QCD with Zoltan

Giulia Zanderighi

Max Planck Institute for Physics & Technische Universitat Mlinchen

Symposium in the honour of Zoltan Kunszt’s 80th birthday

TUTI

TECHNISCHE
UNIVERSITAT
MUNCHEN



Plan

* We are here to celebrate Zoltan’s 80t birthday. Approximately,
this means more than 50 years of physics!

* |n fact, first papers of Zoltan indeed appeared in the late 60s.
Very influential papers with Riccardo Barbieri very early on

 Aim of this talk: look back at the incredible progress done in the
past 50 years in pQCD and at Zoltan’s role in this endeavour

The talk will revolve around the dichotomy:
what has changed dramatically in this time
and what has remained essentially the same




Early stages of QCD

Perturbative calculations:

e (Calculations done mostly analytically by hand (no big
computer at the time)

* First few phenomenological milestones:

> NLO calculation of three-jet production in ete- collisions

Ellis, Ross, Terrano '80
> Drell-Yan at NLO

Altarelli; Ellis, Martinelli, Petronzio 81

NB: Calculations already

done in MS scheme using
dimensional regularisation




Z+0 Jets

K-factor for Z-boson transverse momentum
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intrinsic ki extremely relevant

today (see e.g. W-mass
measurement from transverse
momentum distributions)

Ellis, Martinelli, Petronzio '81



Z+0 Jets
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Intrinsic (primordial) kT:
The transverse momenta of the partons in the incoming

colliding hadrons

— Not calculable in perturbative QCD

— Described by phenomenological models

Intrinsic kr model in generators
Parton Shower

Gl (initial and final
modelling  ~T_ it st statejdiatlon)

Free parameters to determine

In PYTHIA & HERWIG:
The intrinsic kT is modelled by Gaussian distributions [ 1
— Width (o) of the distribution determined from tuning to data A

S, Vo & LRl
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ey PaE 4 i
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(Underlying Event)

From Frank Siegert

PYTHIA parameter: o = \2 * BeamRemnants:primordialKThard
HERWIG parameter: o = ShowerHandler:InstrinsicPTGaussian

Intrinsic kr + parton shower — pt(Z/y)
o 1 — smears the intrinsic kr — low pt(Z/y) flattened

Intrinsic kr tune to pt(Z/y) has both non-pertml'bative & perturbaTive QCD effects

Fermi motion of partons, |parlon shower models

non-resolvable gluon emissions...

Ellis, Martinelli, Petronzio '81



C-parameter in ete-

R.K.Ellisetal. / Jet structure ) . T
Calculation of Event-Shape Parameters in ete™ Annihilation

400 - -4 R. K. Ellis, D. A. Ross, and A. E. Terrano

T

I Phys. Rev. Lett. 45, 1226 — Published 13 October 1980
[

L

(Received 2 July 1980 )

In eq. (2.24) we noted the appearance of 7 terms related to the soft singularity.
' he soft logarithms exponentiate i< is presumably true that the 72 terms also )
exponentiate.

nder this assumption eq. (4.5) becomes
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100 | | Many debates on 12
\ NLO

‘LLL resummation even today

e MACSYMA still used
Ellis, Ross, Terrano ’80 by Keith today!

We are pleased to acknowledge useful discussions with R. P. Feynman, R. D.

Field, T. Goldman, H. D. Politzer, and S. Wolfram. We thank the
MATHIAB at MIT for the use of MACSYMA.



COMMENT ON THE O(ax f) CORRECTIONS TO JET-PRODUCTION IN e*e™ ANNIHILATION

Zoltan KUNSZT

Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
and L. Eotvos University, Budapest, Hungary

(Received 28 August 1980 )

Using recent results of Ellis et al. I calculate the O % corrections to thrust distribution in e e annihilation. The nu-

merical importance of the change of the four-momentum squared which determines the strength of the running coupling

constant is studied in detail.

dé l 1 1 T
= = . . — (pbarn)
In ref, [1], however, all the important details are . :;0 . 1’;; 35 GeV, ng= 4
. . . : ?
published so the above mentioned minor shortcomings | NE250MeV,m, =5GeV |
can be easily eliminated. First of all with a slight modi- ~— o5’ a1
fication of the pole terms (which have been subtracted , 0 |
from the four-jet matrix elements to regularize the 200 |- = ar
infrared and mass singularities), any distribution can be E )
calculated with high accuracy. r
The same modification leads to formulae where jet
fragmentation can be trivially introduced. i g =
ﬂ
Many debates on choice of 0.45 0.80 075 070 085
the scale in the running :
coupling even today [ am pleased to acknowledge illuminating discussions

with R.K. Ellis and T. Walsh.



COMMENT ON THE O(ax f) CORRECTIONS TO JET-PRODUCTION IN e*e™ ANNIHILATION

Zoltan KUNSZT

Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
and L. EOtvos University, Budapest, Hungary

(Received 28 August 1980 )

Usm recent results of Ellis et al. I calculate the O % corrections to thrust dlstnbutlon ine'e” anmhllatlon The nu

] T T ®
In ref. [1], however, all the important details are E(pb:;] . Vs = 35 GeV, ng= &
published so the above mentioned minor shortcomings g A 25 0Mev,m , =5GeV.
can be easily eliminated. First of all with a slight modi- A\ — dog’ /T
fication of the pole terms (which have been subtracted N 0 |
from the four-jet matrix elements to regularize the w0 F Y g el
infrared and mass singularities), any distribution can be [N

calculated with high accuracy.
The same modification leads to formulae wh
fragmentation can be trivially introduced.

Typical of Zoltan:
» Follow closely recent progress

» Find clever ways to improve on already very

hard calculations and exploit them more widely,
effectively contributing to improving theory
predictions

Many debates on choice of

the scale in the running

coupling even today [ am pleased to acknowledge illuminating discussions
with R.K. Ellis and T. Walsh.




10 years before the discovery of the top-quark ...

ASSOCIATED PRODUCTION OF HEAVY HIGGS BOSON
WITH TOP QUARKS

Z. KUNSZT* **

Institute for Theoretical Physics, University of Bern, Bern, Switze 10 — T 77T

Received 13 June 1984 & =40TeV
102F N m, =30GeV S

Typical of Zoltan:
» Close connection to phenomenology

» Focus of paper is on backgrounds as well

;o7 (ND)

What | found however most astonishing: third solo
paper | found of Zoltan during those years. | cannot

imagine Zoltan working alone (without anybody to talk
to!). Something must have changed over time!




IMPROVED ANALYTIC TECHNIQUES FOR TREE GRAPH CALCULATIONS
AND THE ggqq# SUBPROCESS

J.F. GUNION

Department of Physics, University of California at Davis, Davis, CA 95616, USA
and Institute for Theoretical Physics, University of Oregon, Eugene, OR 97403, USA

and

Z. KUNSZT 2
Institute for Theoretical Physics, University of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland

Received 14 June 1985

We demonstrate further improvements in the CALCUL approach to tree graph calculations. We employ polarization
vectors referenced to a single momentum and obtain expressions in terms of spinor inner products. The method is crossing
symmetric and can be easily implemented as an algebraic computer program. As an illustration we present an analytic
calculation of the ggqq’#¢’ subprocess in the standard model where 7’ can be in either the charged or the neutral channel.

* Paper pioneers the development e e e
of state-of-the art methods for the e bO‘han e
o ] ] based on spin summed matrix elements squared
eﬂ:ICIGth CalCu IatIOn Of LO h Ig h— computed by traditional trace techniques in terms
T of subprocess invariants. No sacrifice of numerical
multi pl |C|ty Processes accuracy occurs; for example, the numerical gauge

invariant check produces a result nineteen orders
of magnitude smaller than the actual cross se

) Use Of mOdern CompUterS tO (on an IBM 3081). Thus a wide variety of
h an d | e com p | ex a | g e b ra calculations involving massless external fermions

may be usefully and economically performed using
the techniques of this paper.



IMPROVED ANALYTIC TECHNIQUES FOR TREE GRAPH CALCULATIONS
AND THE ggqq# SUBPROCESS

J.F. GUNION Typical of Zoltan:

Department of Physics, University of California at Davis, Davis, C. g . i
and Institute for Theoretical Physics, University of Oregon, Eugene Seek .Slmp“(_:lty and analytlc elegance

> Practical attitude: shorter and faster means
and more applications

Z. KUNSZT!:2
Institute for Theoretical Physics, University of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland

Received 14 June 1985

We demonstrate further improvements in the CALCUL approach to tree graph calculations. We employ polarization
vectors referenced to a single momentum and obtain expressions in terms of spinor inner products. The method is crossing
symmetric and can be easily implemented as an algebraic computer program. As an illustration we present an analytic
calculation of the ggqq’##’ subprocess in the standard model where 7’ can be in either the charged or the neutral channel.

. . In conclusion we remark that numerical pro-
Paper ploneers the development grams based on our expressions for the ggqq¢?
of state-of-the art methods for the i i b°‘han i

based on spin summed matnx elements squared

eﬁiCient Ca|CU |a'ti0n Of LO h Ig h— computed by traditional trace techniques in terms

C e of subprocess invariants. No sacrifice of numerical
multi pl |C|ty Processes accuracy occurs; for example, the numerical gauge
invariant check produces a result nineteen orders
of magnitude smaller than the actual cross se

) Use Of mOdern CompUterS tO (on an IBM 3081). Thus a wide variety of
h an d | e com p | ex a | g e b ra calculations involving massless external fermions

may be usefully and economically performed using
the techniques of this paper.



g9 — 9999

Consider the amplitude for two gluons to collide and produce

four gluons: gg — ggog
Before modern computers, this would have been barely tractable

even at leading order (LO)

W +>>‘<<—|—W—|— 217 diagrams



Supercollider physics

E. Eichten
Fermi National Accelerator Laboratory, P.O. Box 500, Batawa, Ilinois €0510

g — 9999

Bctnen o a0 Sepovcolaer phyeics "

The cross sections for the elementary

two—four processes have not been calculated, and their
complexity is such that they may not be evaluated in the
foreseeable future. It is worthwhile to seek estimates of
the four-jet cross sections, even if these are only reliable in
restricted regions of phase space.

(1984)

1. Hinchiitfe
Lawvency Berkaley Labovatory, Berkaley, Califormic 94720

K. Lane
The Okio State Unlversity, Columbus, Oklo 43210

C. Quigg
Fermi National Accelerator Laborgtory, P.O. Box 500, Batasva, Hiinois 60510

Eichten et al. summarize the motivation for exploring the 1-TeV (=107 eV} energy scale in clementary
particle intersctions and explore the capabilities of protom-(antijproton colliders with beam energies between
I and 50 TeV, The authors calculate the production rates and characteristics for a number of conveational
processes, and discuss their intrissic physics interest as well as ther rale as backgrounds to more exotic
phenomesa. The authors review the theoretical motivation and expected sgmtures for several new phe-
nomena which may occur on the 1-TeV scale. Their results provide a reference point for the chosce of
machine parameters and for experiment design.

TeV. From Fig. 78 we find the corresponding Twojet

croms section g, =05 TeV/c) 1o be about 7x 1077

sh/GeV, which  larger by a3 onder of magresede. Lot
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W. BLECTROWEAK PHENOMENA
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chargad imtermnechate bosces WS, the noutred intermadi-
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FIHO 9. Pourget wopolegy arstng from twe ndepesdan par-
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g9 — 9999

In 1985 Parke and

aylor took up the challenge, using

v the most advanced theoretical tools available

v the world best computers
they produced a final formula that would fit in 8 pages

THE CROSS SECTION FOR FOUR-GLUON PRODUCTION

BY GLUON-GLUON FUSION

Stephen J. PARKE and T.R. TAYLOR

Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510 USA

Received 13 September 1985

The cross section for two-gluon to four-gluon scattering 1s given in a form suitable for fast
numerical calculations.

e e —— e e



Parke-Taylor

a2 S Perke, TR Taplor | Fowr phaon prodwcion

of our caleulation, the most powerful 13t does not rely on the gauge symmetry, but
on the appropriste permutation symmetries. The function Ay, ;. Py, Pu, Pr B6)
must be symmetric under arbitrary permutations of the momsenta (p,, py, pu) and
separately, (py, Py, po), whereas the fusction A;(p,, Ps Py Pu Ps, Pe) Mmust be sym-
metric under the permutations of (py, p;, py, Pu) and separately, (py, po). This test is
extremely powerfel, because the required permutation symmetries are hidden in
our supersymmetry relations, egs. (1) and (3}, and in the structure of amplitudes
involving differemt species of pamdu Another, very mpommt test relies oa the

pole spproximation, the snswer showld reduce to the Iwo goes Lo three cross section
13, 4), comvoluted with the sppeopriate AMarelli-Parisi probabilities [5], Owr result
o s.cees{ully passed both these numerical checks.

‘e thank Keith Ellis, Chris Quigg and especially, Estia Eichtea for many useful
ssions and encoursgement during the course of this work. We acknowledge
pspitality of Aspen Center for Physics, where this work was being completed

. L Hinchifle, K. Lane and C Quigg, Rev. Mod Phys 56 (1984) 579
Nucl. Phos, B0 (1984) 339

b

n Cx

\ and T.T. Wu, Pays Lot 1058 (1981) 124
O. Pariw, Nod. P, BL2S (1977) 9%

Furthermore, we hope to obtain a simple analytic
form for the answer, making our result not only an experimentalist’s, but also a
theorist’s delight.




Game-changer

Soon afterwards they could guess an incredible, unanticipated
simple form (for a fixed helicity configuration) ...

(ab)*

(12)(23)(34)45)56)(61)

Parke and Taylor, Phys. Rev. Lett 56 (1986) 2459



Game-changer

... which naturally suggested the result for an arbrtrary number
of gluons

Parke and Taylor, Phys. Rev. Lett 56 (1986) 2459

(ab)*

(12)23)(34)(45) ---(n1)

The surprise about this result is that all denominators are simple dot products
of two momenta. The Feynman diagrams for n (> 5) gluon scattering contain
propagators (p; + p; + pe)?, (pi + p; + P& + Pm)?, ... . These propagators must
cancel for eqn(3) to be correct; this occurs for n=6. Of course, Altarelli and Parisi
have taught us that many cancellations are expected.



COMBINED USE OF THE CALKUL METHOD AND N =1
SUPERSYMMETRY TO CALCULATE QCD
SIX-PARTON PROCESSES

Z. KUNSZT!
CERN, Geneva, Switzerland

Received 23 December 1985

Concise expressions are presented for the two independent helicity amplitudes of the
subprocess 4g2q. The result has been derived using the improved CALKUL method and is given in
terms of spinor inner products in manifestly covariant and crossing symmetric forms. Changing
the color factors of the quarks from the fundamental to the adjoint representation we obtain the
helicity amplitudes of the four-gluon-two-gluino subprocess. Simple N =1 supersymmetric rela-

tions have been found which express the helicity amplitudes of the six gluon parton process in
ierms of the helcity amplitudes of the 478 p

(Cauton of 20 Feynman disgra o varince T STy of e Soperyrei
relations nave been tested wi

an independent numerical calculation.



In order to|check the resultsjI also have calculated the amplitudes and cross
sections for the 6g, 4g2q and 4g2§ subprocesses with a|completely numerical
program. This way I have checked gauge invariance and the validity of the

supersymmetry relations. The numerical program is about 10 times slower than the
Fortran program based on the formulae presented in this paper.

Phenomenological implications of the results of this paper will be discussed in a
forthcoming publication [14]. Here I would like only to emphasize that we are finall
in a position to carry out the phenomenological cross section calculations based on

all subprocesses without resorting to any approximations.

Note added

After completing this work I have been informed by S. Parke and T. Taylor that

they have also computed the amplitudes of the 4g2q subprocesses [15]. We have
compared our results numerically for both the subprocesses involving six gluons and
four gluons plus two quarks and we have found complete agreement. I thank
S. Parke for correspondence. The six-gluon amphitude has been also calculated
recently by the helicity method [16].

Kunszt, Nucl. Phys. B 271 (1986) 333
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The One-Jet Inclusive Cross Section at Order ol @
Quarks and Gluons

Stephen D. Ellis -
Department of Physics, FM-15
University of Washington, Seattle, WA 98195, USA

Zoltan Kunszt
Institute of Theoretical Physics.
Eidgenossosche Technische Hochschule
CH-8093 Ziirich, Switzerland
Davison E. Soper

Institute of Theoretical Science
University of Oregon, Eugene, OR 97403, USA

Pioneering full NLO calculation
Characteristic shapes of LO and
NLO scales dependencies

Validation of NLO through comparison to data

no kt-algorithm, cone algorithm still used

v L . |
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New clustering algorithm
for multijet cross sections in e " e~ annihilation™

S. Catani %! Yu.L. Dokshitzer ©9, M. Olsson ¢, G. Turnock ? and B.R. Webber 2

2 Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE, UK
Y INFN, Sezione di Firenze, Largo Fermi 2, I-50125 Florence, Italy

¢ Leningrad Nuclear Physics Institute, Gatchina, SU-188 350 Leningrad, USSR =2(1—=cos @ min EZ E2 s
9 Department of Theoretical Physics, University of Lund, Solvegatan 144, S-22362 Lund, Sweden Vi ( k") ( ks =1 )/ ?

CReceived 2 August 1991 ’

Longitudinally-invariant k | -clustering algorithms
for hadron—hadron collisions *

S. Catani **
Theory Division, CERN, CH-1211 Geneva 23, Switzerland

Yu.L. Dokshitzer
Nuclear Physics Institute, Gatchina, 188 350 St. Petersburg, Russian Federation
and

Department of Theoretical Physics, University of Lund, Solvegatan 14A, $-22362 Lund, Sweden

M.H. Seymour
Department of Theoretical Physics, University of Lund, Solvegatan 144, S-22362 Lund, Sweden

r —~ 202 _ 1,2 j BR bber ***

dig=E0ip=k" yp for 6,5 — 0, R. Webbe

Theory Division, CERN, CH-1211 Geneva 23, Switzerland
. 2 2

d,,=min( E?, E} )6, =k for 6,, = 0.

K (Ei» E7)0i =k Sy Received 9 March 1993

Accepted for publication 5 April 1993



New jet cluster algorithms: next-to-leading order QCD
and hadronization corrections

S. Bethke 3 e T R 1‘ — — T
Physikalisches Institut, University of Heidelberg, Germany
scale dependence, y,, = 0.1 -
Z. Kunszt
Theoretical Physics, ETH Institute, Ziirich, Switzerland 25 = AMS(S) = 120 MeV
D.E. Soper
Institute of Theoretical Science, University of Oregon, Eugene, OR 97403, USA ) ; \301"11 pertu rbatlve
W.J. Stirling * ) L convergence
TH Division, CERN, Genetva, Switzerland -
CReceived 2 September 1991 ’ g 15 +—
LR e p— ! i ‘ (B S B R B 2 - fr_“,Jf _
,//- - >:\.:‘ —
[ hadronization corrections - - -
M D -
L | 1 .
= 1 LJ """
5 - DL* S sy 1 G
g e S g
o ey
: o o4s e | 05—
o g .
I hadronisation | )
H I T NI I T R
W 5 correction i Ooz ' 05 1 2 5 1
B8 A [T R S R S ST /L/l.\'iz
0 05 1 15 R 25
Vest

C Our study also raises some wider questions about the QCD perturbation theory. R

With these issues of the behaviour of the perturbation series at large v,
resummability at small y, and non-perturbative hadronization effects, there is
clearly much interesting and important work still to be done in this area of jet

| physics. D




Other “pheno” highlights of the 90s

Calculation of jet cross-sections in hadron collisions at order alpha-s**3

Zoltan Kunszt (Zurich, ETH), Davison E. Soper (Oregon U.) (Jan, 1992)
Published in: Phys.Rev.D 46 (1992) 192-221

pdf  DOI [= cite [[Q reference search %) 339 citations

Two jet production in hadron collisions at order alpha-s**3 in QCD

Stephen D. Ellis (Washington U., Seattle), Zoltan Kunszt (Zurich, ETH), Davison E. Soper (Oregon U.)
(Jul, 1992)

Published in: Phys.Rev.Lett. 69 (1992) 1496-1499

pdf ¢ DOI [= cite [Q reference search  3) 222 citations

Jets at hadron colliders at order o — s°* A Look inside

Stephen D. Ellis (Washington U., Seattle), Zoltan Kunszt (Zurich, ETH), Davison E. Soper (Oregon U.)
(Aug, 1992)

Published in: Phys.Rev.Lett. 69 (1992) 3615-3618 - e-Print: hep-ph/9208249 [hep-ph]

pdf > DOI [ cite [[d reference search %) 230 citations

Higgs production with large transverse momentum in hadronic collisions at
next-to-leading order

D. de Florian (Zurich, ETH), M. Grazzini (Zurich, ETH), Z. Kunszt (Zurich, ETH) (Feb, 1999)
Published in: Phys.Rev.Lett. 82 (1999) 5209-5212 - e-Print: hep-ph/9902483 [hep-ph]

pdf > DOI [= cite I_':Q' reference search %) 226 citations



“Amplitudes” highlights of the 90s

One loop radiative corrections to the helicity amplitudes of QCD processes
involving four quarks and one gluon

Zoltan Kunszt (Zurich, ETH), Adrian Signer (Zurich, ETH), Zoltan Trocsanyi (Zurich, ETH and Kossuth
Lajos U., Debrecen) (May, 1994)

Published in: Phys.Lett.B 336 (1994) 529-536 - e-Print: hep-ph/9405386 [hep-ph]

pdf ¢ DOI [= cite [Q reference search %) 116 citations
Singular terms of helicity amplitudes at one loop in QCD and the soft limit of the
cross-sections of multiparton processes

Zoltan Kunszt (Zurich, ETH), Adrian Signer (Zurich, ETH), Zoltan Trocsanyi (Zurich, ETH) (Jan, 1994)
Published in: Nucl.Phys.B 420 (1994) 550-564 - e-Print: hep-ph/9401294 [hep-ph]

pdf ¢ DOI [ cite [Q reference search  2) 150 citations

One loop helicity amplitudes for all 2 ---> 2 processes in QCD and N=1
supersymmetric Yang-Mills theory

Zoltan Kunszt (Zurich, ETH), Adrian Signer (Zurich, ETH), Zoltan Trocsanyi (Zurich, ETH) (May, 1993)
Published in: Nucl.Phys.B 411 (1994) 397-442 - e-Print: hep-ph/9305239 [hep-ph]

Helicity amplitudes for O(alpha-s) production of W W=, W*Z, ZZ, W*+, or
Zy pairs at hadron colliders

Lance J. Dixon (SLAC), Z. Kunszt (Zurich, ETH), A. Signer (CERN) (Mar, 1998)
Published in: Nucl.Phys.B 531 (1998) 3-23 - e-Print: hep-ph/9803250 [hep-ph]

pdf ¢ links ¢ DOI [ cite [Q reference search =) 188 citations



The game-changer: FKS

Three jet cross-sections to next-to-leading order

S. Frixione (Zurich, ETH), Z. Kunszt (Zurich, ETH), A. Signer (SLAC) (Dec, 1995)
Published in: Nucl.Phys.B 467 (1996) 399-442 - e-Print: hep-ph/9512328 [hep-ph]

pdf 7 links > DOI [= cite [[d reference search 3) 1,009 citations

The subtraction method presented in the literature is
based on a systematic use of boost-invariant kinematical variables, and therefore
its application to three-jet production is quite cumbersome. In this paper we re-
analyze the subtraction method and point out the advantage of using angle and
energy variables. This leads to simpler results and it has complete generality,
extending its validity to n-jet production. The formalism is also applicable

to n-jet production in eTe~ annihilation and in photon-hadron collisions. All

the analytical results necessary to construct an efficient numerical program for

next-to-leading order three-jet inclusive quantities in hadroproduction are given

two-to-four processes.
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& Together with Catani-Seymour, one of the two subtraction

methods used in virtually all NLO calculations

& Implemented e.g. in POWHEG, MC@NLDO, ...

&) Precursor of NNLO subtraction methods

& But ...



NLO revolution

Two breakthrough ideas:

1) “... we show how to use generalized unitarity to read off the (box)
coefficients. The generalized cuts ﬁecgare quadrupole cuts ...”

NB: non-zero /7\07

because cut
gives complex

momenta /pi 4%

Quadrupole cuts: four on-shell conditions on four dimensional
loop momentum freezes the integration. Rational part of the
amplitude, computed separately

Britto, Cachazo, Feng ’04



NLO revolution

Two breakthrough ideas:

2) The OPP method: “We show how to extract the coefficients of
4-, 3-, 2- and 1-point one-loop scalar integrals....”

D D)
AN p— Z (d11@21324 2(122)2324) _|_ Z (6112213 11(12213) _|_ Z (b21”&2 12(122)) _|_R

[i1]i4] [i1]73] [i1]42]

A O

Ossola, Pittau, Papadopolous ‘06

Coefficients can be determined by solving a system of equations
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Paper written in the phase when unitarity methods were still being
tested and validated; all ingredients provided for the computation of

the full NLO cross section

Ellis, Giele, Kunszt, Melnikov, GZ, 0810.2762
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Conclusions

The field of perturbative computations for multi-particle processes went
through ajremarkable transformation in the past few years.j During these years,
the ability to perform specific computations that are of importance for the Teva-

tron and the LHC physics program has increased beyond the most optimistic
expectations. The improvement in our understanding of perturbative quantum
neld _theorv — that 1S a _bvDroc of_these excitino developments — olyves us
hope that the momentum of the past several years can be carried forward,)so
that even more complicated physics — both in terms ot the number of external
particles and in terms of the number of loops — can be addressed.

e A

Ellis, Kunszt, Melnikov, GZ, 1105.4319
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Santa Barbara 2004!? Crazy times, but no pictures of Zoltan ...




Loopfest in Buffalo in 2006




Zoltan’s free time at Loopfest ...




Zoltan’s free time at Loopfest ..
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