence relations.
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Loop On-Shell Recursions.

Bern, Dixon, Kosower, Forde, Berger;
Bern, Bjerrum-Bohr, Dunbar, Ita

e At one-loop recursion using on-shell tree amplitudes, T,
and rational pieces of one-loop amplitudes, R,

+ spurious residues

e Sum over all factorisations.
e |n addition to tree recursion: sum over

e Remark: Can be done for integral coefficients, auxiliary
recursions...






BlackHat: A C++ framework of on-shell
techniques for 1-loop amplitudes

Portability (standard libraries for unix systems)
Modularity (object oriented)

Malleability (to accept several routines — numerics and
analytics)

Numerical precision and efficiency
Ready to use with existing Monte Carlo programs

— Working already with automated real dipole subtraction
from Sherpa (with T. Gleisberg)



BlackHat: quick look... Cross Sections

One Loop Helicity Amplitude
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Multiprecision arithmetic gives excellent control over numerical stability...
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Watch Instabilities

Monitor using known IR/UV pole structure of
amplitudes

1 11
AﬁfOpN{—Z—F(—?)—I—ZIOQ( - ))

€ € Sii+1

tree
Alree,

Generalization for rational part (A consistency
condition of spurious residues)

Avoid instabilities with analytic tricks:
— Use good loop momentum parametrizations & spinor variables



Scaling with number of legs
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for 8 gluons + 3,017,489 Feynman diagrams
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(S. Catani, M.H. Seymour,1997)
(T. Gleisberg, F. Krauss, 2007)

(a glance to NLO automation!)




SHERPA i ,.: 2-

*SHERPA is a full event generator, combininé’alz_’:a
number of perturbative and non-perturbative

approaches to simulate high energy collisions

*Here just parts of the framework are used:
"The automated tree-level matrix element generator
AMEGIC++, includes automated dipole subtraction

"Phase space integration techniques

"The event generation framework and the ANALYSIS
package to evaluate generated events



Electron Et 20 GeV
Electron eta 1.1
Missing Energy 30 GeV

W Transverse Mass 20 GeV

Jet Et 20— 25 GeV
Jet eta 2
Delta R 0.4

We employ the SISCone Jet Algorithm
Salam, Soyez arXiv:0704.0292

CTEQ pdfs, and a dynamical factorization/renormalization
scale (sgrt(Mw”2+pt_W~2)) for comparison with data
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E$%>20 GeV  Ef™ > 30 Gev
In¢| < 2.5 Fr > 30 GeV
P <3 MY > 20 GeV
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Conclusions & Outlook

On-shell methods have opened a new gate to
computational power in QFTs

BlackHat has proven good precision and scaling
properties for 1-loop amplitudes

Together with SHERPA we have presented first
NLO results, within a leading color approximation

of the virtual pieces, for a process with 6 legs at
LO

W+3 predictions agree well with CDF data, scale
uncertainty greatly reduced!

Look forward for more studies of relevant
processes for hadron colliders!




So Unitarity Techniques Have Their Share in History:

W+1ljet W+2 jets W+3 jets

Required Required
new more new
techniques techniques
Amplitudes : Early 80’s [Ellis, 1997 [Bern, Dixon, Kosower], | 2008

Martinelli, Petronzio]

NLO Corrections : Mid 80’s [Arnold, Ellis, MCFM 2002 [Campbell, Ellis] | 2009
Reno],







