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1. Introduction

Collider processes with several parton legs

@ eTe” annihilation into hadrons (LEP, ILC) e wi
g
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(2) Deep inelastic scattering (SLAC, HERA) e e
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Leading order (LO) can be well calculated by some published softwares
in automatic way

Typical ones : MadGraph, CompHep, FeynArts, HELAC/PHEGAS, Alpgen
Hope :
Software to calculate QCD Next-to-Leading order (NLO) in automatic way

(3) Hadron-hadron scattering (Tevatron, LHC)



0 QCD NLO calculation : a simplest example e" e — uu
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Finite NLO: Infrared safety

In the case of several parton legs, it is difficult to obtain |M,_,,|* and to
integrate phase spaces in D dimension analytically because of their too
complicated expressions.

:{> A practical and general procedure 1s found and formulated :

Dipole subtraction

Massless : S.Catani and M.H.Seymour, Nucl.Phys.B485(1997)291
Massive : S.Catani, S.Dittmaier, M.H.Seymour, Z.Trocsanyi, Nucl.Phys.B627(2002)189



O Dipole subtraction
Based on the general property that soft and collinear divergences can be

factorized from their Born amplitude in universal ways
ﬁ\ ?
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NLO : m particles with 1-loop diagram
(m+1) particles with real emssion

LO : m particles in final state

O-NLO — O-real —I_ O-virtua,l
— (Oreal T O-a) —|— (O-virtual _I_ O-a)
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— Finite (Cancelation of 1/€ poles)

Big advantage:

We need |M,..,
Phase space integral is finite

D=4

D=4

*and phase space integral in only D=4 dimension.




O Initial partons o o
Gluon emission from initial partons produces collinear

e e singularity which is not cancelled by virtual correction i, ¢ual

v J

Those singularities should be factorized into
parton distribution function

In dipole subtraction:

o — Oreal T Oy + 0 . :
NLO real virbual 1 2O (Collinear-subtraction counter-term)
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/ d®; Y D, =X+Y X : Collinear divergence from incoming parton
i Y : Others



O Automatization
® Algorithm of dipole subtraction is combinatorics (We will see later)

—> Suitable for automatization

We construct a Mathematica code to prdoduce dipole terms

e Large volume calculation

Example : gg — ttggg

100

100 dipoles : ) D;
1=1

Each dipole : D; ~ V- |My,..(g9 — ttgg)|*
Singular part
Monte Carlo integral : Evaluate (ereal\Q —ZDi) at O(10°) times

:{> Fastest and automatic code to calculate |M!2 numeriacally 1s essential

We take MadGraph as one solution



Our aim 1s to construct a code to calculate QCD NLO corrections by
dipole subtraction in automatic way

Input

99 — ttggyg
(Process at NLO)

— D, —>

Output

MP* =) D;

O-real

— 0, = /dcpm+1 DM|2 — ZDZ-]

\

l

Hadron level cross section

D=4



2. Calculation of dipole terms 8
O Algorithm Example: LO ¢gg — uu
Tnitial (a, i) Final (4, 7) NLO g9 — utig

\@{ @\\% Diagonal
9 AP Moy(g9g9 — uu) =LO
%?%?;@ //\Qgﬁ@n‘g: (Reduced Born)
N
> 1
&\'\j@ Non-Diagonal
> \

/2/\ %\(\/ Mo(g9 — 99)

Initial parton=a,b
Final parton=i,},k

Mo (ug — ug)

Algorithm 1

Choose all possible leg-pair which matches one of the seven patterns
(a,i) or (i,])




Example: NLO g9 — uug Emitter: (7, j) = (1, 3) 9

M . M* Color ‘factor
a .
D 1 W”‘O‘O‘O‘O‘O‘“
b [ g) 3 — Y = 013711413’1 Tr[tatbtctctbta]
2 ——<— 00000 '
+ +
—>— 00000 :
Y — ClS,2A13,2 ) )
LS ICIOIOR Tr(t“ttt*tt
Spectator R [ x(—1) ]
+ Anti-quark

% '

 Spectator — (O3 4 A13.4

Y

< ~00000™
+

e TCCON
Y = CizpAisp

i

= C132(A132 — A131) = D130 ]

+C13,4(A13,0 — A13,1) = D13 g 0 .
+Cla(Arsy — Ars ) = Disy (Color conservation)

Spectator : k 75 i, j




Algorithm 2

2. spectator

k b
1. emitter pair
. b
(3, ) Dij i D,
(k #,7)
(a1 % D
(k # 1) (b # a)




O Dipole formulae and Color linked Born squared (CLBS)

1 ~. ~ Tk; Tz ~. Iy
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S @@1 Dipole splitting function: )
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Pi - Dk -y
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Color linked Born squared :
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® Emitter = gluon case 12

) 11, Tu-Tegen o
Df(p1,p2,p3,paapb)=—2 gg — | ——5"2IV*(u,v)|gg — au),
Pa - P3 L31,a (M) ng _(V)

splitting function:

n
V9 (z,u)k = 16masCy [—g’“’(

1 — 250 wi (1 —uy K z’/ v
b (1) e O ) ooy Y]
’ Tik.a Pi-Pr Nu; L—wu;/ \u; 1 —wuy

CLBS (Color linked Born squared)

1
1 — ik o + uy

_____________________________________

EA fc ~— OO0 — GoloIoR A% (Amputate polarization vector)
K L Y €, p p
~—OO00"

< ~—OQ0




O Mathematica code 13

Input| gg — wug ]| (Process at NLO)

l

Creation of dipole terms
l Calculate D; except for CLBS

Write down all necessary D)

Fortran expression

Code : Search for all allowed combination by

DlPOIG 1 3 do-loops with conditions
\
Bl = My(gg — ua) Dij,k = (quark, gluon, k)
D1pole 1. Do-loop = gluon: j =1 — Ng
l B2 =Molgg = 99)| |5 Do-loop = quark : i = 1 — Ny

Dipole 3 % 3. Do-loop = quark or gluon : k =1 — ng,. # 9,
l ::> D13,2 —> Calculate — | Output

Dipole 4 (Allowed)
l B4 = Mgy (ug — ug)

> time

Number counting



Execution 14

ep=0

0

Input _ Dipole[{g, g}, {u, ubar, g}]

Momentum assign—>NLo: {{g, pa}, (g, pb}} --> {{u, p[1]}, {ubar, p[2]}, {g, P[3]}]
Diagonal —> pipele 1
Born —> wmo=p1: {g, g} --> {u, ubar}
Dijr—> i,k
(ij, k) = (quark, gluon, k) —> Dijkfgk(132)=
4ALCFmBL[1, 3, 2] (2 (p[1].p[2])" +2p[1]).p[2] pP[3].p[2] +p[3].p[2] (P[1].p[3

pll].p[3] (p[1].p[2] +p[3].p[2]) (p[1]-p[3] +p[3].pP[2])
CLBS ——> &=Bi(132)= B1[{{g, pa}, {g, pb}}-->{{u, pijtil[1l, 3]}, {ubar, pktil[2]}}

-pll]-pl3] pl2] +p[1]-p[2] (p[L] +p[3]) +p[23]-p[2] (RP[1] +E[23])
pll].p(2] +p[3].-p[2]

(pll]-pl(2] +p[1]-p[3] +p[3]-p[2]) P[2]

pll].p(2] +p[3].p[2]

Reduced momenta ——> pij(13z)-=

|_::-kr,1323:

Dijkfgk(231)=



. . [Dipolel] : 12
Number of created Dipoles is shown

at the end : BL & 12
Dij,.k : 2
Dij"a : 4
D ai, kK : 4
D~ai,b 2
[DipoleZ] : 3

u — 1 splitting — Bza : 3
Dij, k : 1
Dij*a -
d — d splitting —> B2b : ©
Dij,k : 0
Dij"a : 0

We can use these outputs for checking at this level before full calculation




e Fortran expression
The outputs are converted into FORTRAN expression for the further calculations

bij
2
Use command:  FortranForm[expression]

Inner products:  plé] - p[j] —

Outputs
Dipolefortran
Dijkfgk{132)=(-8+AL+CF+Pi+ (2812 %% 2 + 2+31l2+5823 + 823+ (5813 + 823)) +B1l (1, 3, 2,/

(813 + (812 + 523) « (813 + 223) )

Dijkfgk({231)= (-8B +AL+CF#Pi+ (24812 ++2 + 2+812+513 + 513+ (513 + 823)) «B1 (2, 3, 1))/
(512 + 213) #2323+ (213 + =523))

DijUatgUa{l3a)=
(B+AL.«CF+Pi+ (2+3al ++ 2 + 2+3al+3a3 + 8al »+ 2 - 313+« (Z+3al + sa3d)) «B1 (1, 3, ai) /
(813« (813 - sal - 3a3) ~ (813 + 8a43))



0 Whole structure to calculate M[* - ZDZ- 17

Mathematica Madgraph (Stand Alone)

Input][ gg — uwug |

» ( proc_card.data ) =—— smatrix( {ps}, | M(g99 — UQQ)P )

msqfinite( {ps}, X) [MJ* = (IIT)< CF )(%Y)
= M]* - "D;
; ( )

smatrix mod.f

'D(l,{p5}>;vu,{m})Bul,{m})—/@;@ >B1(1, {ps}) = AT (CFmot) A

dipole.f

{Ps} = fi{ps})

~0007y 4N CoOoo
1 / \ A0S
D(2,1p5}) = —V(2,{ps})B1(2, 1pa}) (%) fooo

/

{51} = fo({ps}) )

: / (2 {Pa}) =




® Emitter = gluon case '8

V. (CLBS)22= V, ,, (CLBS)

Lorentz indices ‘ ‘ circular polarozation indices

Helicity amplitude

<

It can be calculated by Madgraph routine

® Discard of non-existing Born process
NLO: ete™ — uig

We can ask Madgraph to check
whether each reduced Born exist or not

>

This reduced Born does not exist Discard it




3. Summary

Construction of a code to calculate QCD NLO corrections by
dipole subtraction in automatic way

Input Output
— 2
99 — tlggg > D, > | IMIF =D,
(Process at NLO)

Write down all necessary D, Calculate CLBS

Calculate D; except for CLBS
Mathematica MadGraph mod

O Plan

® Compeleted code will be published

® Automatization to parton and hadron level cross section



