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June 21 - July 9

Topics will include:

* Progress in, and prospects for, attacking the yet uncalculated processes considered
priorities at the LHC, and revisiting the NLO priority list formulated at Les Houches in
order to target the experimental accuracies.

* The role of NLO and NNLO QCD calculations for Higgs boson searches and coupling
measurements.

* Integrating automated NLO calculations into parton showers.

* The role of NLO electroweak corrections and merging of QCD and electroweak
corrections for benchmark processes such as $W$ and $Z$ production.

* The role of (semi-)analytical resummations at the LHC, and their comparisons with
those provided by Monte Carlos.

* Key signatures of new physics at the LHC and challenging discovery modes in exotic
models.

* Processes, such as top-quark pair and di-boson production, for which NNLO QCD is
desirable.

* The status of parton distribution function errors and prospects for their improvement
with LHC data.
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e Lattice QCD successfully describes the properties of low lying hadrons.
e QCD Improved Parton Model (PQCD) successfully describes hard scattering processes
The PQCD framework formulates assumptions

they tell us how to apply a prediction expressed in terms of quarks
and gluons to scattering processes measured in terms of hadrons.
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 QCD is by now the established theory of strong interactions.
e SU(3) color gauge theory.
e Lagrangian is given in terms of quarks and gluons.

Rigorous predictions is hard to obtain: observations are in terms of hadrons
Powerful theoretical techniques overcome these difficulty in many cases

e Lattice QCD successfully describes the properties of low lying hadrons.
e QCD Improved Parton Model (PQCD) successfully describes hard scattering processes
The PQCD framework formulates assumptions

they tell us how to apply a prediction expressed in terms of quarks
and gluons to scattering processes measured in terms of hadrons.

The validity of PQCD assumptions must be tested with data

More than 30 years of studies with e+e- colliders, lepton-hadron and hadron-hadron
colliders have convinced us that QCD and the PQCD framework are reliable.
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Interactions

Hard scattering processes:  beams of proton ~ beam of partons

Quantitative description in QCD with perturbation theory

a-ab—o partons (_as (/-lR ) sHRS ,Up)
dX

dl?lddfgfa (;l?l, /,l.p)fb (;1?2, HE )X

dopp—ohadrons
dX - Z
a,b
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Hard scattering processes:  beams of proton ~ beam of partons

Quantitative description in QCD with perturbation theory
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Hard scattering processes:  beams of proton ~ beam of partons

Quantitative description in QCD with perturbation theory
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[parton number densities] {hard scattering cross section }
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LHC: QCD plays a dominant role in all kind of

Interactions

Hard scattering processes:  beams of proton ~ beam of partons

Quantitative description in QCD with perturbation theory

a'ab—» partons (.a's (,Ll-R), KR, /'lF)
dX

dridrs fo(21, ur) fo(2, pr)) x

—hadrons
=3 f

[parton number densities] {hard scattering cross section }

FACTORIZATION
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LHC: higher energy and higher luminosity

Accurate computation of physics signals and backgrounds is more challenging:

complex signals, more open thresholds

Fully automated tree level cross section calculations for SM and BSM

ALPGEN, MADGRAPH, HELAC-PHEGAS , SHERPA, ComHep,COMIX,...

da,,(zo) ~ \Méo) “dd, 5  n=3..12.

A trade-off between speed and flexibility ?

Feynman diagrams or recursion relations (Berends-Giele)

Factorial vs. polymomial (exponential ) growths of the evaluation time with the
number of the external legs
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Calculation of the NLO corrections are justified

* if the ambiguities in the long distance part of the process are well
controlled: jet definitions, parton number densities, fragmentation effects
effects, threshold effects, power corrections

* if the measurements have improved accuracy
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LO order matrix elements with shower MC is not enough?

Uncertainties from long distance effects ?

Calculation of the NLO corrections are justified

* if the ambiguities in the long distance part of the process are well
controlled: jet definitions, parton number densities, fragmentation effects
effects, threshold effects, power corrections

* if the measurements have improved accuracy

Improved jet definition and recombination algorithms (M. Cacciari, G. Salam, G. Soyez)

* Fast recombination technique: FastJET
* Cone algorithms: IR-safe to all order SISCone
* Cone-formed jets: anti k_T algorithm

Improved treatment of threshold effects and soft resummation

* Higgs-production, (3+ -+ ¢ annihilation (Catani et.al)
* Recent progress for top pair production (NLO+NNLO)
Moch, Uwer:; Kidonakis: dominant contribution
Czakon, Mitov, Sterman: full contribution
Ahrens, et.al.: SCET
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Evidence for the need of NLO from Tevatron
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Jet production at NLO
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Jet production at NLO
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Jet production at NLO
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Top production at NLO

Good agreement:
» among different channels
* with theoretical predlctlon 10_Illl]llll]lwllllllllIIII.IIII]IIII]IIJI]IIIIPIII_
| w B .II'4 Il'lx‘l..\
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Gauge boson pair production ...

WW+WZ%|\/+i

B 12
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* Same Analysis Technique ' ' B Diboson Signal
* Validate multivariate technique to exiract I Wjets
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Cross section calculations at NLO
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Cross section calculations at NLO

do') ~ | MO 2d®, 5 + 2Re(MOTMMDYdD, o + | M%)

n+1 ’2d(1)n—1
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Cross section calculations at NLO

[ tree amplitude )
squared

do'D) ~ || MO 12dD, 5|+ 2Re(MOTMIYdD, o + |M°)

n+1 ’2d(1)’n—1

automated LO
@enerators D
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Cross section calculations at NLO

(" tree amplitude )
squared

‘Méo) ‘2d¢n—2

automated LO
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+ 2Re(MOTAINYAD,, o +

@ubtracted tree
amplitude squared

‘M(O)

n+1 ’261(1)“_1

automated CS,

S FKS generators

J
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Cross section calculations at NLO

(" tree amplitude )
squared

‘Méo) ’261(1)%—2

automated LO

@enerators )

-

virtual contributions

MOST PROMSING: algorithms

\

@ubtracted tree
amplitude squared

Re(M DA D,
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n—+1 ’2d(I)n_1

automated CS,

based on d-dimensional unitarityj
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Cross section calculations at NLO

~ /su btracted tree

e i N
tree amplitude virtual contributions amplitude squared

squared

doM ~ || MO 2d®,, _o| +|2Re(MOT M) d®,, o 1 | M), 2dD,,

MOST PROMSING: algorithms automated CS,

automated LO ) . o
based on d-dimensional unltarltyj S FKS generators

J

@enerators )

e

1. Loop ampitudes are constructed from cut amplitudes
2. Cut amplitudes are calculated in terms of tree amplitudes

3. Number of cuts grows with the number of the external legs (n) much
slower than the number of the Feynman diagrams
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Cross section calculations at NLO

~ /su btracted tree
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tree amplitude virtual contributions amplitude squared

squared
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1. Loop ampitudes are constructed from cut amplitudes
2. Cut amplitudes are calculated in terms of tree amplitudes

3. Number of cuts grows with the number of the external legs (n) much
slower than the number of the Feynman diagrams
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Cross section calculations at NLO

.
squared virtual contributions amplitude squared

doM ~ || MO 2d®,, _o| +|2Re(MOT M) d®,, o 1 | M), 2dD,,

n

MOST PROMSING: algorithms automated CS,

automated LO _ _ S
_generators ) S based on d—d/l\mensmnal unltarltyj S FKS generators

J

e

1. Loop ampitudes are constructed from cut amplitudes
2. Cut amplitudes are calculated in terms of tree amplitudes

3. Number of cuts grows with the number of the external legs (n) much
slower than the number of the Feynman diagrams

Automatic calculationupto n=8...10... appears to be feasible
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leads to exponential law
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Scaling of the computer time with the number of the external legs

CPUtime: NA9, 72N, (NI)A2

(Color) ordered amplitudes with n-gluons

1 | I
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fit to degree 4 polynom. - -
102 | fit to degree9lpolynom.
5 10 15

Number of gluons

20

Color summing(unordering)
leads to exponential law
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Vast number of results, very impressive progress
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Results in MCFM

Standard Model processes involving
vector boson+jets, top quarks, Higgs

NLOJET++ (Nagy, Trocsanyi)
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Results in MCFM

Standard Model processes involving
vector boson+jets, top quarks, Higgs

7

.

W/Z; diboson, Wbb, Zbb, W/Z+1 jet, W/Z+2 jets, Wc, Zb, Zb + jet
H, H+1 jet, H+ 2jets (gluon fusion); H via WBF; Hb, WH,ZH

top pair (with top decay), single top, Wt

~\

NLOJET++ (Nagy, Trocsanyi)
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Results in MCFM

Standard Model processes involving
vector boson+jets, top quarks, Higgs

7

.

W/Z; diboson, Wbb, Zbb, W/Z+1 jet, W/Z+2 jets, Wc, Zb, Zb + jet
H, H+1 jet, H+ 2jets (gluon fusion); H via WBF; Hb, WH,ZH

top pair (with top decay), single top, Wt

~\

MCFM: http://mcfm.fnal.gov (v5.8, April,2010)

J.M. Campbell, R.K. Ellis (main authors); Frederix, Maltoni, Tramontano

NLOJET++ (Nagy, Trocsanyi)
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Results in MCFM

Standard Model processes involving
vector boson+jets, top quarks, Higgs

7

.

W/Z; diboson, Wbb, Zbb, W/Z+1 jet, W/Z+2 jets, Wc, Zb, Zb + jet
H, H+1 jet, H+ 2jets (gluon fusion); H via WBF; Hb, WH,ZH

top pair (with top decay), single top, Wt

~\

MCFM: http://mcfm.fnal.gov (v5.8, April,2010)

J.M. Campbell, R.K. Ellis (main authors); Frederix, Maltoni, Tramontano

Latest addition: top production with spin correlation
Higgs + 2 jet production

NLOJET++ (Nagy, Trocsanyi)
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Results for physical cross-sections

* NLO W+3jes cross section, leading color

Ellis, Melnikov, Zanderighi  hep-ph/0901.4101, BlackHat+Sherpa(Gleisberg) arXiv:0902.1835, |
* NLO W+3jets cross section, full result

BlackHat+Sherpa arXiv:0907.1984

* NLO t+tbar, NLO t+tbar + 1 jet cross section with decay and full spin correlation
Melnikov, Schultze , arXiv:0907.3090

* NLO Zr7y +3jets at the Tevatron arxiv:1004.1659

Berger,Bern,Dixon,Febres Cordero, Forde, Gleisberg, Ita, Kosover, Maitre
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Ellis, Melnikov, Zanderighi  hep-ph/0901.4101, BlackHat+Sherpa(Gleisberg) arXiv:0902.1835, |
* NLO W+3jets cross section, full result

BlackHat+Sherpa arXiv:0907.1984

* NLO t+tbar, NLO t+tbar + 1 jet cross section with decay and full spin correlation
Melnikov, Schultze , arXiv:0907.3090

* NLO Zr7y +3jets at the Tevatron arxiv:1004.1659

Berger,Bern,Dixon,Febres Cordero, Forde, Gleisberg, Ita, Kosover, Maitre

* NLO t+tbar+b+bar

A. Bredenstein, A. Denner, S. Dittmaier and S. Pozzorini, arXiv:0807.1248; 0905.0110; 1001.4006 ;
G. Bevilacqua, M. Czakon, C. G. Papadopou- los, R. Pittau and M. Worek, arXiv:0907.4723 ;
T. Binoth, N. Greiner, A. Guffanti, J. P. Guillet, T. Reiter and J. Reuter, arXiv:0910.4379 ;
recently combined with with D-dim. unitarity
* NLO t+tbar+ 2 jets
G. Bevilacqua, M. Czakon, C. G. Papadopoulos and M. Worek, arXiv: 1002.4009
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Result for physical cross-sections
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Choosing the scale is an issue
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Choosing the scale is an issue
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Choosing the scale is an issue
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Choosing the scale is an issue
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Bauer and Lange('09): suggest using a dynamical scale better agreement with LO &NLO

Matrix element generator with CKKW matching uses local scales
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t+tbar + jet production with top decay at Tevatron

Melnikov, Schulze

f ..
- !
< } o
i | . C ¥
| 5th hard jet pr = 3
) :—u. - (<)
[ 20 .
-‘. wh
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Black Hat

20 40 80 50 100 150 200 250 300 350
: I 1 I 1 1 1 : llllllllllllllllllllllllllllllll
> - ZIy +3jets+X . 4 . -
S T ; s —- LOhadron - 10 Z/y +3pts+X —-10
~ e " VE = 196 TeV — NLO parton " —_ — - — NLO
— ik -~ NLO hadron _ > 10° Vs = 7Tev
LJOE - DOdata 3 S
= F 3 : 2
\'7- B S il — 10‘3 A ——
U:E - P . . Pe = W = H /2 e
'2 10°E o = B = 54 1 - —E" 107 P> 25Gev, I <3 =t
> E s 2Gev. i <2 '—_"-_—*::'—__1 ] L= E; >2006eV, In'| <25 Tl
e [ 65GeV <« M, <115GeV i 10° 66 GeV < M, <116GeV |
- L R = 05 [siscone] BlackHat+Sherpa I . | & = 04 [secoesy BlackHat+Sherpa =
- -6 I 1 I 1 1 1 -l Ll I 1 11 1 I 1 1 1 1 l 1 11 1 l 11 1 L I 1 1 11 l 11 L 1 ]
10_ | Y i T Y T u -'--I-vvuluv-v'viuul---- ™t -----
E ——- O hadron / NLO hadron NLO scal . [ --- LO/NLO BN NLOscaledependence -
oF — NLOparton/NLObadron [ LO scale E - [77] LO scale dependence [
"t = DOdata/NLO hadron - 15 - 5
1sE = ;
05 - 1 N 1 .
20 40 80

Montag, 21. Juni 2010



t+tbar+2jets
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NLO multileg: e’e- — 5 jets  preliminary

» one-loop amplitudes are crossing of hadron-collider V+3]
computed using Rocket package

g real radlatlon from MadGmPh R. Frederix, S. Frixione, K. Melnikov, H. Stenzel, G. Zanderighi
subtraction using MadFKS

0 30000 [T e
i F_ Solid: NLO (MadFKS+Rocket) A
» improved scale dependence oosoonf - Sond: NLO (MadmiSsRocket) o2
. - ! Aleph data
» better agreement with data o 001000 L )
» possibly new extraction of 50F E
L

- O.le:r —.J:
0.00080 [~ BoyeMy (LEP1)
My/4 < u < My 1
0.00010 f E
VRN 3 421 (NP NP P PO
3.0 39 4.0 45 5.0 8.5 6.0

~Log(ye)

T. Gehrmann’s talk at DIS 2010
DIS 2010 Firenze
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In preparation: W+4jets (Black Hat)

NLO 4jets ?
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Subtracted real radiation codes based on LO generators
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Subtracted real radiation codes based on LO generators

do') ~ |M©2d®, _y + 2Re(MOTMYdD, _y + |1

n—l—l’Qd(I)n—l
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Subtracted real radiation codes based on LO generators

do(V) ~ |M (0|24, _, +[2Re(M7§0>T MDYd®,, o+ | M), 2d,, j
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Subtracted real radiation codes based on LO generators

do(V) ~ |M (0|24, _, +[2Re(M7§0>T MDYd®,, o+ | M), 2d,, j

<+ residue subtraction (rrixione, ZK, Signer)

« MadFKS (R. Frederix, S. Frixione, F. Maltoni, T. Stelzer)

+ dipole subtraction (Catani, Seymour, Dittmaier, Trocsanyi)

« SHERPA (T. Gleisberg, F. Krauss)

« MadDipole (R. Frederix, N. Greiner, TG)

e TeVJ]et (M. Seymour, C. Tevlin)

« AutoDipole (K. Hasegawa, S. Moch, P. Uwer)

« Helac/Phegas (M. Czakon, C.G. Papadopoulos, M. Worek)
» Black Hat

« Rocket

+ Treatment of color is an important issue
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More powerful computers with GPU

Large scale grids to run the code, expensive infrastructure

Massively parallel GPGPU (General Purpose Graphics Processing Units) ?

Giele, Stavanger, Winter :

GPU NVIDIA Tesla chip is designed for numerical applications and the CUDA C
compiler

A leading-order, leading-color parton-level event generator is developed for use on a
multi-threaded GPU. Speed-up factors between 150 and 300 are obtained compared
to an unoptimized CPU-based implementation of the event generator.

Hardware limitations:

GPU memory is independent from the CPU memory and divided into the off-chip global
memory and the on-chip memory. This distinction is important as the off-chip memory is
large (of the order of gigabytes) but slow to access by the threads. The on-chip memory
is fast to access, but limited in size (of the order of tens of kilobytes).

Hardware and software limitation may be removed in the near future?

Large on-chip memory (gigabytes), Fortran interface for programming
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Some technical aspects of D-dimensional unitarity method

«¢* Loop integration is a parametric integration

«¢* Calculating the parameters in terms of
tree amplitudes in numerically stable fashion

*¢* Rational parts; D-dimensional unitarity
¢* Massive external particles, gauge invariance, renormalization
*¢* Color decomposition

«¢* Scalar integrals with complex particle mass values
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Any one-loop N-point amplitude can be given in terms

of set of master integrals

2\ : //
N /
ba TN
M = ,'" i"', i p
U\
"
1+qy \7
///
/£
PN
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Any one-loop N-point amplitude can be given in terms

of set of master integrals

P2 Ps .
\ 1+q> o ./4_:\'(])1 Y 1 PRCIR 1).“\,) = Z (lil st (])1 D9 i ) //.l bty
J— 1<) <i2<13<iy <N
I+q; ;
) - [ ll". ” ) 3 ‘ ‘
' \ - = + Z Ch it DT D3 e PN ) ivi0is
oy N, L 1<) <ia<ig<N
£ .
PN 55 Z bi]ig(l)lfl)?f ¢ o -1);\'_)13‘1/3

4 Z ai, (P1, P2, .-, Pn),

1<i; <N
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Any one-loop N-point amplitude can be given in terms

of set of master integrals

P2 Ps \
\ I+q> o A;‘\'(])l s P2y -y 1)..‘\') — Z (lilizi:si-l (])1 s 12,444 3 DN ) //1 ioiaia
< 1<) <io<ig<ig<N
I+q; ; ‘
! 3 .‘\ = o + Z Ciyinia ([)1 N PR PN ) l,’l ioia
Fac . 1 <iy <ig<ig<N
///
7 Gmod
PN 55 Z bi]i;) (1)171)‘27 L 1);\'_)]!1/3
1<i1 <12<N
+ > ay(p1,po,- -, pn )1,
1<$1 <N
| l 11
' - 2 2 -
R it /|(”V ] / diy = (4 @) —mi . @, =Y pj
‘ Qiy © Wiy j=1

e.g. Ellis, Zanderighi and others
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Any one-loop N-point amplitude can be given in terms

of set of master integrals

P2 Ps ‘
\ ke AN B8 Doy YN )= Z i igigiy (1)1 yDasien 5 DN ) bsbidita
\\_—_ >._\// 1<) <io<ig<ig<N
v 27N
g > ‘:\ _" " P4 -+ Z (‘,‘l,',_,,':;(])l.])g ..... 1)-'\')[51/':/':;
O N | <iy <ip<iz<N
/
K + Z DA Dl D pn ) i i,
l<i1<i')<\
- Z a;i, (p1,P2s-- -, PN ),
1< <N
| &
. 2 2 . E :
/|(]]| dil _(l—l_Q”Ll) _mi17 Qil _ p]
11 e '\1 j=1

e.g. Ellis, Zanderighi and others

\ ¢

Av(ed) = Y diii | | Y i [P +D b (e FR

7 %
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OPP method for the cut constructible part of the amplitude
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OPP method for the cut constructible part of the amplitude

“Amplitude integrand” for fully ordered external legs: many diagrams
but maximal N different I-dependent scalar propagators.

This gives unique prescription of the integrand function as a function of
modulo overall shift.
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OPP method for the cut constructible part of the amplitude

“Amplitude integrand” for fully ordered external legs: many diagrams
but maximal N different I-dependent scalar propagators.

This gives unique prescription of the integrand function as a function of
modulo overall shift.

d’i1 — (l + Qi1)2 'L'l o iy = ij
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OPP method for the cut constructible part of the amplitude

“Amplitude integrand” for fully ordered external legs: many diagrams
but maximal N different I-dependent scalar propagators.

This gives unique prescription of the integrand function as a function of
modulo overall shift.

d’i1 — (l + Qi1)2 il o iy = ij

The number of the terms are given by all possible N
partitioning of the external legs to k set of particles is: (k)
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OPP method for the cut constructible part of the amplitude

“Amplitude integrand” for fully ordered external legs: many diagrams
but maximal N different I-dependent scalar propagators.

This gives unique prescription of the integrand function as a function of
modulo overall shift.

d’i1 — (l + Qi1)2 'il o iy = ij

The number of the terms are given by all possible N
partitioning of the external legs to k set of particles is: (k)

In 4D kinematics, the integrand of any one-loop Feynman amplitude with arbitrary
number of external legs can be written in the standard form of linear combination of
quadruple-, triple-, double-, single-pole terms
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OPP method for the cut constructible part of the amplitude

“Amplitude integrand” for fully ordered external legs: many diagrams
but maximal N different I-dependent scalar propagators.

This gives unique prescription of the integrand function as a function of
modulo overall shift.

d’i1 — (l + Qi1)2 'il o iy = ij

The number of the terms are given by all possible N
partitioning of the external legs to k set of particles is: (k)

In 4D kinematics, the integrand of any one-loop Feynman amplitude with arbitrary
number of external legs can be written in the standard form of linear combination of
quadruple-, triple-, double-, single-pole terms

_,/\K’(plt P2,...,PN, [) J:( + >+ +
‘A-'\"(plﬁ P2,--+-3yPN, l) i = >O< &

dido - --dn
_ Z diyigizia (1) | Z Ciyizis(1) | Z bisio (1) | Z ai, (1)
I
o8 R CR, d; (],9(1,3 s ERY £ d;,
1<11<12<13<1a <N 1<11<12<i3<N 1<1 <1 <N 1< <N
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Multi-pole structure in loop momentum,

physical spaces and “trivial spaces” of different dimensions

Montag, 21. Juni 2010



Multi-pole structure in loop momentum,

physical spaces and “trivial spaces” of different dimensions

j:( i ({2}
[(l T qh)z _ m?l][(l T iy, T ki1|’i2)2 o ][(l + i, + k12|23> 223][(l + Qi, T+ ki3|i4)2 _ mi]

three independent outflowing momenta: %;, i, , Kiyjis > Kiglis Dp =3, Dp =D —Dp =D —3
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Multi-pole structure in loop momentum,

physical spaces and “trivial spaces” of different dimensions

j:( i ({2}
[(l T qh)z _ mzzl][(l T Qi T ki1|’i2)2 o ][(l + i, + k12|23) 223][(l + Qi, T+ ki3|i4)2 _ mi]

three independent outflowing momenta: %;, i, , Kiyjis > Kiglis Dp =3, Dp =D —Dp =D —3

j>< Cliq|is] ({pz} y
[(l + Qi1)2 - m?l][(l T Qi; T kulw) z2 ][(l T qi, T kwlz?,) m’?g]

two independent outflowing momenta: Kiilis »Kiglis Dp=2 Dp=D—Dp=D—2
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Multi-pole structure in loop momentum,

physical spaces and “trivial spaces” of different dimensions

j:( i ({2}
[(l T qh)z _ m?l][(l T iy, T ki1|’i2)2 o ][(l + i, + k12|23> 223][(l + Qi, T+ ki3|i4)2 _ mi]

three independent outflowing momenta: %;, i, , Kiyjis > Kiglis Dp =3, Dp =D —Dp =D —3

j>< Cliq|is] ({pz} y
[(l T Qi1)2 - m?l][(l T Qi; T kulw) z2 ][(l T qi, T kwlz?,) - m’?g]

two independent outflowing momenta: Kiilis »Kiglis Dp=2 Dp=D—Dp=D—2

The loop momenta is decomposed into “physical” and “transverse” component

=041, P=15+1 =105 —
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Multi-pole structure in loop momentum,

physical spaces and “trivial spaces” of different dimensions

j:( i ({2}
[(l T qh)z _ m?l][(l T iy, T ki1|’i2)2 o ][(l + i, + k12|23> 223][(l + Qi, T+ ki3|i4)2 _ mi]

three independent outflowing momenta: %;, i, , Kiyjis > Kiglis Dp =3, Dp =D —Dp =D —3

j>< Cliq|is] ({pz} y
[(l T Qi1)2 - m?l][(l T Qi; T kulw) z2 ][(l T qi, T kwlz?,) - m’?g]

two independent outflowing momenta: Kiilis »Kiglis Dp=2 Dp=D—Dp=D—2

The loop momenta is decomposed into “physical” and “transverse” component
=041, P=15+1 =105 —

We need to choose some convenient basis vectors for the
“physical” and “trivial” spaces
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Loop momentum decomposed in Vermaseren van Nerveen basic

vectors: reduction at the integrand level
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Loop momentum decomposed in Vermaseren van Nerveen basic

vectors: reduction at the integrand level

Important is the split to trivial and physical space. Various convenient
choices of the basis vectors in the two spaces.
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Loop momentum decomposed in Vermaseren van Nerveen basic

vectors: reduction at the integrand level

Important is the split to trivial and physical space. Various convenient
choices of the basis vectors in the two spaces.

define:  aset of dual momenta v;, v;p; = 0,
and : a set of orthogonal unit vectors 7i, n;p; =0
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Loop momentum decomposed in Vermaseren van Nerveen basic

vectors: reduction at the integrand level

Important is the split to trivial and physical space. Various convenient
choices of the basis vectors in the two spaces.

define:  aset of dual momenta v;, v;p; = 0,
and : a set of orthogonal unit vectors 7i, n;p; =0

D Dp

1 , , , ,
=V} +Z —(di — di—1) v} —1—2(1 L Vi = _EZ (((1;) -m;) — (g, — m; 1)) A

=1 =1 =]
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Loop momentum decomposed in Vermaseren van Nerveen basic

vectors: reduction at the integrand level

Important is the split to trivial and physical space. Various convenient
choices of the basis vectors in the two spaces.

define:  aset of dual momenta v;, v;p; = 0,
and : a set of orthogonal unit vectors 7i, n;p; =0

Dy

Dp
1 , ,
=V, L +Z —(di — di—1) v} -|—Zn L \',l; = _EZ (((1? - ”'1'2) - ((11'? [y '”22 1)) v

=1 =1

k1 k1 k1
T V1

2 2 2
P H2gHz L gl
vive: VR ; ; ; ’

MR MR MR

JUR SRR GHr
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Loop momentum decomposed in Vermaseren van Nerveen basic

vectors: reduction at the integrand level

Important is the split to trivial and physical space. Various convenient
choices of the basis vectors in the two spaces.

define:  aset of dual momenta v;, v;p; = 0,
and : a set of orthogonal unit vectors 7i, n;p; =0

Dy

Dp
1 , ,
=V, L +Z —(di — di—1) v} -|—Zn L \',l; = _EZ (((1? - ”'1'2) - ((11'? [y '”22 1)) v

§=1 =1
5k1---ki—1,uki—|—l---kDP 5/;11 5521 o o o 55}}{
k kz— kzkz .k M2 M2 M2
?J’u(k ce kD ) — . ' - OP 51/1 5V2 T 5VR
7) 15 9 P A(k k ) ) 5,“1”2 ‘UR —
ly---9NMDp ViV VR . : . 9
i MR MR MR
(Gram-determmant ) 5,/1 51/2 . 51/3
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Loop momentum decomposed in Vermaseren van Nerveen basic

vectors: reduction at the integrand level

Important is the split to trivial and physical space. Various convenient
choices of the basis vectors in the two spaces.

define:  aset of dual momenta v;, v;p; = 0,
and : a set of orthogonal unit vectors 7i, n;p; =0

D Dp

1 , , , ,
=V} +Z —(di — di—1) v} —1—2(1 L Vi = ——Z (((1;) -m;) — (g, — m; 1)) A

2
=1 =1 =1
5k1---ki—1l«bki—|—l---kDP 5/;11 5#21 o o o 55}}{
k kz— kzkz .k M2 M2 M2
UH(kl ce kD ) — . ' - OP 51/1 5V2 T 5VR
7) ) ) P A(k k ) ) 5,“1”2 ‘UR —
ly--->MNDp ViVvo- VR Y
i MR MR MR
(Gram-determmant ) 5,/1 51/2 c e 51/3

Even at fixed external kinematics, for every cut we have different the split
to trivial and physical space and choice of basis vectors.
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~arameter ca g, D=4

The numerators for a given cut are simple polynomials of the loop momentum components of
the corresponding trivial space.
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~arameter ca g, D=4

The numerators for a given cut are simple polynomials of the loop momentum components of
the corresponding trivial space.

18 structures but only 3 non-vanishing integrals
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~arameter ca g, D=4

The numerators for a given cut are simple polynomials of the loop momentum components of
the corresponding trivial space.

18 structures but only 3 non-vanishing integrals

aijkl(l) = 3@3'141(77/1 A1) = diji + jijkl S1, 8i=mn;- 1
Cijr(l) = cijp + cpst + cinsa + (st — 83) + sisa(cl) + st + o)

bij (1) = 01400 5140 50401 5540 (57 —52) 4D (3 —52) b s150+b5 ) 5155 4bL 80
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~arameter ca g, D=4

The numerators for a given cut are simple polynomials of the loop momentum components of
the corresponding trivial space.

18 structures but only 3 non-vanishing integrals

%m(l) = 3ijkl(n1 A1) = dijr + dvijkl S1, S;i =mn; -1
) = ) 4 e+ e2sp + 63162 — B) + ousnl) + o + o

bi; (1) = bg-))—|—b,§31-)51—|—b§32-)52—|—b7(;33-)53—|—b§;1)(s% )+ b( )(82 53)+ b( ) 5189 —I—b( ) 5185 —I—b( ) s

Box (rank four): Dp=3,Dr=1, 5 =s57~1 7 =015, Up=(g)N

Triangle (rank three): Dp =2, Dy =2, 17 =57+ 55 ~ 1

Bubble (rank two): Dp = 1,Dp =3, 7 = 5] + 55+ 53 ~ 1
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~arameter ca g, D=4

The numerators for a given cut are simple polynomials of the loop momentum components of
the corresponding trivial space.

18 structures but only 3 non-vanishing integrals

%kz(l) = 3@3'1«1(77/1 A1) = diji + dvijkl S1, 8i=mn;- 1

Cijk(l) = AW Mg 4 e, +c()( 2 — 53) + 5189 (()+c()s +c§j,152)

’L]k‘ 17k ijk°2 17k zgk 17k
bij (1) = 01400 5140 50401 5540 (57 —52) 4D (3 —52) b s150+b5 ) 5155 4bL 80
Box (rank four): Dp=3,Dpr =1, l% = s% ~ 1 l¢2p =17 — lQPa I's = (lgi)vy

Triangle (rank three): Dp =2, Dy =2, 17 =57+ 55 ~ 1

Bubble (rank two): Dp = 1,Dp =3, 7 = 5] + 55+ 53 ~ 1

Ez kl(l) / diirr + diigin - 1 / 1
dl] — dl] = : = d;; dl = d;ir 1
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~arameter ca g, D=4

The numerators for a given cut are simple polynomials of the loop momentum components of
the corresponding trivial space.

18 structures but only 3 non-vanishing integrals

%m(l) = 3ijkl(n1 A1) = dijr + dvijkl S1, S;i =mn; -1

Cijk(l) = AW Mg 4 e, +c()( 2 — 53) + 5189 (()+c()s +c§j,)€sz)

’L]k‘ 17k ijk°2 17k zgk 17k
bij (1) = 01400 5140 50401 5540 (57 —52) 4D (3 —52) b s150+b5 ) 5155 4bL 80
Box (rank four): Dp=3,Dpr =1, l% = s% ~ 1 l¢2p =17 — lQPa I's = (lgi)vy

Triangle (rank three): Dp =2, Dy =2, 17 =57+ 55 ~ 1

Bubble (rank two): Dp = 1,Dp =3, 7 = 5] + 55+ 53 ~ 1

d; g1 (1) / diirl + CZ@ RO / 1
dl] — dl] = : = d;; dl = d;ir 1
/[ | d;d;dyd; ti did;dyd; Aty d;d;dyd, JRUZLGRE

QCD loop, Ellis,Zanderighi
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Rational parts: evaluate the amplitude in D>4 dimension
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Rational parts: evaluate the amplitude in D>4 dimension

1) Loop momentum is effectively 4+1 dimensional

~

N =N p), P=F—u

maximum S simultaneous poles in|: pentagon cuts

Loop integrals are in are carriedout [) = 4 — 2¢ dimensions
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Rational parts: evaluate the amplitude in D>4 dimension

1) Loop momentum is effectively 4+1 dimensional

~

N =N p), P=F—u

maximum S simultaneous poles in|: pentagon cuts

Loop integrals are in are carriedout [) = 4 — 2¢ dimensions

2) We have additional gauge boson and fermion polarization states

NP (1) = Np(l) 4+ (Ds — )N (1)

Montag, 21. Juni 2010



Rational parts: evaluate the amplitude in D>4 dimension

1) Loop momentum is effectively 4+1 dimensional

~

N =N p), P=F—u

maximum S simultaneous poles in|: pentagon cuts

Loop integrals are in are carriedout [) = 4 — 2¢ dimensions

2) We have additional gauge boson and fermion polarization states

NP (1) = No(l) + (Ds — 4)N1 (1)

Choose two integer values D, = D, and D, = D, to reconstruct the full D

dependence.
Suitable for numerical implementation
D .=4-2¢ ‘t Hooft Veltman scheme, D.=4 FDHS

for closed fermion loops

NP= (1) = 2P=D/2 N[ (1)
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In case of D>4 there are more structures
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In case of D>4 there are more structures
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In case of D>4 there are more structures

elle) (1) = ,fﬁmfg)) pentagon integral

1Jkmn

—FDH 0 1 2 3 4
dijon (1) = di00 + di) 51 *@JF di),51)s? +@ two new scalar integrals
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In case of D>4 there are more structures

Egﬁi}m(l) = eﬁﬁzfﬁ” pentagon integral
3225 (1) = di?l)cn S/ln @Jr dﬁfin )s: +@ two new scalar integrals
2IDH(]) = el I){ 5182 + ¢! l)ﬂ 59 82 +c§ﬂ>€s§, one new scalar integral
EZDH(Z) = ...+ bgﬁ)sﬁ one new scalar integral
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In case of D>4 there are more structures

E(Ds) (l)_ (Dsa(o))

iikmn\t) = €iikmn pentagon integral

Efﬁf(l) = diﬁ’in + dgjl'l)cnsl @Jr dEf;lnsl)si +@ two new scalar integrals
ZDH() = .+ Cg}){ 51 82 + 0538]1 59 82+ Cg?llsg, one new scalar integral
EZDH(Z) = ...+ bgﬁ)sﬁ one new scalar integral

The full €-dependence comes from the integrals

/ dP1 52 __D-d4.p,
(iﬂ')D/Q dildigdigdi4 2 t1t2t3t4’
/ d”1 Se _ (D =2)(D -4 7D+4
(7:7T)D/2 dildigdigdi4 4 t1%2%3%4’
/ d”1 Se (D —-4) 7D+2
(i?T)D/Q dildigdig 2 t1%2%3”
/ dPi 52 B (D_4)ID+2
(7:7T)D/2 dildig 2 12 -
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Limiting case gives the rational part
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Limiting case gives the rational part

D—4
im P4 o2 g
D—4 2 117213174
im (P =V =) o L
D—4 4 11721314 3
D —1 1
lim ( ) I.(DjL-Q) = —,
D—4 2 et 2
. (D—4) (proy  mi tmp 1 2
I. . - — L 2 — 'L —_— 7/ R
1%1214 2 1119 2 _I_ 6 (q 1 q 2)
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Limiting case gives the rational part

im 2= i
D—4 2 11121314 )
i (PP =2) o) L
Dsd 4 i17213%4 3
fim P =) o2 ]
D—4 2 111913 27
 (D—4) (py2y mi +my 1o
11)1314 2 1112 2 _I_ 6 (qzl ng) :
. 11221374 21’62’&3 - 11 12 - 11 19 b(9)
" [;] + ; ; ( : ) e
114 ’Ll 23 ’Ll ’LQ
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Parametrizing the pentagon contribution
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€[y 1i5] (1)

_

2145

Parametrizing the pentagon contribution

] -+ 6(1)

215

]Sg —|—€E.2). ]sﬁ, Dp =4, Dpr =
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Parametrizing the pentagon contribution

» _ (1) .2 2f 4 _ _
6[i1|i5](l) o eyﬂ%] T Cli1]is]) e T 6[7/735]88 , Dp=4,Dr=
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Parametrizing the pentagon contribution

_ o ( (1) 2 (2) 4 - o
6[21|’L5](l) - e%%] _|_ 6[i1|i5]86 _I_ 6[7; |i5]88 ’ DP — 4, DT —
_(0)
B e .’ (l)
§ : [21]25]
Qlir ia) (1) = Resfiyjia | An(l) - d;, di,d;.d;, d;,
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Parametrizing the pentagon contribution

> _ (1) 2, @ 4 _ _
€liy |is] (1) = eyﬁ%] + €5 ligSe T €iflis1Ses Pp=4,Dr =1

_(0)
_ €liy lis] (1)

iy i) (1) = Resy i) | An(D) = ) —— =2 —
11 YWio YWig YWiry4 Yy

15

Pentagon contribution in 4 dimension is decomposed into box contributions
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Two key points:

A) parameters are independent from the loop
momenta: they can be calculated from the value of
the residua of the amplitude in the loop momentum

B) The residua factorize into the product of tree amplitudes
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Two key points:

A) parameters are independent from the loop
momenta: they can be calculated from the value of
the residua of the amplitude in the loop momentum

B) The residua factorize into the product of tree amplitudes

é[i1|7;5] (l) - Res[i1|i5] (AN(Z)) di, =---=d;j;, =0 two solutions, 5-cut
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Two key points:

A) parameters are independent from the loop
momenta: they can be calculated from the value of
the residua of the amplitude in the loop momentum

B) The residua factorize into the product of tree amplitudes

é[’1,1|25](l) — Res[i1|i5] (AN(Z)) di1 — = di5 —
-(0) .
) €11 (1) o solutions
dpiy1ig) (1) = Respypig) | An(l) — Z . d[- c|l ]d' . dip = dia =0 5 circle
i5 11 Y12 Y13 Y14 “Y15
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Two key points:

A) parameters are independent from the loop
momenta: they can be calculated from the value of
the residua of the amplitude in the loop momentum

B) The residua factorize into the product of tree amplitudes

€lirlis) (1) = Respiy i) (An(l))  diy =+ =dj, =
_(0) ,

) €11 (1) o solutions
dpiy1ig) (1) = Respypig) | An(l) — Z . d[- c|l ]d' . dip = dia =0 5 circle
i5 11 Y12 Y13 Y14 “Y15

_ | dijrr (1)
cijr(l) = Resj | An(l) — Z (1,,(/,/,(//_(,/ di=d;=d,=0 infinite # of solutions

(7#1.9,.k
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Two key points:

A) parameters are independent from the loop
momenta: they can be calculated from the value of
the residua of the amplitude in the loop momentum

B) The residua factorize into the product of tree amplitudes

€lirlis) (1) = Respiy i) (An(l))  diy =+ =dj, =
_(0) .

) €11 (1) o solutions
dpiy1ig) (1) = Respypig) | An(l) — Z . d[- c|l ]d' . dip = dia =0 5 circle
i5 11 Y12 Y13 Y14 “Y15

_ | it (1)
cijr(l) = Resj | An(l) — Z (,j(/,/,(,/_([/ di=d;=d,=0 infinite # of solutions
(#1,7,k B

. Cijk (1 dijra (1 .
bii(l) = Res;; | An(l) — E Cijk (1) e E dijn (1) d=d=0 infinite # of solutions
' ' . (1,'(‘1_,'(1/‘. 2! | (],'(]‘,'(1;‘.(]/ :
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A) parameters are independent from the loop
momenta: they can be calculated from the value of
the residua of the amplitude in the loop momentum
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A) parameters are independent from the loop
momenta: they can be calculated from the value of
the residua of the amplitude in the loop momentum

Dp D
Taking residues constraints the allowed values R 1 i ,,
of the loop momentum. In D=4: il Z 5(‘]" di-1)v; + Z e Bk TR
1=1 i=1
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A) parameters are independent from the loop
momenta: they can be calculated from the value of
the residua of the amplitude in the loop momentum

s Dy

Taking residues constraints the allowed values .
of the loop momentum. In D=4 =Yy T Z —(d; - (11—1) v, + Z ot

1. Quadrupole cut d;=d;=d,=d=0 (two solutions)
=V 4 a1n

. =V ki \/ VZi—mi xn

2. Triple cut, infinite number of solutions ( on a circle circle )

— /M M e
I = V5" 4+ aani + a2n,

: , d . e
I . =V +oin; +oons; af +as = —(V3 - T7LA)

3. Double cut, infinite number of solutions (on a “sphere”)

P . e S
" = V5 + ainf + azn, + asng

. ¥ 2 P . 2 2
loyanas = V2u + a1 nlll T a2 ng t a3 ng, ai +as+az=—(V5 — m’j) :

Montag, 21. Juni 2010



B) The residua factorize into the products of tree amplitudes

Dy,—2 M
S A 1
Resil---iM [A§\[D )(6)} — Z {H M(O) (K/S:\k),ka‘Fl) ooy Pigiqs —kaij )) }
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New issues for tree-level generator

coming from D-dimensional generalized unitarity

* Two legs in 6 and 8 dimensions
e Two legs with complex four momentum
* Two legs having complex mass value

e Adding new physics vertices efficiently
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Main issue: Efficient calculation of the
the coefficients of the OPP decomposition

One can work in four dimension
R_1 and R_2 part of the rational part

CutTool, Samurai (Mastrolia, et.al), GOLEM+Samurai
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D-dimensional unitary algorithm  for

massive fermions eckw)

Application to ttbar and ttbar+jet production

* We have to choose even o — 2A(p,p,=6) — A(D,D,=8)
values for D,

 Pentagon, box, triangle ,bubble and tadpole cuts

 The treatment of bubble and tadpole cuts is more subtle:
i) light-like bubbles, tadpoles
if) (1,n-1) partitioning of the n-legs has to be included

unitarity has difficulty with self-energy insertions on external legs

« Particles of different flavors: more sophisticated bookkeeping

 Color and “flavor ordered” primitive amplitudes

 More master integrals (use QCDLoop, Ellis, Zanderighi)
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External self energies
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External self energies

The box coefficient of the integrand function has pole terms

p
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External self energies

1
The box coefficient of the integrand function has pole terms 5 5
p; — 1y
_(Dy) —(Dy) _(Dy)
Epsl (l) — Res;_1; (N(DS)(Z) B Ci1jagsjags (l) B dj1j2j3j4 (l) B Ci1g23s (l)>
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External self energies

1
The box coefficient of the integrand function has pole terms 5 5
by — 1y
—(Ds) _(DS) —(Ds)
Epsl (l) = Res;_1; (N(DS)(Z) - Ci1j2735455 (l) - dj1j2j3j4 (l) - Cj12ds (l))

—(Dy) zz 1() ~(Dy)
() pz mg 71— 17,()

We need to calculate both term using unitarity cut in numerically stable way.

Montag, 21. Juni 2010



External self energies

1
The box coefficient of the integrand function has pole terms 5 5
p; — 1y
_(Dy) —(Dy) _(Dy)
Epsl (l) — Res;_1; (N(DS)(Z) B Ci1jagsjags (l) B dj1j2j3j4 (l) B Ci1g23s (l))
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External self energies

1
The box coefficient of the integrand function has pole terms 5 5
p; — 1y
_(Dy) —(Dy) _(Dy)
Epsl (l) — Res;_1; (N(DS)(Z) B Ci1jagsjags (l) B dj1j2j3j4 (l) B Ci1g23s (l))

—(Dy) zz 1() ~(Dy)
() pz m? 71— 17,()

We need to calculate both term using unitarity cut in numerically stable way.

V Res (A(l)(Q; L--- ;P)) =
N > AOQ; =17 =157) A0 (1923175 1+ m; P)
// / A1 Ao
s w2
h X *
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External self energies

1
The box coefficient of the integrand function has pole terms 5 5
p; — 1y
_(Ds) =(Ds) (D)
Epsl (l) = Res;_1. (N(DS)(Z) o Ci1jagsjags (l) B dj1j2j3j4 (l) B Ci1g23s (l)
| ~ dy gy GG Sy dndia s T A dia
—(Ds) bz z—l(l) *(Dyg)
b ) =|— -0, 1 (1
1 ( ) p? - mg ! z—l,z( )
.

We need to calculate both term using unttagity cut in numerically stable way.

V Res (A(l)(Q; L--- ;P)) =
N > AOQ; =17 =17) A0 (192175 1+ m; P)
// // A1 A2
e\ kNG
b %
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External self energies

1
The box coefficient of the integrand function has pole terms 5 5
by — 1y
_(Ds) =(Ds) ~(Ds)
Epsl (l) = Res;_1. (N(DS)(Z) o Ci1jagsjags (l) B dj1j2j3j4 (l) B Ci1g23s (l)

R(t*,g",g1,...,qn,t
( g , 491 g 3+

A[O](t*yg*vgla I 7gn7£> —

B(t*, g%, 91,--.,9n.1).
(P« + Py )* — mz 2
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Separation of pole terms is consistent with BG recursion relations

J(12---n; P) = ZJ J(K+1---n;P)

P—I—]Q-F K, +
A(Q:12- - n; P) = u(Q)(P + K1 + - Ky +m)J (12 13 P)

right hand side of the cut:

AD @204 1 - m; P) = a(32)g13) (1 -ms P+ Y, allg?)J (11 k)T ((k +1) -5 P)

R(t*ag*agla s 79%75
+B(t*7g*7gla"'7g 75)'
(pt* +pg*)2 o m% "

A[O](t*ag*agla R 79’”»5 —

If sum over four polariztion states for the cut gluon line the first term is the
standard self energy correction in Feynman-gauge
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Separation of pole terms is consistent with BG recursion relations

, APQi12---n; P) = a(Q )(P+K1+ Ko+ m)J(12---n; P)
e

right hand side of the cut:

AO@2 131y P) = a3 T (L P+ ) ally?) (31 k) I ((k+1) - P)

R(t*ag*agla s 79%75
+B(t*7g*7gla"'7g 75)'
(pt* +pg*)2 o m% "

A[O](t*ag*agla R 7g’naa —

If sum over four polariztion states for the cut gluon line the first term is the
standard self energy correction in Feynman-gauge
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Separation of pole terms is consistent with BG recursion relations

Tree amplitudes with spinorial recursion relations

ms ;:‘“ J(12---n; P) = P+K1+ g

A(Q:12- - n; P) = u(Q)(P + K1 + - Ky +m)J (12 13 P)

ZJ JK+1---n;P)

right hand side of the cut:

AD @204 1 - m; P) = a(32)g13) (1 -ms P+ Y, allg?)J (11 k)T ((k +1) -5 P)

R(t*ag*agla s 79%75
+B(t*7g*7gla"'7g 75)'
(pt* ‘I_pg*)Q o m% "

A[O](t*ag*agla R 79’”»5 —

If sum over four polariztion states for the cut gluon line the first term is the
standard self energy correction in Feynman-gauge
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Comment on color treatment

Tree level:

One loop:

BG recursion relations for colorless ordered amplitudes
different color basis (T-basis, F-basis, mixed basis, color-flow basis)

recursion relations for color dressed amplitude
Decomposition to color and flavor ordered partial amplitudes
ggbar+n gluon: mixed basis color decomposition

(s+ sbar)+(t+tbar) + ngluon

# of colorless amplitude is less thant # of primitive amplitudes
use color-flow basis and dressed recursion relations
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Primitive amplitudes W+3jets

Parent diagrams for primitive amplitudes

q gm+1 gm+1
gm ° dm °

o -] Q (-

° ° ° °

o -] (- o

° ° °
g3 ° gs °

gn gn
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Parent diagrams for four quarks
proliferation of ordered partial amplitudes

q\‘\"m'r/(? Q\‘\"rnr'r/@ Q\‘\./Q
q Q q q
Wannnd Y Q A y @ Wannnd
/ L \ /'/ L \
q Q q %% q q q
a) c) b)

Closed fermion loop
less then 5 propagators

In the loop Q\‘\.X_
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All use color ordered and primitive amplitudes

r - \
[»1 lOOp(lqagq:3Q:4Qa 59) - g:3 i?VC(TGS)z‘jl 5i253 (TQS)Z';IJJSBT;‘Z
s I i\rC(Tas) ;3(5 + (Tas) 230 ZIB74 .
. 2 J
1 1 a
e _ (1 - .!\"2) Al (15.2,.35,40,5,) — 3 (-4 (1,54, 24,3, 40) (5.6)
a 1,a = , 1],a ¢ ¢
_AE] (1(),5g,2q,4Q,3Q) - AL]’ (1g:24 39=3Qa4Q) i A[L] (1Q=2q’59’4Q’3Q)
A (15,24,35,50,4q) — AL (12,24,40, 50, 35) + AL (12,24, 40, 35.5) ) »
1],a 1],a - 1],a = 1],a
'E']z = '*”A[LJ (lq"zq )ge4Qa3Q) - A[L] (1Q=2q~4Q 09~3Q) +A[L] (1q’24 49, 3Q’ ’g)
1 a Ja 4
s (A1 (1554, 20,39, 40) + ALY (15,54, 2,40, 33) ) (5.7)
Bllle = (1 - 52) AP (13,24,54,35,49) — % (—A[Ll]’“ (13, 59+ 24, 35, 40) (5.8)
— AL (15,54,24,49,33) — A“ * (1324 33, 59 4Q) — Ap (13,24, 49,54, 33)
~AD* (13,24,3, 40, 55) — AL (17,24, 40,3,55) + A5 (15,24, 50,40, 3g) )
l|,a 1],a 1 1|,a
= —AL"™ (1g,50 20,40, 3g) - 4&’ (19,24, 55,40, 35) — A" (14 24,40, 33, 50)
1 1|.a .
-3 (A2 (15,24, 40, 50, 30) + AL (14,2430, 50, 40) ) - (5.9)
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Dressed recursive technique for tree amplitudes

Draggiotis, Kleiss, Papadopoulos, Duhr, Maltoni, Comix:Gleisberg, Hoche

Monte-Carlo sampling over flavor, helicity, color, momentum quantum numbers of external
sources

fET) ::‘{j%vflfivcjfi7}{é}(7) :

doro(fifo— f3--fn) =

Nevent 2
Ws o N dPSO (K Ky — K- Ky) [M© (f§"“>,f2<7“>,...,f,,<f>)‘
]Vévent r—1

MO (Fy,..08) = PH[T(E, . fui), J(£2)]

Recursion relations are defined in terms of currents with n-1 on-shell external legs and one off-shell leg

PI({f}r), J{E )] = D Jogu ({£}hr) ) PE2E2 (Kr, ) g, ({f} )

g182

5; ::’{galzgacjg7}{5}>

Instead of ordering we have partitioning
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Generic method for any field theory: dressed recursive

technique for one-loop amplitudes

Giele, ZK, Winter

Monte-Carlo sampling over quantum numbers of external sources

N,
W event
Ao (fifs = f3+ fu) = 2 X Z dPS™(K\Ky — K3+ K,,)

Nevent
k=1
2R <M<0> (£, ,f,,g’@)T x MO (£, .,fqg‘f)))

(1) dl
M (f17'°'7fn) — (ZW)DA <f177fn‘£>

Montag, 21. Juni 2010



Generic recursion with generic vertices for tree amplitudes

Dgluon(ﬂ-la 7T2) —

Vertices:

L. ---L
Dgl---gk (Qh R Qk) — Dglg:“gk;gégl... ,Cg,. (Qla R Qk) :

@g [‘](f(ﬂﬁ)a' : '7J(f(ﬂk))] - Z Dggl"'gk(_KHk7K7T17 " ’7K7Tk) X ng(fm) XX ‘]gk(fﬁk)J

g1 "8k

BG recursion relations:

Jg(fi) —
-
et = 5 Rl ae]
< k=2 Pri. g (1,...,n) D

all possible partions of n particle into k subsets is given by the Stirling number

of second kind S3(n, k).
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Generalized OPP parametrization

 Sum over ordered cuts changes to sum over partitions including
non-cyclic, non-reflective premutations of the external partons

N c,. . max(1,3(k—1)!) Sz(n,k) P, (@nl---gnk W)
A /; RPM...7§(1,2,...,n) gnlzgnk Don, (£) dgn, (é)"'dgnk (€)
k= Uf:l U
« sum over the propagator flavors gr,,..., g, is required as these are not

uniquely defined for unordered amplitudes
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Sum over ordered cuts changes to sum over partitions including
non-cyclic, non-reflective permutations of the external partons

Number of the cuts is higher.

AV (£, | 0) = ) > > SE— ,
k=1  RPg . .x (1,2,..0) G100, Qgus, (£) Ao, (£) -+ dgu, (€)

Unordered cuts.

# pentagon box | triangle | bubble sum sum,, ordr total /unordr total
n cuts cuts cuts cuts = total | SUMn—_1 | orderings | (ab)x | (cd)x
4 0 3 6 3 12 Bl 1.833 | 2.750
5 12 30 25 10 f 6.42 4.052 2.026 | 2.364
6 180 195 90 25 490 6.36 6.857 2.743 | 2.514
7 1.680 1,050 301 56 3.087 6.30 13.06 4.354 | 1.451
8 12,600 5,103 966 119 18,788 6.09 28.17 8.048 | 1.610
9 83,412 23,310 3.025 246 109,993 5.85 68.18 1708 | 2.557
10 510,300 102,315 9.330 501 622,446 5.66 182.8 40.61 | 2.708
11 2,960,760 437,250 28.501 1,012 3427523 5.51 535.7 107.1

12 || 16,552,800 | 1,834.503 86.526 2,035 || 18,475,864 5.39 1699 308.9

(n—1)!

5 ? SQ(TL, 5) ~ 5"
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Calculating electroweak corrections with

generalized D-dimensional unitarity?

Two “new’” features:
 Unordered amplitudes
* Finite width effects:

Denner, Dittmaler: Scalar one-loop 4-point integrals
with complex internal masses
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Conclusions

<+ The results of the last several years obtained in the field of PQCD framework for

hard scattering processes is very impressive and has a fundamentally improves
the analysis of the collider data.

< Construction of computer codes for automated numerical

evaluation of NLO QCD correction for multi-leg processes
IS under way.

<+ Different competing proposals are under construction and study.
A trade-off between speed and flexibility is an issue.
With improved computer power (with GPU’s)
flexibility will be more and more important

“ Results for W/Z+3jet, W/Z+4jets, ttbar+1jet, ttbar+2jets,... cross-sections.
Many new interesting features emerged:

scale choice, non-universal K-factors, spin correlation effects.
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Many interesting projects for the future:

o Fully automated NLO packages
o Interaction with SCET experts

o Interaction with Shower MC experts (MC@NLO, POWHEG)

o Interaction with the experimentalist colleagues

. Electroweak corrections with unitarity cut method

o NLO QCD corrections to new physics models

o Unitarity cut method for two loop applications

. Improved and more generalized recursive methods

o Improved subtraction methods and phase space integration methods
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OPP and/or D-dimensional unitarity is used by

Ossola, Papapdopoulos Pittrau, Ellis, Giele, Kunszt, Melnikov, Zanderighi, Lazopoulos,
Winter, Berger, Bern, Dixon, Febres Cordero, Forde, Gleisberg, Ita, Kosower, Maitre, Mastrolia,
Tramontano, Greinrer, Guffanti, Guillet, Reiter, Reuter, Czakon, Bevilaqua, Worek,Draggiotis,
Garzelli,....

Codes:

Helac-Phegas, Cut-Tools, Helac-1L,

Black Hat, Rocket, Melnikov-Schultze, Lazopoulos, Winter, (with Giele),
Winter (with Giele ZK), Giele,(with Stavenga, Winter),

Samurai (Mastrolia, Ossola, Reiter, Tramontano,...
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Perturbative higher-order effects at work at the LHC - HO10
CERN THEORY INSTITUTE

June 21 - July 9

Topics will include:

* Progress in, and prospects for, attacking the yet uncalculated processes considered
priorities at the LHC, and revisiting the NLO priority list formulated at Les Houches in
order to target the experimental accuracies.

* The role of NLO and NNLO QCD calculations for Higgs boson searches and coupling
measurements.

* Integrating automated NLO calculations into parton showers.

* The role of NLO electroweak corrections and merging of QCD and electroweak
corrections for benchmark processes such as $W$ and $Z$ production.

* The role of (semi-)analytical resummations at the LHC, and their comparisons with
those provided by Monte Carlos.

* Key signatures of new physics at the LHC and challenging discovery modes in exotic
models.

* Processes, such as top-quark pair and di-boson production, for which NNLO QCD is
desirable.

* The status of parton distribution function errors and prospects for their improvement
with LHC data.
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http://cern.ch/ph-dep-th/content2/THInstitutes/2010/HO10/HO10.html
http://cern.ch/ph-dep-th/content2/THInstitutes/2010/HO10/HO10.html

