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OUTLINE

@ InTRODUCTION: WISHLISTS AND TROUBLES

© OPP REDUCTION

@ Rational terms

© NUMERICAL TESTS
@ 4-photon amplitudes
@ 6-photon amplitudes
@ VVV production
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INTRODUCTION: LHC NEEDS NLO

@ The experimental programs of LHC require high precision predictions
for multi-particle processes (also ILC of course)
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INTRODUCTION: LHC NEEDS NLO

@ The experimental programs of LHC require high precision predictions
for multi-particle processes (also ILC of course)

@ In the last years we have seen a remarkable progress in the theoretical
description of multi-particle processes at tree-order, thanks to very
efficient recursive algorithms

@ The current need of precision goes beyond tree order. At LHC, most
analyses require at least next-to-leading order calculations (NLO)

@ As a result, a big effort has been devoted by several groups to the
problem of an efficient computation of one-loop corrections for
multi-particle processes!
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NLO WisHLIST LES HOUCHES

[from G. Heinrich's Summary talk]

Wishlist Les Houches 2007
pp — V V4 jet

pp — tt bb

pp — tt + 2 jets

pp — WWW

pp — V V bb

pp — VV +2 jets

pp — V + 3 jets

pp — tt bb

pp — 4 jets

LN AW

Processes for which a NLO calculation is both desired and feasible

Will we “finish” in time for LHC?

Costas G. Papadopoulos (Athens) OPP Reduction Tools2008 4 /55



WHAT HAS BEEN DONE? (2005-2007)

Some recent results — Cross Sections available
© pp— ZZZ pp — ttZ [Lazopoulos, Melnikov, Petriello]
@ pp — H + 2 jets [Campbell, et al., J. R. Andersen, et al ]
@ pp — VV + 2 jets via VBF [Bozzi, Jager, Oleari, Zeppenfeld]
@ pp — VV 41 jet [S. Dittmaier, S. Kallweit and P. Uwer]
@ pp — tt+1 jet [S. Dittmaier, P. Uwer and S. Weinzierl]

Mostly 2 — 3, very few 2 — 4 complete calculations.

@ et e — 4 fermions [Denner, Dittmaier, Roth]
@ et e — HHv i [GRACE group (Boudjema et al.)]

This is NOT a complete list
(A lot of work has been done at NLO — calculations & new methods)
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Problems arising in NLO calculations
@ Large Number of Feynman diagrams
@ Reduction to Scalar Integrals (or sets of known integrals)

@ Numerical Instabilities (inverse Gram determinants, spurious
phase-space singularities)

@ Extraction of soft and collinear singularities (we need virtual and real
corrections)

Costas G. Papadopoulos (Athens) OPP Reduction Tools2008 6 / 55



METHODS AVAILABLE

- Traditional Method: Feynman Diagrams & Passarino-Veltman
Reduction:
@ general applicability major achievements
@ but major problem: not designed @ amplitude level
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METHODS AVAILABLE

- Traditional Method: Feynman Diagrams & Passarino-Veltman
Reduction:

- Semi-Numerical Approach (Algebraic/Partly Numerical — Improved
traditional) — Reduction to set of well-known integrals

- Numerical Approach (Numerical /Partly Algebraic) — Compute tensor
integrals numerically

o Ellis, Giele, Glover, Zanderighi;

Binoth, Guillet, Heinrich, Schubert;

Denner, Dittmaier; Del Aguila, Pittau;

Ferroglia, Passera, Passarino, Uccirati;

Nagy, Soper; van Hameren, Vollinga, Weinzierl;

¢ ¢ © ©
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METHODS AVAILABLE

- Traditional Method: Feynman Diagrams & Passarino-Veltman
Reduction:

- Semi-Numerical Approach (Algebraic/Partly Numerical — Improved
traditional) — Reduction to set of well-known integrals

- Numerical Approach (Numerical/Partly Algebraic) — Compute tensor
integrals numerically
- Analytic Approach (Twistor-inspired)
— extract information from lower-loop, lower-point amplitudes
— determine scattering amplitudes by their poles and cuts
* major advantage: designed to work @ amplitude level
* quadruple and triple cuts major simplifications
@ Bern, Dixon, Dunbar, Kosower, Berger, Forde;
@ Anastasiou, Britto, Cachazo, Feng, Kunszt, Mastrolia;
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METHODS AVAILABLE

- Traditional Method: Feynman Diagrams & Passarino-Veltman
Reduction:

- Semi-Numerical Approach (Algebraic/Partly Numerical — Improved
traditional) — Reduction to set of well-known integrals

- Numerical Approach (Numerical/Partly Algebraic) — Compute tensor
integrals numerically

- Analytic Approach (Twistor-inspired)
— extract information from lower-loop, lower-point amplitudes
— determine scattering amplitudes by their poles and cuts

* OPP Integrand-level reduction
combine: reduction@integrand + n-particle cuts
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OPP REDUCTION - INTRO

G. Ossola., C. G. Papadopoulos and R. Pittau, Nucl. Phys. B 763, 147 (2007) — arXiv:hep-ph/0609007
and JHEP 0707 (2007) 085 — arXiv:0704.1271 [hep-ph]

R. K. Ellis, W. T. Giele and Z. Kunszt, JHEP 0803, 003 (2008)

Any m-point one-loop amplitude can be written, before integration, as

N(q)

A qg) = _——= =
@ DoDy -+ D1

A bar denotes objects living in n = 4 + ¢ dimensions

Di = (G + pi)*> — m?

2

QI

Sy
Di=D;+§

External momenta p; are 4-dimensional objects
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THE OLD “MASTER” FORMULA

m—1
/A = Y d(iohiais)Dolioirials)
To<ih<ih<iz
m—1
+ Z C(ioilig)CO(ioilig)

io<ir<imp
m—1

+ ) blioir)Bo(ioh)
io<ip

m—1

+ > alio)Ao(io)
io
+ rational terms
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THE OLD “MASTER” FORMULA

N(q) — " ...qHm — ghhepi® ...

G. Passarino and M. J. G. Veltman, “One Loop Corrections For E+ E- Annihilation Into Mu+ Mu- In

The Weinberg Model,” Nucl. Phys. B 160 (1979) 151.

OPP Reduction Tools2008
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THE OLD “MASTER” FORMULA

L N(q)
A@ = 5.5, Do

N(q) — " ...qHm — ghhepi® ...

G. Passarino and M. J. G. Veltman, “One Loop Corrections For E+ E- Annihilation Into Mu+ Mu- In
The Weinberg Model,” Nucl. Phys. B 160 (1979) 151.

‘W. L. van Neerven and J. A. M. Vermaseren, “Large Loop Integrals,” Phys. Lett. B 137, 241 (1984)

The derivation of the reduction formula starts as in ref. [1] with the Schouten identity which is a relation be-
tween five Levi-Civita tensors:

ePlePsPAQ” = gMP2P3PA().py + eP1HP3PAQ.py + ePleMP4Q.p3 + ePlePz#Q.p4 ) (6)
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THE OLD “MASTER” FORMULA

N(q) — " ...qHm — ghhepi® ...

G. Passarino and M. J. G. Veltman, “One Loop Corrections For E+ E- Annihilation Into Mu+ Mu- In

The Weinberg Model,” Nucl. Phys. B 160 (1979) 151.

‘W. L. van Neerven and J. A. M. Vermaseren, “Large Loop Integrals,” Phys. Lett. B 137, 241 (1984)

The derivation of the reduction formula starts as in ref. [1] with the Schouten identity which is a relation be-
tween five Levi-Civita tensors:

ePlePsPAQ” = gMP2P3PA().py + eP1HP3PAQ.py + ePleMPaQ.p3 + ePlePz#Q.p4 ) (6)

which yields the final formula for the scalar one-loop five-point function:

2
Eg1234(W? — 484m() = D1234 [244 — w-(v1 + v2 +v3 + vg)]

+Doa34v1'w + Dop3q vz w+ Dojoq v w+ Dojaz vgw . (19)
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THE OLD “MASTER” FORMULA

M1 Hm M2 M3
N(q) — g ...gHm — ghir2pl® .
G. Passarino and M. J. G. Veltman, “One Loop Corrections For E+ E- Annihilation Into Mu+ Mu- In
The Weinberg Model,” Nucl. Phys. B 160 (1979) 151.
‘W. L. van Neerven and J. A. M. Vermaseren, “Large Loop Integrals,” Phys. Lett. B 137, 241 (1984)

The derivation of the reduction formula starts as in ref. [1] with the Schouten identity which is a relation be-
tween five Levi-Civita tensors:

ePlePsPAQ” = gMP2P3PA().py + eP1HP3PAQ.py + ePleMPaQ.p3 + ePlePz#Q.p4 ) (6)

which yields the final formula for the scalar one-loop five-point function:

2
Eo1234(w? — 484mG) = D1234 (284 — w- (1 + v+ v3 + 0g)]
+Doz34vrw+t Do134 vy w+ Dorga vz w+ Dorgz v w . (19)

This method is completely different from the one used in ref. [3].
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UNITARITY

Started in 90's, mainly QCD, amplitude level (analytical results)
Z. Bern, L. J. Dixon, D. C. Dunbar and D. A. Kosower,
[arXiv:hep-ph/9403226].

R. Britto, F. Cachazo and B. Feng, [arXiv:hep-th/0412103].
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OPP “MASTER” FORMULA - |

General expression for the 4-dim N(q) at the integrand level in terms of D;

m—1 m—1
N(q) = Z |:d(l'ol'1/'2i3) + d(q; /.0/.1’.2’.3)} Di
io<i1<ir<is i7i0,i1,i2,i3
m—1
+ Y cliohi) + &(q: ioii)] H Di
i0<ii<ip iig,i1,i2
m—1
+ Z [b(:o/1)+b (g 10’1] H D;
,'0<,'1 i#io, i
- Z[alo +aq/0]HD
i#iy

Costas G. Papadopoulos (Athens) OPP Reduction Tools2008 10 / 55



OPP “MASTER” FORMULA - II

m—1 m—1 m—1 m—1
N(g) = > [dlonizis) | I o+ X leloni) 1 I o
ig<ih<ir<iz i, 503 io<in<ia iig i1 i
m—1 m—1 m—1 m—1
+ Y [lioin) | II o+ 3 fatio) 111 o
io<iy i#ig iy i iig

@ The quantities d(ipi1ini3) are the coefficients of 4-point functions with
denominators labeled by iy, i1, /2, and is.

o c(ipiri), b(ipi), a(ip) are the coefficients of all possible 3-point,
2-point and 1-point functions, respectively.
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OPP “MASTER” FORMULA - II

m—1 m—1 m—1 m—1
N(g) = > [dloniis) + d@ioinioin)] [T Di+ Y Ielionix) + Eaioni)] [ D
ig<iy<ip<i3 iig.i1 0,13 ig<ip<ip iig. i1 in
m—1 - m—1 m—1 m—1
+ Y [blion) + B(aiion)] T] Di+ Y [alio) +a(aiio)) I Di
io<it iig it io iig
The quantities El, ¢, b , @ are the “spurious” terms
@ They still depend on g (integration momentum)
@ They should vanish upon integration
What is the explicit expression of the spurious term? J
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SPURIOUS TERMS - 1

Following F. del Aguila and R. Pittau, arXiv:hep-ph/0404120

@ Express any g in N(q) as

gh=—ph+ 3 G 12=0 )

ki ="/l1+ailo, ko="Ilo+l1, ki = pi — po
lh =< liyP] o], L4k =< Lo|y#]l4]

@ The coefficients G; either reconstruct denominators D;

— They give rise to d, ¢, b, a coefficients
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SPURIOUS TERMS - 1

Following F. del Aguila and R. Pittau, arXiv:hep-ph/0404120

@ Express any g in N(q) as

gh=—ph+ 3 G 12=0 )

ki ="/l1+ailo, ko="Ilo+l1, ki = pi — po
lh =< liyP] o], L4k =< Lo|y#]l4]

@ The coefficients G; either reconstruct denominators D;
or vanish upon integration

— They give rise to d, ¢, b, a coefficients
— They form the spurious d, &, b, 3 coefficients
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SPURIOUS TERMS - II

o d(q) term (only 1) . .
d(q) =dT(q),

where d is a constant (does not depend on q)

T(q) = Trl(dg + Po)f1f2k37s]
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SPURIOUS TERMS - II

o d(q) term (only 1) . .
d(q) =dT(q),

where d is a constant (does not depend on q)

T(q) = Tr[(4 + po)f1f2k37s]
@ ¢(q) terms (they are 6)

Jmax

e(a) =D _{&l(a+po) - sV + &l(a + po) - L} }
j=1

In the renormalizable gauge, jmax = 3
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SPURIOUS TERMS - II

o d(q) term (only 1) . .
d(q) =dT(q),

where d is a constant (does not depend on q)

T(q) = Tr[(4 + po)f1f2k37s]
@ ¢(q) terms (they are 6)

Jmax

e(a) =D _{&l(a+po) - sV + &l(a + po) - L} }
j=1

In the renormalizable gauge, jmax = 3
o b(q) and 3(q) give rise to 8 and 4 terms, respectively
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A SIMPLE EXAMPLE

1
/ DoD1 D> D3 Dy
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A SIMPLE EXAMPLE

1
/ DoD1 D> D3 Dy

1= Z [d(ioilizlé) + d(g; /0/11'2/3)} D;,
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A SIMPLE EXAMPLE

1
/ DoD1 D> D3 Dy

1= Z [d(ioilizlé) + d(g; /0/11'2/3)} D;,

1 . ~ .
/mz [d(lolllzl3) +d(qg; /01112/3)} D;,
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A SIMPLE EXAMPLE

1
/ DoD1 D> D3 Dy

1= [d(i0i1i2i3) +d(q; i0i1i2i3)} D;,
/m Z [d(lolllzl3) +d(qg; /01112/3)} D;,

1
I dli i i\ Dal it o
/D0D1D2D3D4 Z (ioii23)Do(foin213)
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A SIMPLE EXAMPLE

1
/ DoD1 D> D3 Dy

1= [d(i0i1i2i3) +d(q; i0i1i2i3)} D;,
/m Z [d(lolllzl3) +d(qg; /01112/3)} D;,

1
I dli i i\ Dal it o
/D0D1D2D3D4 Z (ioii23)Do(foin213)

o s 1 1 1
d(ioiiiziz) = 2 (D,-A(q+) + Di4(q_))

Costas G. Papadopoulos (Athens) OPP Reduction Tools2008 14 / 55



A SIMPLE EXAMPLE

1
/ DoD1 D> D3 Dy

1= [d(i0i1i2i3) +d(q; i0i1i2i3)} D;,
/m Z [d(lolllzl3) +d(qg; /01112/3)} D;,

1
I dli i i\ Dal it o
/D0D1D2D3D4 Z (ioii23)Do(foin213)

o s 1 1 1
d(ioiiiziz) = 2 (D,-A(q+) + Di4(q_))

@ Melrose, Nuovo Cim. 40 (1965) 181
o G. Killén, J.Toll, J. Math. Phys. 6, 299 (1965)
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A NEXT TO SIMPLE EXAMPLE

1
/D0D1D2D3...Dm_1
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A NEXT TO SIMPLE EXAMPLE

1
/D0D1D2D3...Dm_1

1= [d(/oilizlé) +d(g; ioi1i2i3)] D, Di ... Di,_,
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A NEXT TO SIMPLE EXAMPLE

1
/D0D1D2D3...Dm_1

1= [d(/oilizlé) +d(g; ioi1i2i3)] D, Di ... Di,_,

1 .. ~ A
/ DoD1DyDs ... Dpy—q Z [d(’0/1’2/3) +d(q 10111213)] Di,Dss - Di,,
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A NEXT TO SIMPLE EXAMPLE

1
/D0D1D2D3...Dm_1

1= [d(/oilizlé) +d(g; ioi1i2i3)] D, Di ... Di,_,

1 .. ~ A
/ DoD1DyDs ... Dpy—q Z [d(’0/1’2/3) +d(q 10111213)] Di,Dss - Di,,

1
NS (i D
/D0D1D2D3...Dm_1 2 dliohzis) Dolioi )
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A NEXT TO SIMPLE EXAMPLE

1
/D0D1D2D3...Dm_1

1= [d(/oilizlé) +d(a; ioi1i2i3)] D, Di ... Di,_,

1 .. ~ A
/ DoD1DyDs ... Dpy—q Z [d(’0/1’2/3) +d(q 10111213)] Di,Dss - Di,,

1
NS (i D
/D0D1D2D3...Dm_1 2 dliohzis) Dolioi )

N 1 .
d(ipitiaiz) = 5 H _Di(q") + H Di(q7)
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(GGENERAL STRATEGY

Now we know the form of the spurious terms:

m—1 m—1 m—1 m—1
Ng) = > [dloniai) +d(@ioniim)]  [1 D+ Y leloni) +eaioni)] [ D
ig<ii<ir<i3 iig it sins i3 io<in<ip iig i1 57
m—1
+ Z [(1011)+bq1011] H D+Z[alg +aqlo]HD
io<ii iig iy i£ip

Our calculation is now reduced to an algebraic problem
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GENER EGY

Now we know the form of the spurious terms:

m—1 m—1 m—1 m—1
Ng) = > [dloniai) +d(@ioniim)]  [1 D+ Y leloni) +eaioni)] [ D
ig<ii<ir<i3 iig it sins i3 io<in<ip iig i1 57
m—1
+ Z [(1011)+bq1011] H D+Z[alg +aqlo]HD
io<ii iig iy i£ip

Our calculation is now reduced to an algebraic problem

Extract all the coefficients by evaluating N(q) for a set of values of the
integration momentum q

)
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GENERAL STRATEGY

Now we know the form of the spurious terms:

m—1 m—1 m—1 m—1
Ng) = > [dloniai) +d(@ioniim)]  [1 D+ Y leloni) +eaioni)] [ D
ig<ip<ip<i3 i£ig iy ,in i3 ig<iy <ip iig iy ,ip

m—1

+ Z [b(loll)+bqloll] H D+Z[alo +aqlo]HD

ig<iy i#ig iy i#iy
Our calculation is now reduced to an algebraic problem

Extract all the coefficients by evaluating N(q) for a set of values of the
integration momentum g

There is a very good set of such points: Use values of g for which a set of
denominators D; vanish — The system becomes “triangular”: solve first
for 4-point functions, then 3-point functions and so on
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EXAMPLE

3
N(@) = d+d(a)+ I [c(i) +E(q D, +Z[ ioir) + B(3: ioi)] Diy Dy
i=0 io<i1
3
+ Z [a(io) + (q; io)] Disziy Djstio Dty
=0

We look for a g of the form g* = —pl + x;¢% such that
Do=Dy=Dy=Ds=0

— we get a system of equations in x; that has two solutions qgE
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EXAMPLE

Our “master formula” for g = qoi is:
N(go) = [d+d T(q5)]

— solve to extract the coefficients d and d
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EXAMPLE

N(g)—d—d(q) = Z[c +2(q;1)] D; + Z [ ioir) + b(q; ioi)| Dy Dy
io<iy
3
+ > [alio) + 3(q; i0)] Distio Djstiy Diciy
io=0

Then we can move to the extraction of ¢ coefficients using
N'(q) = N(q) —d —dT(q)

and setting to zero three denominators (ex: Dy =0, D, =0, D3 = 0)
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EXAMPLE

We have infinite values of g for which
D1:D2:D3:O and DQ#O

— Here we need 7 of them to determine ¢(0) and &(g;0)
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RATIONAL TERMS - 1

@ Let's go back to the integrand

. N(q)
A9 = 55 by

@ Insert the expression for N(q) — we know all the coefficients

m—1 m—1 m—1 m—1
Na = > [d+d@] I b+ Y le+é@) I b+
o<h <ih<i3 00,01 400,03 o <ih<ip i#io,01,i2

@ Finally rewrite all denominators using

i _ _ ~2
Di_ 7 it Z,--(l-‘i-)
D;
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RATIONAL TERMS - 1

m—1

e ~ —1
_ d(ipiiaiz) + d(q; ioiriais) 5 5
@ = D B.5.5,0, 1L 7
o <ih <ir<i3 i#io, i1 02,03
m—1 P .
c(ioiria) 4 €(q; ioirin)
+ > DD, D H
o <ir<ip i#io,i, 02
m—1 . > —
b(loll b q, Ioll
+ ) ) H
io<i1
m—1 ( q io m 1
DI | P
io I#Io

The rational part is produced, after integrating over d"q, by the §?
dependence in Z;
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RATIONAL TERMS - 1

The "Extra Integrals” are of the form

/(_n;29 E/d" z20 Qua " Qu 7
Sip1cephr aq —D(ko)---D(ks)

where B
D(ki) = (3 + ki)* — m} . ki = pi — po

These integrals:
- have dimensionality D = 2(1 + / —s) + r

- contribute only when D > 0, otherwise are of O(e)
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RATIONAL TERMS - II

Expand in D-dimensions ? J
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RATIONAL TERMS - II

Expand in D-dimensions ? J
m—1 m—1
N@) = > |dlioiniisi @)+ d(abiiid®)| [ D
io<h<ih<iz i#io,i1,02,03
m—1 m—1
+ Z [c(ioiriz; &%) + &(q; ioiria; )] H
io<ih<lip '751'0 i1,k
m—1 —
+ Z [b(ioil;ﬁ )+ b(q; ioi; § } H
io<i1
m—1 — m—1
+ Y [alio: @) + 3(q; io; &°) H +P(q) [ D
io iio i
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RATIONAL TERMS - II

Expand in D-dimensions ? J
m—1 m—1
N(q) > [dloiriois@®) + d(a:ioinieizi @] [] D

io<h<ih<iz i#io,i1,02,03
m—1 m—1
Z [c(ioiriz; &%) + &(q; ioiria; )] H

o <ih<i i#io,i1,i2

m—1 —

Z [b(ioil; &%) + b(q; ioir; 32 } H

io<i1

m—1 — m—1

> [aio: &) + 3(q: io: §°) H +P(q) [ D
io iio i

2 2 _ =2
my — my —q
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RATIONAL TERMS - II

Polynomial dependence on §? J

b(ij; &%) = b(ij) + @b@ (i), c(ijk;a?) = c(ijk) + g2 (ijk).
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RATIONAL TERMS - II

Polynomial dependence on §? J
b(i;a%) = b(ij) +&bP(ij), ik @) = clijk) + G P (ijk).
~2 2 2
ne @ T 5 o (pi—pj)
[#ags = 5 [ent= P o0,
=2 o2 ~4 2
_ q 1T _ q I
d"g——=—= = ——4+0 , /dn = —— 40
/ 9D.D,Dx 7 10 95.D,D:D 5 O
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RATIONAL TERMS - II

Furthermore, by defining

m—1 m—1
DM (q,5)= {d(i0i1i2i3; §*) + d(q: iohiais; 512)} D;,
o <ih<ih<i3 il 0,02 ,03

the following expansion holds

D(m) Z (2i—4) y(2j— 4) (q),
j=2

where the last coefficient is independent on g

d(2m—4)(q) —_ d(2m—4) .
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RATIONAL TERMS - II

In practice, once the 4-dimensional coefficients have been determined, one

can redo the fits for different values of G2, in order to determine b(?(ij),
c@(ijk) and dm=4).

. m—1
I

_ 0 emeay T @ ;
Rl 967T2d 327‘1’2 ' Z C (Iolllg)
n<n<ip
. m—1 2
/ 2)(: - 2 > (piy — pPir)
o<inip

G. Ossola, C. G. Papadopoulos and R. Pittau,arXiv:0802.1876 [hep-ph]
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RATIONAL TERMS - R,

A different source of Rational Terms, called R», can also be generated
from the e-dimensional part of N(q)

g = q9+4q,
5//7 = Vu—i_;}’/ﬂa
g-ﬁl_’ — gﬂV+g-ﬁ’7_

New vertices/particles or GKM-approach
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RATIONAL TERMS - R,

@1=5+P1=Q1+(~7
Q=4g+p=Q+7

Do =3

D1 = (g + p1)?

Dy = (g + p2)?
@) = @ {55 @t me) e (Rt me) 7

= & {’Yﬁ(pl + me )y, (R + me)’Vﬁ
= e(Q— me)yu(Q2 — me) + € v — & 1"}
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RATIONAL TERMS - R,

~2 2
_ q I
dn _ == _—— O
2
_ quqy im
dngId - _ T L oa
/ qDQD]_D2 2€g/,b + ()7
3
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RATIONAL TERMS - R,

Rational counterterms )
P, ie? 5 >
MWWJ/ :*Wg,uu(zme*p /3)
P, ie?
TS T g Rme)
W v

ie*

= 1272 (g;wgpa + 8up8ro + g;wgl/p)
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SUMMARY

Calculate N(q) )
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SUMMARY

Calculate N(q) )

@ We do not need to repeat this for all Feynman diagrams. We can
group them and solve for (sub)amplitudes directly
@ Calculate N(q) numerically via recursion relations

@ Just specify external momenta, polarization vectors and masses and
proceed with the reduction!

Compute all coefficients J

@ by evaluating N(q) at certain values of integration momentum

Evaluate scalar integrals )

@ massive integrals — FF [G. J. van Oldenborgh]
@ massless+massive integrals — OneLOop [A. van Hameren]
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W WE GAIN

o PV:

o Unitarity Methods:
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W WE GAIN

o PV:

o N(q) or A(q) hasn't to be known analytically
@ No computer algebra
@ Mathematica — Numerica

o Unitarity Methods:

@ A more transparent algebraic method
@ A solid way to get all rational terms

Cuttools J

G. Ossola, C. G. Papadopoulos and R. Pittau, JHEP 0803, 042 (2008) [arXiv:0711.3596 [hep-ph]]
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Properties of the master equation )
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THE MASTER EQUATION

Properties of the master equation )

@ Polynomial equation in g

@ Highly redundant: the a-terms have a degree of m?> — 2 compared to
m as a function of g

@ Zeros of (a tower of ) polynomial equations
@ Different ways of solving it, besides 'unitarity method’

The N = N test J

A tool to efficiently treat phase-space points with numerical instabilities

Costas G. Papadopoulos (Athens) OPP Reduction Tools2008 31 /55



OPP “MASTER” FORMULA - |

General expression for the 4-dim N(q) at the integrand level in terms of D;

m—1 m—1
N(q) = Z |:d(l'ol'1/'2i3) + d(q; /.0/.1’.2’.3)} Di
io<i1<ir<is i7i0,i1,i2,i3
m—1
+ Y cliohi) + &(q: ioii)] H Di
i0<ii<ip iig,i1,i2
m—1
+ Z [b(:o/1)+b (g 10’1] H D;
,'0<,'1 i#io, i
- Z[alo +aq/0]HD
i#iy

Costas G. Papadopoulos (Athens) OPP Reduction Tools2008 33 / 56



pp — VVV NLO

NLO corrections to tri-boson production J

@ pp— LZZ

o pp— Wtzz

o pp— WtW~-Z7
o pp— WTW-w+

T. Binoth, G. Ossola, C. G. Papadopoulos and R. Pittau, arXiv:0804.0350 [hep-ph]
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pp — ZZZ VIRTUAL CORRECTIONS

A. Lazopoulos, K. Melnikov and F. Petriello, [arXiv:hep-ph/0703273]
N — — % —
—— —— —— ﬁ

POLES 1/¢> AND 1/e

3 asl(1+e€ (1 3
O_NLO,v1rt|diV _ _CF s ( )(512) € (€_2+_) O'LO

T (4m)=€ 2¢
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pp — WWZ VIRTUAL CORRECTIONS

— T - — 7T -x-- T - T Auli
\ \ \ \
\ \ \ \
\ \ \ \
\ \ \ \
—_—L - —Le—Ll - —_—L - L -
- -
- -
- -
% -
X -
- ~ -
- ~ -
- - =< ~ D
~ ~
~ ~
~ ~
~ ~
~ ~
~ ~
~ ~

Hankele and Zeppenfeld arXiv:0712.3544 [hep-ph]

Costas G. Papadopoulos (Athens) OPP Reduction Tools2008



pp — VVV VIRTUAL CORRECTIONS

A still naive implementation
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gamma matrices !
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Comparison with LMP

A. Lazopoulos, K. Melnikov and F. Petriello, [arXiv:hep-ph/0703273]
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pp — VVV VIRTUAL CORRECTIONS

A still naive implementation
o Calculate the N(g) by brute (numerical) force namely multiplying
gamma matrices !
o Calculate 4d and rational Ry terms by CutTools
@ Ry terms added by hand
Comparison with LMP
A. Lazopoulos, K. Melnikov and F. Petriello, [arXiv:hep-ph/0703273]
@ Of course full agreement for the 1/¢2 and 1/e terms
@ An 'easy’ agreement for all graphs with up to 4-point loop integrals

@ A bit more work to uncover the differences in scalar function
normalization that happen to show to order €? thus influence only
5-point loop integrals.
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pp — VVV VIRTUAL CORRECTIONS

Typical precision: J
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pp — VVV VIRTUAL CORRECTIONS

Typical precision: J

@ LMP: 9.573(66) about 1% error

o OPP:
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pp — VVV VIRTUAL CORRECTIONS

Typical precision: J

@ LMP: 9.573(66) about 1% error

o OPP:
—26.45706742815552
—26.457067428165503661018557937723426
Typical time: 10* times faster (for non-singular PS-points) J
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pp — VVV REAL CORRECTIONS

U%LO = / [da?c—, — da?a} + / [dafa + dag(—, + / daﬁa + dag(—]}
VWV Vv g
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pp — VVV REAL CORRECTIONS

U%LO = / [da?c—, — da?a} + / [dafa + dag(—, + / daﬁa + dag(—]}
VWV Vv g

87rasCF

D9186:G2 _
2% p1- ps

14 %2 . L.
( 1_x% > |MEE;(P167P2aP3aP4aP5)|2
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pp — VVV REAL CORRECTIONS

NLO  _ R A - , ) )
Oqg = / [quTJ - qu(—,} + / [daqa +dogs+ / dofe + do—q(_]i|
VWWe V% %
3 8rasCr 1+ X2
DI186:92  — s MB_ 5 ’~ . ’~ )
2X p1 - pe ( 1-—% > | qq(p167p2 P3, Pa P5)|

- PL-P2—P2"P6s— P1-Pe

X =
p1- p2
P = Xpr , K=pi+p—ps , K=pis+p
AV W_2(K“+K“)(~K”+KV) 2K'KY
(K + K)2 K2
pi = Ap
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pp — VVV REAL CORRECTIONS

Cs 1 _ _
do_?& — do‘?(_] = WSE [C,_— |M5&({pj}/)|2 _ D9186:G2 _ qugs,ql} d¢VVVg
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pp — VVV REAL CORRECTIONS

Cs 1 _ _
do_?& — do‘?(_] = WSE [CF |M5&({pj}/)|2 _ D9186:G2 _ quge,ql} d¢VVVg

c A asCel(1+e€) (s 72 3 2n° B
qu(—,Jr/qu(—?— — [—+—*—}da—

2 (4m)—c \ p? e € 3 99
C / C /
(6% F le% F .
225 [ o K990 dofyopu ) + 5 [ KT doty (o )
0 0
X2 S {¢] — X
K99x) = KP(x) = <lltx>+|og(ui£>+<4lf(ix ))++(1—x)—2(1+x)|og(1—x)
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pp — VVV REAL CORRECTIONS

Ué\g'o = / {/ dag,‘q + dagcq] + / [dagq — dag‘q]

VW q VWVq
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pp — VVV REAL CORRECTIONS

é\gLO = / {/ da?q + dagq] + / [dagq — dagq]

VWV g VWVq

Csl

R A
dogg — dog, N 2510

[T |M |2 Dg1q6’q2]d¢vvvq
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pp — VVV REAL CORRECTIONS

é\gLO = / {/ da?q + dagq] + / [dagq — dagq]

VWV g VWVq

Csl

R A
dogg — dog, N 2510

[T |M |2 Dglqﬁ’%]d(bvvvq

8ras Tr

DE196,42 _
X2p1-ps

[1—2%(1 - )lMg5(B)I°
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pp — VVV REAL CORRECTIONS

da +/

q

KE9(x) = [ + (1 ) ]|og(M

1
/dx K&9( daqq(xpl, p2)
0

) +2x(1 = x) + 2[x? + (1 — x)?] log(1 — x)
3
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pp — VVV REAL CORRECTIONS
da +/

q

KE9(x) = [ + (1 ) ]|og(M

1
/dx K&9( daqq(xpl, p2)
0

) +2x(1 = x) + 2[x? + (1 — x)?] log(1 — x)
3

do(Py1, Pp) = Z/dZ]_dZQfa(Z]_,/_LF)fb(Zz,,lLF)dUab(lel,ZzPQ)

94, 99, &9, 98, &4, 48
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pp — VVV REAL CORRECTIONS
da +/

q

KE9(x) = [ + (1 ) ]|og(M

1
/dx K&9( daqq(xpl,pg)
0

) +2x(1 — x) + 2[x* + (1 — x)?] log(1 — x)
F
do(Pr,P2) = Y [ drdeafi(zn, e o(z2.1F)doan(erPr, 22P)

94, 99, &9, 98, &4, 48

@ check also with phase-space slicing method
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pp — VVV NLO

@ Virtual contributions obtained with Cuttools
e O(100ms) per "event” — factor O(10 — 10?) J
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pp — VVV NLO

@ Virtual contributions obtained with Cuttools
o O(100ms) per "event” — factor O(10 — 10?)

@ Real contributions obtained with Helac

o Positive/negative (un)weighted events

Process scale Born cross section [fb] | NLO cross section [fb]
777 3My 0.7(1) 15.3(1)
WZZ | 2Mz + My 20.2(1) 40.4(2)
WWZ | Mz +2My 96.8(6) 185.5(8)
WWW 3Myy 82.5(5) 146.2(6)
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pp — VVV NLO

do /dpt [pb/GeV]

do /dpt [pb/GeV]

Costas G. Papadopoulos (Athens)

do /dpt [pb/GeV]

B R w e T @

do /dpt [pb/GeV]

wtrw-z

OPP Reduction

Wrw-w+

Tools2008

48 / 55



pp — VVV NLO

——

Costas G. Papadopoulos (Athens)

B R w e T @

77

wtw-z

: § . 8 s

B R w e @

w+zz

Wwrw-w+

OPP Reduction

Tools2008
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pp — VVV NLO

102 | E
~
~O A
< 5
s SLE 1
& |
2 x
y y

OPP Reduction

Costas G. Papadopoulos



pp — VVV NLO

scale oB ONLO K ‘
= M/2 | 827(5) | 153.2(6) | 1.85
p=M | 81.4(5) | 144.5(6) | 1.77
p=2M | 81.8(5) | 139.1(6) | 1.70
scale oB ONLO K
n=M/2[202(1) | 43.02) | 2.12
p=M |200(1) | 39.7(2) | 1.99
p=2M |19.7(1) | 37.8(2) | 1.91
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ONE LoorP AMPLITUDE CALCULATION

@ Still using Feynman Graphs, but a new (OPP) reduction approach
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ONE LoorP AMPLITUDE CALCULATION

@ Still using Feynman Graphs, but a new (OPP) reduction approach
@ Unitarity-like approach

@ Dyson-Schwinger recursion
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® Imagine a theory with 3- and 4- point vertices and just one field.

Then it is straightforward to write an equation that gives the
amplitude for 1 — n

TN )

HEP - NCSR Democritos
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AMPLITUDE CALCULATION-III
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OUTLOOK

Reduction at the integrand level J
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OUTLOOK

Reduction at the integrand level J

@ changes the computational approach at one loop

@ Numerical but still algebraic: speed and precision not a problem

Current J

@ Understand potential stability problems

@ Combine with the real corrections

Future )

@ Automatize through Dyson-Schwinger equations
A generic NLO calculator seems feasible

Costas G. Papadopoulos (Athens) OPP Reduction Tools2008 55 / 55



TooLs 2008 ?

BlackHat )

C.F. Berger, Z. Bern, L.J. Dixon, F. Febres Cordero, D. Forde, H. Ita, D.A.
Kosower, D. Maitre, arXiv:0803.4180 [hep-ph]

Rocket )
W. T. Giele and G. Zanderighi, arXiv:0805.2152 [hep-ph]

CutTools J
G. Ossola, C. G. Papadopoulos and R. Pittau, [arXiv:0711.3596 [hep-ph]].
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e Reliable cross section computation and event
generation for multiparticle processes, with ~ 10-12

particles in the final state.

~
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4 N

e Reliable cross section computation and event
generation for multiparticle processes, with ~ 10-12

particles in the final state.

o — HELA_C: A.Kanaki and C.G.Papadopoulos, CPC 132 (2000) 306, hep-ph/0002082.
Matrix element computation algorithm, based on
Dyson-Schwinger equations, including: EWK, QCD,
fermion masses, reliable arithmetic, running couplings

and masses ....
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e Reliable cross section computation and event
generation for multiparticle processes, with ~ 10-12

particles in the final state.

o — HELA_C: A.Kanaki and C.G.Papadopoulos, CPC 132 (2000) 306, hep-ph/0002082.
Matrix element computation algorithm, based on
Dyson-Schwinger equations, including: EWK, QCD,
fermion masses, reliable arithmetic, running couplings

and masses ....

PHEGA_S: C.G.Papadopoulos, CPC 137 (2001) 247, hep-ph/0007335
Monte-Carlo phase space integration/generation based

on optimized multichannel approach.

/
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e Reliable cross section computation and event
generation for multiparticle processes, with ~ 10-12

particles in the final state.

o — HELA_C: A.Kanaki and C.G.Papadopoulos, CPC 132 (2000) 306, hep-ph/0002082.
Matrix element computation algorithm, based on
Dyson-Schwinger equations, including: EWK, QCD,
fermion masses, reliable arithmetic, running couplings

and masses ....

PHEGAS: C.G.Papadopoulos, CPC 137 (2001) 247, hep-ph/0007335
Monte-Carlo phase space integration/generation based
on optimized multichannel approach.

hep-ph/0012004 and Tokyo 2001,(CPP2001) Computational particle physics, p. 20-25

T. Gleisberg, et al. Eur. Phys. J. C 34 (2004) 173

/
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e_e+—>p,17uuci'y'y
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® Give the process

® Define the cuts

e_e+—>ul7uuci'y'y

E; > FEg cosf; <cg cosB;; <c1
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® Give the process
e et — Uy uJ77
® Define the cuts
E; > FEg cosf; <cg cosB;; <c1
® The cross section is:

o =1.73(5) fb at /s = 500 GeV

® ... plus any other kinematical distribution !
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/Old Feynman graphs — computational cost ~ n!
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/Old Feynman graphs — computational cost ~ n! \

New Dyson-Schwinger — computational cost ~ 3"
P.Draggiotis, R.H.Kleiss and C.G.Papadopoulos, Phys. Lett. B439 (1998) 157
F. Caravaglios and M. Moretti, Phys. Lett. B358 (1995) 332

F. A. Berends and W. T. Giele, Nucl. Phys. B 306 (1988) 759.
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/Old Feynman graphs — computational cost ~ n! \

New Dyson-Schwinger — computational cost ~ 3"

P.Draggiotis, R.H.Kleiss and C.G.Papadopoulos, Phys. Lett. B439 (1998) 157
F. Caravaglios and M. Moretti, Phys. Lett. B358 (1995) 332

F. A. Berends and W. T. Giele, Nucl. Phys. B 306 (1988) 759.

e Ezample: e et — e ete et in QED:

e e
4’4’7
e e
Y
e
e
/ v /
/ N e\\ ’, e .
| Y | |
e —— —_—
TN
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® Imagine a theory with 3- and 4- point vertices and just one field.

Then it is straightforward to write an equation that gives the
amplitude for 1 — n

PR )
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° {{.

n!
a(n) = dn,1 + Z nl!nz!a(nl)a(n2)5n1+n2,n
n!
+n1!n2!n3! Z a(n1)a(nz)a(ns)dn; +ny+ng,n
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é Systematic approach:

bu(P) = [ ) $(P) = < | BP) = »{

~
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é Systematic approach:

bu(P) = [ ) $(P) = < | BP) = »{

b (P) = Y Spp b (i) + Y. (ig)TIE B(Pa)y” $(Pr)e(Pr, Po)
=1 P=P1+ P>

~

/
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PY(P) =) ép—p,b(pi)+ > (ig)p(P2) P2 _
1

1=1

(Rl +:::’2) 1,D(P1)€(P17 P2)

P=P1+P>

/
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¢ Let n external particles with momenta pfi‘, 2 —=1...,n, and define the

momentum PH

P”:pr;, rci{,...,n}
el
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Let n external particles with momenta pfi‘, 2 —=1...,n, and define the

momentum PH

P”:pr;, rci{,...,n}
el

the binary vector m» = (mi,...,my), where its components take the

values O or 1 :

n
Pt = Z m; p,l:' .
1=1
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Let n external particles with momenta pfi‘, 2 —=1...,n, and define the
momentum PH

P”:pr;, rc{,...,n}
el

the binary vector m» = (mi,...,my), where its components take the
values O or 1 :

n
Pt = Z m; p,l:' .
1=1

Moreover this binary vector can be uniquely represented by the
integer

n
m=) 2"'m;, 0<m<2" -1
1=1
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Let n external particles with momenta pfi‘, 2 —=1...,n, and define the
momentum PH

P”:pr;, rc{,...,n}
el

the binary vector m» = (mi,...,my), where its components take the
values O or 1 :

n
Pt = Z m; p,l:' .
1=1

Moreover this binary vector can be uniquely represented by the
integer

n
m=) 2"'m;, 0<m<2" -1
1=1

Replace

bu(P) — bu(m) .
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Convenient ordering of integers in binary representation = level [,
defined by

~
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Convenient ordering of integers in binary representation = level [,
defined by

external momenta are of level 1

~
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Convenient ordering of integers in binary representation = level [,
defined by

external momenta are of level 1

the total amplitude corresponds to the unique level n integer 2" — 1

A = b(1) - b(2™ — 2)
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~

# Convenient ordering of integers in binary representation = level [,
defined by

& external momenta are of level 1

é the total amplitude corresponds to the unique level n integer 2™ — 1

A = b(1) - b(2" — 2)
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N O e

N N NN NN

10
12
48
26

62
62
62
62
62
62

33
33

The solution

e (1) et (2) > e (4) De(8) u(16) d(32)

2
4
16
10

10
12
58
58
60
60

-2

33
33
31
32
31
32

8 1

8 1

32 4

16 -3
52 -1
50 -1
4 -2
4 -2
2 -2
2 -2
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Dirac algebra simplification: 2-dim vs 4-dim and chiral
representation, including my # 0.

The sign factor:

€(P1, Pz) —> e(ml, mz)

we define

e(my, mg) = (—1)Xx(m1,m2)

2 1—1
x(mi,m2) = Y v [ Y g
j=1

i=n

where hatted components are set to 0 if the corresponding external
particle is a boson.

Full EWK theory, both Unitary and Feynman gauges.

A. Denner, Fortsch. Phys. 41, 307 (1993).

/
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HELAC

Construction of the skeleton solution of the Dyson-Schwinger
equations. At this stage only integer arithmetic is performed. This is
part of the initialization phase.

Dressing-up the skeleton with momenta, provided by PHEGAS and wave
functions, propagators, n-point functions in general.

Unitary and Feynman gauges implemented. Due to multi-precision
arithmetic,tests of gauge invariance can be extended to arbitrary

precision.
All fermions masses can be non-zero.

All Electroweak and QCD vertices are implemented, including Higgs

/

and would-be Goldstone bosons.
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HELAC - the code

A two-phase computation
— phase A: selection and tree-construction (integer arithmetic)

— phase B: computation (high-precision arithmetic)

Comparisons: full technical agreement

— EXCALIBUR mjy = 0 comparable speed

As expected HELAC shows an exponential (instead of factorial) CPU-time

grOWth. F.A.Berends, C.G.Papadopoulos and R.Pittau, hep-ph/0002249.

There is no a priori limitation for the number of particles that HELAC
can treat, the only restrictions being that of memory allocation.

/
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N

Numerical reliability

e Problem due to huge ’gauge’ cancellations !

® In order to have a taste of a multi-precision computation we have
computed the squared amplitude for the process

e” (p1)eT (p2) — e (p3)eT (pa)e (ps)e™ (pe)

at two phase space points.

— Phase space point (A) is just a randomly generated one by the
phase-space generator RAMBO.

— Phase space point (B)

pi/ GeV = 100, p1 + p2 = 0,
pe /Pl = 0.9, 63 = 0,

(p5 —I_ pﬁ)z/(p4 —I_ y 25 + p6)2 = 0.1, 04 = ¢4 = 05 = ¢5 =0

with m. = 0.511 X 10— 3 GeV.
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® Results are provided for these points, by using the real*8 (DP),
real*16 (QP) and 34-digit multi-precision version of the code.

David M. Smith, Transactions on Mathematical Software 17 (1991) 273.

® In the MP-version of the code the precision is defined by the user.

N\ /
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Colour Configuration - EWK®QCD
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/ Colour Configuration - EWK®QCD

® Ordinary approach SU(N)-type

A%10n =N " Tp(T%1 ... T%n) A(c1...0n)
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/ Colour Configuration - EWK®QCD

® Ordinary approach SU(N)-type

A%10n =N " Tp(T%1 ... T%n) A(c1...0n)

a

Cij =Y Tr(T%1...T%n)Tr(T °1...T

/’
O’n)
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/ Colour Configuration - EWK®QCD

® Ordinary approach SU(N)-type

A%10n =N " Tp(T%1 ... T%n) A(c1...0n)

a ./

Cij =Y Tr(T%1 ... T%n)Tr(T °1 ... T %)

Quarks and gluons treated differently

N
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Colour Configuration - EWK®GQCD
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Colour Configuration - EWK®GQCD

e New approach U(N)-type

Each color-configuration amplitude is proportional to
D; = 01,0,(1)92,0;(2) * * * On,0;(n)

where o; represents the 2-th permutation of the set 1,2,...,n.
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Colour Configuration - EWK®GQCD

e New approach U(N)-type

Each color-configuration amplitude is proportional to
D; = 01,0,(1)92,0;(2) * * * On,0;(n)

where o; represents the 2-th permutation of the set 1,2,...,n.
* quarks 1...m

* antiquarks o;(1...7n) and

* — 4qq
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Colour Configuration - EWK®GQCD

e New approach U(N)-type

Each color-configuration amplitude is proportional to

D’i — 61,0'1;(1)52,0'7;(2) ce dnao"i.(n)

* quarks 1...m

* antiquarks o;(1...7n) and

* — 4qq

Cij =) D;D; = N2, o= (o1,02)

where o; represents the i2-th permutation of the set 1,2,..
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*

Quons or gqq pairs. = Monte-Carlo over continuous colour-space.

Colour Configuration - EWK®GQCD

e New approach U(N)-type

Each color-configuration amplitude is proportional to

D’i — 61,0'.1;(1)62,0'1;(2) ce 6n70"i.(n)

where o; represents the i2-th permutation of the set 1,2,..
* quarks 1...m

* antiquarks o;(1...7n) and

— 4qq

Cij =) D;D; = N2, o= (o1,02)

® exact color treatment = low color charge

Problem: number of colour connection configurations: ~ n! where n is the number of

/

HEP - NCSR Democritos




L
T
i

HEP - NCSR Democritos




g
: // (i,0)
G0)8,
R
g
> G pteptie = —2(5AD50F5EB — 6AFdcBOED)

610'2 520‘3 530‘1
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q
; J/ (0,0))

(1, 0)

K (1,0)
q

1 1
Z t%Bth);'D — 5(5AD<SCB — FCSAB(SAC)

C

1

V2

HEP - NCSR Democritos




g
] (O’GI)
005
00 ° O (i,0)
g

1 1
> taptép = 5(5AD5CB — ﬁ5AB(sAC)

C

1
vV 2N,
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3.03)

AN
N

(4,0)

(1,0,) (2,a,)

510’3 530'2 520‘4 540'1

2912934 — 913924 — g14923

HEP - NCSR Democritos




/For an 1 — n color ordered amplitude the number of 3-vertex

n—1
> (n—k)k
k=1

~
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/For an 1 — n color ordered amplitude the number of 3-vertex \

n—1
> (n—k)k
k=1

and for the 4-vertex their number is

! k(k —1)
> (n—k) 5

k=2
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/For an 1 — n color ordered amplitude the number of 3-vertex

n—1
> (n—k)k
k=1

and for the 4-vertex their number is

! k(k —1)
> (n—k) 5

k=2
where n — k is the number of k-words in the length n object
(1,2,3,4) — (1,2)(2,3)(3,4)

(1,2,3,4) — (1,2,3)(2,3,4)
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numberofterms = ( "+ 2 ) -+ ( nt 2
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2 2
n + n n +

numberofterms —=
3 4
gg — ng 2 3 4 5 6 7 8 9
# 5 15 35 70 126 210 330 495
FG-O 3 10 38 154 654 2871 12,925 59,345
FG-U 4 25 220 2,485 34,300 559,405 10,525,900 224,449,225
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gg — ng

FG-0O
FG-U

a(l) =1

numberofterms —=
2 3 4 5
5 15 35 70
3 10 38 154
4 25 220 2,485

a(n) =

1
+52

n!

ni!na!ng!

1
T

n -+ 2 n n -+ 2
3 4
6 7 8 9
126 210 330 495
654 2871 12,925 59,345
34,300 559,405 10,525,900 224,449,225

n!

Wa(nl)a(n2)5nl+n2’n

' a’(nl)a’(nz)a(n3)5n1—|—n2—|—n3,n
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. T

M }T e}t {aid?) ~ ) Tr@t ...t A({pi )T, {e:}T)
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. T

M }T e}t {aid?) ~ ) Tr@t ...t A({pi )T, {e:}T)

Mp YT e} L ¥ ~ ) 81, Py -+ - 01, P () AP }T {&:3T)
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. T

M} {e}t {aidt) ~ ) Tr@®r . t*) AP}, {e:}T)
Mp YT e} L ¥ ~ ) 81, Py -+ - 01, P () AP }T {&:3T)

> IMERYE et {adD)P = gAY Y AC; A

{ai}7{e:s}T S ¥
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. T

M} {e}t {aidt) ~ ) Tr@®r . t*) AP}, {e:}T)
Mp YT e} L ¥ ~ ) 81, Py -+ - 01, P () AP }T {&:3T)

> IMERYE et {adD)P = gAY Y AC; A

{ai}7{e:s}T S ¥
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. T

M} {e}t {aidt) ~ ) Tr@®r . t*) AP}, {e:}T)
Mp YT e} L ¥ ~ ) 81, Py -+ - 01, P () AP }T {&:3T)

> IMERYE et {adD)P = gAY Y AC; A

{ai}7{e:s}T S ¥

P(2,..., n)
> ~3"x3"
{1;,J;}7
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A :@ = J +  4-vertex +  gluon-g-q
B \\ f

[A¥(P); (A, B)l = > [ 6(P —pi) A*(p:); (A, B)il+
=1

> [ (ig) II& VP¥X (P, p1,p2) Au(p1) Ax(p2)o(p1,p2); (A, B) = (C, D)1Q(E, F)2]
=Y [ (g%) & G"¥??(P,p1,p2,ps)Au(p1) Ax(p2) Ap(P3)o(p1, P2 + P3);
(A,B) = (C,D)1 ® (E, F)2 ® (G, H)3]

+ ) [ (ig) IIY P(p1)¥ ¥ (p2)o(p1,p2); (A, B) = (0, D)1 ® (C,0)2]

P=pi+p2

where A, B,C, D, E,F, G, H = 1,2, 3.

N

/
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1
L= —_Fj, Fe, F}, = 8 A% — 8, A% + gf*P° A} A
L — _lHa EHHra _|_ lHa FHva

2 M 4 K '
A R
B N
*
H N
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[A*(P); (A, B)] = ) [ (P —p:i) A¥(p:); (A, B)i]+
=1

[ (ig) TI% VP (P, p1,p2)Au(p1)Ax(p2)o(p1,p2); (A, B) = (C, D)1 Q(E, F)2]
+
[ (ig) TI% (g7*g"* —g"*g7?) Au(p1)Hxp(P2)o(p1,p2); (A, B) = (C, D)1®(E, F)2]
+
[ (ig) TIL +(p1)¥” Y(p2)o(p1,p2); (A, B) = (0, D)1 ® (C,0)2]

and

[H"(P); (A,B)l= > [(ig) (g"*g""—g"*g"?) Ax(p1)Ap(p2)o(p1,p2);
P=pji—+p2

(A,B) = (C,D)1 ® (E, F)2].

N /
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(C,0)

(A.B)

N

(0.D)
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(C,0)

Y A

(A.B)

\ N

(A, B) = (C,0) ® (0, D) = (C, D)w=1, it C # D.
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(C,0)

Y A

(A.B)

\ N

if C # D.

(A, B) = (C,0) ® (0, D) = (C, D)w=1,
if C = D.

(A9 B) — (C’ O) X (OaD) — (19 1)w1 @D (29 2)'w2 @D (39 3)’w39

N

/
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(C,0)

\ N

if C # D.

Y A

(A.B)

(A, B) = (C,0) ® (0, D) = (C, D)w=1,
if C = D.

(A9 B) — (C’ O) X (OaD) — (19 1)w1 @D (29 2)'w2 @D (39 3)’w39

(1,0) ® (0,1) = (1, 1)2/3 S%) (272)—1/3 S%) (373)—1/3
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2
> > > (A!Z%b!) §(ng = A+ B+ C)
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Ngq ng—1 ng—A—B n

> Y > | (na=A+B+0O)
A=0 B=0 C=0

Process Né%L Ncc Ngc (%)
gg — 2g 6561 639 59.1

gg — 3g 59049 4653 68.4

gg — 4g 531441 35169 77.4

gg — 5g 4782969 272835 85.0

gg — 6g | 43046721 2157759 90.4

gg — 7g 387420489 17319837 94.0

gg — 8g 3486784401 140668065 96.4
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Process Né‘%L Ncc Ngc (%)
gg — uu 729 93 93.5
gg — guu 6561 639 91.6
gg — 2guu 59049 4653 92.6
gg — 3guu 531441 35169 94.6
gg — 4guu 4782969 272835 96.4
gg — Sguu 43046721 2157759 97.8
gg — 6guu 387420489 17319837 98.6
gg — cccc 6561 639 99.1
gg — gcccc 59049 4653 98.8
gg — 2gcccc 531441 35169 99.0
gg — 3gcccc 4782969 272835 99.3
gg — 4gcccc 43046721 2157759 99.6
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Process oMC + e (nb) e (%)
gg — Tg (0.53185 + 0.01149)x 102 2.1
gg — 8g (0.33330 + 0.00804)x 103 2.4
gg — 9g (0.17325 4+ 0.00838)x 104 4.8
gg — 5Bgui (0.38044 + 0.01096)x 103 2.8
gg — 3gcécé | (0.95109 4+ 0.02456)x 10 ° 2.6
gg — 4gcécé | (0.81400 4+ 0.02583)x 106 3.2
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Process oniCe £ e (nb) e (%)
gg — Zuugg (0.18948 + 0.00344)x 103 1.8
gg — WTadgg (0.62704 + 0.01458)x 103 2.3
gg — ZZuigg (0.16217 + 0.00420)x 106 2.6
gg —» WTW ~uugg | (0.27526 + 0.00752)x 10> 2.7
dd — Zuiugg (0.38811 4+ 0.00569)x 10> 1.5
dd — W teésgg (0.18765 + 0.00453)x 10> 2.4
dd — ZZgggg (0.99763 4+ 0.02976)x 107 2.9
dd - WTW ~gggg | (0.52355 + 0.01509)x 106 2.9
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Current Status

Single process mode: all SM processes. Only limitation memory and
CPU cost ! to be judged by the user. Experience with as many as 10
particles in the final state.

Summation over processes mode: all SM processes with fl;,,; and
flsin flavors for ’jets’. Only limitation memory and CPU cost ! to be
judged by the user. Parallelism !

Complete generation for pp and pp collisions, including all
sub-processes. We do not exclude any processes!

Interfacing with Pythia, including CKKW-like reweighting and use of

UPVETO a la MLM.

Extra version with HG™ and H~™ couplings
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o

Code Structure

Files: *.f

main mc.f main file
intpar.f integer arithmetic

master.f master file for DS solution

panl.f non-dressed vertices and amplitude calculation

pan2.f dressed vertices

plus several tool-files

HEP - NCSR Democritos
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Files: *.h

® common_int.h
common/helac_int/n,io(20),if1(20)

Files: *.sh to allow for several useful interventions

® ktreweight_yes.sh
cp ktreweight_yes.h

ktreweight.h touch mainmc.f

o
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subdirectory Summation_processes: scripts plus .lhe file

subdirectory pythia-interface: interface, upveto, etc

README : mainly for the single-process mode

Summation processes/README: summation and scripting

K HEP - NCSR Democritos




On line demo -1

e Define your input in user.inp. Let say W + 1jet.
e Type ’sh run.sh user.inp’

e That’s it !

o
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On line demo - 11

e Special try for gg — bEe"‘ueu_I?p,q(j to be called
tt + 2jets

e Please be patient for 2 minutes:
Colour connections =22

Feynman Graphs =384

etc

e Study all EW corrections, interferences, subprocesses,

/
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