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What we will see at the LHC...
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... and how we understand it

[Frank Krauss]

Aspects:

® Hard scattering
® Parton shower
® Hadronization
® Underlying event

® Perturbation theory
® MC-Tools like Herwig
and Phythia



The perturbative part

000~ @0,

Parton-parton scattering

® The matrix elements describing the transition ij 2> X
are calculable in perturbation theory

How do we calculate the corresponding hadronic cross sections

?



Simplified picture of the hadronic cross section
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Parton = constituent
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QCD improved parton model
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Partonic cross section

Next-to-leading order
(NLO)

JZRel a I I°8

(n+1)-legs, real corrections

Ngxt-to-next-to-leading
order (NNLO)



Pictorial representation of amplitudes

Born approximation

1-loop approximation

> Complex functions
of the kinematics

2-loop approximation

d’p;  Phase space
j 9\[2s/8pa+pb_(pl+p2 ))H 2E; integral



Current state of the art 9

® | eading-order:

2 - 8 + n processes calculable in automated way

Drawback: matrix element evaluation and phase
space evaluation might be slow

Note: many phase space points needed for good accuracy (high dim. phase space integrals)
® Next-to-leading:

2 - 3 processes feasible with current technology, no true
2 2 4 process @ NLO currently available for LHC

® Next-to-next-to-leading order:

2->1 processes can be done, do we need NNLO for 2->2?



Les Houches wishlist

NLO

Physics at TeV Colliders

Les Houches, 11-29 June 2007

Les Houches 07 wishlist

process
(V e {ZW,4})

# groups

working on

pp — tt + 2]ets

pp— WWW

pp — VVbb

pp— V'V 42jets

pp — V + 3jets

bbbb

.99 — WHW™* (NLO, 2 loops)

10 EW corrections to VBF

11. NNLO to VBF, tt, Z/~+jet, W+jet

CD.OO .‘\'.‘DFJ"P*PO!\J.—‘

- N

—

[Heinrich 07]

- High demand for one-loop calculations for the LHC



A concrete example:

pp 2 tt+ 1 Jet
@ NLO
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Motivation: Topquark as background for Higgs search |

Higgs search at LHC

“Weak Boson Fusion” (WBF)

w

Q

= 1 H - vy

8 ILdt:30ﬂ) = (tH(H — bb) W\ H //W
b= (no K-factors) A H o 77 a1 \ <

E” ATLAS H - WW" = vy W / .

= 107 = qqH - qqWW® 4 Sw
g I A qqH — qq7t

=1]

n ___ Total significance

Background processes:

channel et .e%’ﬁ et T eief’. Hu

10 w/minijet veto w/minijet veto
L 70 < my, < 300 GeV 1.90 1.69 1.56 1.39
SM, rj, = 155 GeV 5.60 4.98 4.45 396
17 0.086 0.025 0.086 0.025
1 759 2.20 6.45 187
1jj 0.83 0.24 0.72 0.21
single-top (& ) 0.020 0.015 0.016 0.012
bbjj 0.010 0.003 0.003 0.001
QCD WW jj 0.448 0.130 0.390 0.113
./ EW WWjj 0.269 0.202 0.239 0.179
L S 20T 2 D <l T I e | e
100 120 140 160 180 200 , acD £4)j ~ ~ 0114 0.033
my (GeV/c?) EW 4] - - 0.011 0.008
total bkg 9.40 287 8.04 249
[At|as] S/B 1/5.0 117 1/5.1 1.8

£2P8[ 1] 65 25 .8 . 32
[Alves, Eboli, Plehn, Rainwater ’04]

- Precise predictions for pp =2 t t + 1-Jet are important
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Side remark: New physics search at the LHC

LHC-Physics = Standardmodell + X
s

new physics

X = LHC-Physics — Standardmodell

Experiment Theory prediction



Scattering amplitudes for ij > t? + 1Jet

Q.
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Methods to calculate scattering amplitudes (LO)

1. Analytically by hand on a piece of paper
2. Analytically using computer algebra

3. purely numerical

Lets take a closer look to see how it works by hand and why
we don’t want to do it that way



A simple example how to do it by hand
7T = k) (—1)gsv.T"v(ks)
_l-g,uVSab
(kt+kf)2+i8

v(kg) (_i)gvaTb”(kq)

= igh k) YT V()P YT ulky

kq k;
>GGGGGGMG(<
kq kz

TP = bk YT v(k)o(ke) T ulky)

X V(k) 'YuTbu(kt)ﬁ(kq)YuTbV(ké)
Color is not observerd - average over incoming color, sum over outgoing

v Lira d(T)i(T?)a(T) 3q(T?) gg = 52 Tr[TTP)Tr[TT?] =

11 1 1 _ 1 2
V220ab30%ab = 32000 = gz(N"— 1)



A simple example how to do it by hand (cont'd)

If spin is not observed: average over incoming sum over outgoing

Use: Yo tto ke, s)iap(keys) = (f+m)og
Y s va(ks,s)vp ks, s) = (ks —m)ap

YT~ Iér +m)ap(W)por (Kr — m) oy (V) o Ka) oy (Y e (Kg Jes (¥ p

=gz‘slzrrwa+m>vv<kf—mm]Tr[WM

Calculating the traces gives:

LIT|” ~ gip4(2+ (2 = 1)B%)s”

z cosine of the scattering angle, f =1/1 — veIOC|ty



A simple example how to do it by hand (cont'd)

Last step to obtain total cross section: phase space integral

3 37
S(ky+ kg — (ki + ki) ) 255" = 1ezBdz

The differential (partonic) cross section becomes:
1 1 N>—1 41

42+ (2 — 1)) ——Pdz

dc,. =
44 25 2.2 4AN2 o8¢ 16
1
= §WOC?B(2+ (% —1)p*)dz
S 4m?
Ocs—f—n, z=cos(0), B= 1—T



What are the problems
when going to more
complicated processes

?
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A simple example how to do it by hand

kq k;
>GGGGGGMG(<
kq kz

.1
T = &5 (kt)’YyT"_ )N @ T

b
X kt a@ﬁ%@s) YuT )
Color is not observerd - average over incoming color, sum over outgoing

7 Nzﬁqq(Ta)n(Tb o Ta)é,\q@% = r[TTP|\Tr[T°T?) =
52 8up3 b —1)
N22%Yab?%a 4N2 f’ﬁd\ce4zv2

;;56



A simple example how to do it by hand (cont'd)

If spin is not observed: average over incoming sum over outgoing

Use: Yo tto ke, s)iap(keys) = (f+m)og
Y s va(ks,s)vp ks, s) = (ks —m)ap

065

YITP~e kt+m>aﬁ<vv>w<kfcsgﬁmmg Mo e (K)s e

= gs 2Tr kr‘f‘l{&"éW@kﬂ o in )Y Tr gy kY]

Calculating the trace gives: \eS

a“a‘o

Y72~ g L@ (2 — 1)p2)s?
‘\0“0\\

z cosine of the scattering angle, f =1/1 — veloc:lty



A simple example how to do it by hand (cont'd)

Last step to obtain cross section: phase space integral

“ca‘.ed
6& omP
Bk, + k- (fsst 60aBT TR

ore Paﬂ‘c‘es

mo
The differential (partonic) cross section becomes:

1 1 N*—1 4,1

252.2 4N2 8 §2

= émﬁﬁ(ﬂ (z*—1)B*)dz

42+ (2 —1)p*)s? —de

dOgq = 167




One solution: Use computer algebra

Generate diagrams [QGRAF. Feynarts]
(- Topologies)

Algebraic expressions

(= Maple, Mathematica, Form) . .
explicit representation

* of the spinors and €’s

Analytic expressions for amplitudes

for specific helicty configurations evaluate it (k)u(k)

t numerically

Evaluate amplitude numerically

as complex number using C/C++ or Fortran,
calculate the square numerically




Another approach: Completely numerical approach

Two common approaches for amplitude calculations:

1. Feynman diagram based i.e. Madgraph,... [Long, Stelzer '94]

2. Use recurrence relation i.e. Alpgen,... [Mangano et al]

In 1. for every diagram a code is generated to
evaluate it numerically

In 2. amplitudes are calculated from simpler
objects via recurrence relation

—> some progress recently from string inspired methods

Want to use it as a black box - don’t care what is inside!

We care about speed and numerical accuracy!



Example Madgraph

[o] uwer on ttpodo: /usersittp/uwer

uwerBEttpodo : “madzraph
"Eo of" "3 (R 5 "%
"0 o"% Qoo ooo F + " 0o o000 (luln] 00 000 % ooo
T "o" % " T % "% + " " + T % L +
F " % o""""E % ¥ + R E o't E K K +
oo ofo  "ooo'"Fo "ooo'"$o "oooo " ofoo "goo"$o0 F'"ooo" oo ofo
T
o o OO000000000000000000000000
"o o™ +
"oo oo™" u] E
e aofoo %
o"" "o T +
oo "oo

standard Model particles include:

Quarks : duschtd o’ s™c™ b™ t™
Leptons: e- mu— ta- e+ mu+ ta+ we wvm vt we™ wm™ wt™
Eosons: g a z w+ w- h
Enter process you would like calculated in the form e+ e—- - a.
{{return> to exit MadGraph.)
- g ->tthg

ttempting Frocess: g 2 —-* t t™ g
nter the number of QCD wertices hetween 3 and 3 (3):

he number of QFD wertices 1s O
o FD possible 311 QCD ok?:

HEnter a name to identify process (gg_tthg):

Generating diagrams for 8 external legs
There are 18 graphs.

Writing Feynman graphs in file gz ttho.ps

Feduced color matrix 15 15

Writing function GG_TTEBG in file gz ttho.f.



Example Madgraph — Output

[o] uwer on ttpodo: /usersittp/uwer
REAL*S FUNCTION SGG_TTBG(PL, P2, P3, P4, PS)

C
C FUNCTION GEMERATED BY MADGRAPH
C RETURNS AMFLITUDE SQUARED SUMMED/AVG OVER COLORS
C AND HELICITIES
C FOR THE POINT IN FHASE SPACE P1,PZ,F3,P4,...
C
C FOR PROCESS : g g -> t t g
C
IMPLICIT MOME
C
C CONSTANTS
C
INTEGER NEXTERNAL,  NCOMB
PARAMETER (NEXTERMAL=5, MCOMB= 32)
C
C ARGUMENTS
C
REAL*S P1{0:3),P2(0:3) ,P3(0:3),P4(0:3),P5(0:3)
C
C LOCAL YARIABLES
C

INTEGER HHEL {MEXTERNAL ,HCOME} ,HTRY

REAL*E T
REAL*E GL_TTEG

INTEGER IHEL

LOGICAL GOODHEL (HCOME )

0DATA GOODHEL AMCOME* .FALSE ./
DATA MTRY/ DS

DATA (MHEL{IHEL, 1),IHEL=1,5) / -1, -1, -1, -1, -1/
DATA (MHEL(IHEL, 2),IHEL=1,5) ~ -1, -1, -1, -1, 1/
DATA (MHEL(IHEL, 3),IHEL=1,5) / -1, -1, -1, 1, -1/
DATA (MHEL(IHEL, 4),IHEL=1,5) ~ -1, -1, -1, 1, 1/
DATA (MHEL(IHEL, S),IHEL=1,5) / -1, -1, 41, -1, -1/
DATA (NHEL(IHEL, &),IHEL=1,5) / -1, -1, 41, -1, 1/
DATA (NHEL(IHEL, 7),IHEL=1,5) / -1, -1, 41, 1, -1/
DATA (NHEL{IHEL, &),IHEL=1,5) / -1, -1, 41, 1, 1/
M Te FRILDED F TUEL % TLULEI —4 E O | el . | | .




Example Madgraph — Output

C
C ARGUMENTS
C

REAL*E PL({0:3),P2(0:3),P3(0:3),P4(0:3),P5(0:3)
INTEGER MHEL {MEXTERNAL )

LOCAL WARIAEBLES

INTEGEE I,J
REAL*S EIGEN_VAL({MEIGEM), EIGEM_WEC(NGRAPHS,NEIGEM)
COMFLEX*1E ZTEMF

COMPLEX*16 AMP { NGRAPHS )
COMPLEX*16 Wi(6) , WZ(6) , WA(6E) , WA(6) , WI(A)
COMPLEX*16 W&(6) , W7(6) , Ws(6) , WI(6) , WLO(&)
COMPLEX*16 WA1(6) , WiZ(6) , WAZ(E) , Wi4(6) , WIG(G)
COMPLEX*16 WiG(E) , WA7(6) , WAB(E) , WIS(R) , WZ0(&)
COMPLEX*16 W2Z1(6) , W2Z(G) , WZ3(R)

C

C GLOBAL ¥

C

REAL*E GGLZ), G
COMMOM ACOUPLCDS GG, E
REAL*E FMASSI12), FWIDTH(1Z)
COMMOM AFERMIONSS FHMASS, FWIDTH

C

C COLOR D

C
DATA EIGEM_WAL(1 )/ 1.0416666EE6EEEEE0D-01
DATA EIGEM_WEC(1 ,1 )/ 0, 000000200 00000000+00
DATA EIGEM_WEC(Z ,1 )/ 0, 00000000000000000+00
DATA EIGEM_WEC(3 ,1 )/ -4.082482904635863410-01 ~
DATA EIGEN_WEC(4 ,1 )/ -4.08248290463862680-01 /
DATA EIGEMN_VEC(S ,1 )/ -4.08248290463863130-01 7
DATA EIGEM_VEC(E ,1 )/ 0, 000000200 00000000+00 /

Input: QCD coupling
+ masses and widths



Example Madgraph — Output

[o] uwer on ttpodo: /usersittp/uwer

DAaTa EIGEN_WEC(14 ,6 )/ -1.19419387789656160-01 /
DATA EIGENM_VWEC(1S ,6 )/ -Z.38838775579312300-01 7
DATA EIGEN_WEC(16 ,6 3}/ 2.38838775579312300-01 /
DATA EIGENM_VEC(17 ,6 Z.60997527528039790-01 ~
DATA EIGEN_WEC(1& ,6 ]}/ —4.99836303107352330-01 7

C

C BEGIW CODE

C o

CALL WHXXXXiP1 , ZERO,NHEL({1 J,-1,W1 )

CALL WXXXXX{PZ , ZERO,NHEL({Z },-1,WZ )

CALL OXXXXX(P3 ,FMASS(41 ) ,NHEL{Z ), 1,W3 1
CALL IXXXXX{P4 ,FMASS{44 },NHEL{4 ),-1,W4

CALL WXXXXX(P5 , ZERO,NHEL(S ), 1,W5 )

CALL FVOXXX{W3 W2 ,GG,FMASS(11 ) ,FWIDTH(11 1,06 )

CALL JIOXXX(W4 W6 .GG,ZERD SEET=G
CALL BGGXXX(WS Wl U7 ,G,)
CALL FVIXXX(W4 WL .GG,FrASEved=FUIOTH(1L ) W8 )

CALL JGGXXX{WS W2 ,G,W3 )
CALL IOVXXX(WS W3 ,W9 G0
CALL FYOXXX(W3 W5 ,GG,FMAS
CALL IOVXXX{WS W10 ,WZ G5
CALL FYOXXX(WE W1 GG, FMASSNbdearf WIDTH(11 ), W11 ) 2
CALL IOVXXX(W4 Wil ,WS ,G5,AMF(4 )
CALL IOVXXX(Wg W6 WS ,GG,AMP(S 1))
CALL FYWIXXX(W4 W2 ,GG,FMASS(11 ) ,FWIDTH(1d ),WdZ )
CALL JGGXXX(WS W1 ,G,W13 )
CALL IOVXXX(W1Z ,W3 ,Wi3 ,GG,AMP(E ) 1
CALL FYOXXX(W3 W1 ,GG,FMASS(11 ) ,FWIDTH(11 ),Wi4 )
CALL JIOXXX{W4 W14 ,GG,ZERO,ZERD,W1S )
CALL GGEGXXX(WS W2 W15 ,G,AMP(7 )
CALL IOVXXX(W1Z W10 W1 ,GG,AMP(S )
CALL FYOXXX(W14 ,WZ ,GG,FMASS(11 ) ,FWIDTH(11 ),W1& )
CALL IOVXXX(W4 W16 WS ,GG,AMP(I )
CALL IOVXXX(W1Z W14 ,WS ,G5,AMF{10 )
CALL JIOXXX(W4 W3 ,GG,ZERO,ZERO,WLT7 )
CALL GEGXXX(WA3 W2 ,Wi7 ,G,AMP(1d ))
CALL GGGXXX(WL W9 W17 ,G,AMP(1Z2 ))
CALL JGGXXX{WL W2 ,G,Wis ) 2
CALL FYWIXXX(W4 W18 ,GG,FMASS(11 ) ,FWIDTH(11 ), W19 )
CALL IOVXXX(W19 W3 ,WS ,GG,AMP{13 )
CALL FYOXXX(W3 W18 ,GG,FMASS(11 ) ,FWIDTH(11 ), W20 )
CALL IOVXXX(W4 W20 WS ,GG,AMP(1d )
CALL GGEGXXX(WS W17 W18 ,G,AMP(15 ))
CALL JGGEXX{WL W2 W5 ,G,W21 )
CALL IOVXXX(W4 W3 Wzl ,GG,AMP(16 )
CALL JGGGXX(WS Wi W2 ,G,l22 )
CALL IOVXXX(W4 W3 ,W2Z ,GG,AMF(17 )
CALL JGGGXX(WZ WS Wi ,G,WZ3 )
CALL IOVXXX(W4 W3 ,W23 ,G5,AMF(18 )
GG_TTBG = 0.00
DO I = 4, NEIGEN

ZTEMP = (0.0D0,0.00)

DO J = 1, NGRAPHS

ZTEMF = ZTEMP + EIGEN_WEC(T,I)*AMP(T)

EMDDO

GG_TTBG =GG_TTBG+ZTEMP*EIGEN_VAL (I )*CONIG(ZTEMP)
ENDDO
CALL GAUGECHECK {AMP ,ZTEMP ,EIGEM_VEC ,EIGEN_VAL , NGRAFPHS ,MEIGEN)

1)
WIDTH(11 ) ,Wi0 )
1)

graph 4

5 1 4
t
4 3
t
3 2 )
1 graph 2
4 1 5
t
5 { 3
t
3 2 4
graph 6

Postscript figure also produced
by Madgraph



What about phase space integration ?

® High dimensional for multiparton processes (i.e. 5 for 2->3)

® \Want to include arbitrary cuts / observables

- Do integration numerically using Monte Carlo techniques

Basic idea:
(X) f(%) |« f(%)
d"xf( /d" — )y A — —
/ f x <p(x)>l3 N;p(xl)
p with [ d"xp(X) =1 can be tuned to the integrand

- Computer Code (F77) i.e. Vegas by Lepage
call vegas(ndim, fxn, avg, sd, chi2)

integrates fxn over [0, 1]dm



Missing piece: mapping [0,1]" = dLIPS

dLIPS = lorentz invariant phase space measure

d3k
dLIPS ~ 8(p; + p; — Zk

® Flat mapping:
RAMBO by Ellis, Kleiss, Stirling

SUBROUTINE RAMBO(N,ET,XM,P,WT)
disadvantage: flat and [0,1]*" = dLIPS

® Sequential splitting

L L

[O, 1 ]3”'4 > dLIPS [Book: Byckling,Kajantie p. 273]

: : Adopt MC to structure of the integrand
® Multi channel algorlthms by using different mappings in parallel




Last missing piece: Parton distribution functions

Remember:
do(p+p—tt+ ljet+ X) =

Z/dil?ldSCQFi(ZBl, ,LL2)Fj(3727 :LLQ)
]
X d6;j(i(x1Pr) + j(z2Ps) — ttg(q))

—> 2 additional integration over x ,x,, no problem in MC approach

How to evaluate the PDF’s ?

- use LHAPDF, MRST/MSTW or CTEQ code

Subroutine SetCtq6 (Iset)

CTEQ:
. Function Ctq6Pdf (Iparton, X, Q)

} Cteq6Pdf-2007.f



Topquark pair production + 1 Jet (Born)

orolpb] [~ pp— tEHjet+X CTEQOL1
Vs =14TeV |
1000': PTjet = ZDGBV'-
| ] Large scale dependence
(~100%)
100 o e
_________ titﬁ > we need NLO
P :
9 LHC
0.1 1 10
pfm
— o Ol but — =0
1o = %) B(os(1) 7

Perturbation theory:

6 = Oﬁs(,u)?’do—I— Ocs(y)4(a(1)+a%ln (%)) + ..

Born one-loop corrections



ne-loop diagrams

0000000

R

995999 500999,
=
El
R
5600

R
Wy S
000 Ko

5

o
1=3
%‘EGGE@G

- ~350 diagrams

Computer-Algebra

numerical methods



Diagram generation with QGRAF

Model file (output) style file

~N

QGRAF [ Process info:

l ggraf.dat

File with all Feynman diagrams



Diagram generation with QGRAF: Input

(] uwer on ttpodo: /... X [o] uwer on ttpodo: /usersittp/uwer/projekt... 4

uwerBttpodo::includemore god-1.1
* propagators

[Qqu:_]
[t,th,-]
[g,2,+]

¥ oywertlces

Lob,q,z]
[th,t,z]
[z,2,2]
[g,2,2,2]

uwerBttpodo ::include |}

Model file

uwerBttpodo :includesmore myform-1.0.sty
Cprologues
#

* file generated by <program:
0
¥ style-file: myform-1.0.sty
#
{prologue_loop>* <data>
<end>#
<diagrams>

<hack>
1 a<diagram_index>:i=
(<sign»<{symmetry_factor>)*
Cleg_loop> ei<leg_momentum?,i{50+({field_index>)})*

{endr<{propagator_loop> <Fieldrproplif{B0+(<field_index>)},
Chack>i {80+ (<dual_field_index> )3 ,<momentums )*
Cend><{vertex_loop>» wrtxi<sub_loop>ri{S0+(<Ffield_index>)3},
<{hack><end><back>)*

Cendr<hack><back> ;

<eplloguer

* and
Cexits

uwerBttpodo :include|

style file



Diagram generation with QGRAF: Output LO

[o] uwer on ttpodo: /usersittp/uwer/proj... %

vwerBttpodo::autormore ggtthe . .ggraf

file generated by ggraf 2.0
style-file: myform-1.0.sty

output 'LSlncludesavtosggtthe .geraf
style LAlncludesmyform-1.0.sty " ;
model = ' . Sincludesged-1.1" ; v .
in = glpil, glp2] ; gtition of |npUt
out = glp3], tlkgl, thlkghl;

loops = 0

loop_momentum = 1

options = notadp,onshell;

HOE K E XK X XK K X K X ¥ XX

1 a1:=

(+1 )%

eipl,ii50+(-1)
elpz,1i50+(-3)
e(p3,1{00+(-2)
E(kq,1{50+i -4
elkoh,i{50+(-6
gpFDp(1{50+(1J
wvirtx ([ 1§£50+(-4)
wirtx(1{50+(-1)

13 ko+koh )
B13,1450+(1)3 )%
303,150+ (-203 ,1£50+(203 ) ; OUtDUt

£50+
504+

i)
i)
i)
1)
13
3,1
3,1
3,1

l—'l—'l—'“—****%

€SD+(2

1 a2:=
(+1 )%
elpl,i{i50+(-
elpz,1{80+(-
el(p3,1{50+(-
elkog,1{50+(-
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Diagram generation with QGRAF: Output NLO

polarisation
vectors

propagators,

vertices

[o] uwer on ttpodo: lusersittp/uwer/projekt...

[#l[«][s]EIX
uwerBttpodo :autormore diags.ggraf

No tadpols

file generated by geraf 2.0

style-file: myform-1.0.sty
output = ' .Sincludesautosdiags . gerat’
style = '.Afincludesmyform-1.0.sty’' ;3

model = '.Sincludesged-1.1"
in = glpi1l, glpzl ;

¥ g =g I3], t[kq], th [ ko™

*m o corrections

# i = = .

. options notadp, Dnshell " eXternaI ||neS

T ___—" dummy index i49

elpl,it50+(-1
elpZ,i{50+(-3
elp3,1i{00+(-2
el(kg,i{50+(-4
elkgb,i {50+
(1£50+(
(1£50+(
gproplli50+(
wrtx (1 £90+( -
virtx (1 £504( -
wirtx (1 £90+(4

KK K E X K X X

Q

TEE0+(1L)F 1% 73 T EL
1§50+(-2)3,1{50+(3)3 )% snail
50+(5)3 4 (504 (6)3) ;

13
13
13
13
6)
13
13
13
13
13,
E

1
3
5
4
1
)

1 a2:=
[+1/2 )%
elpl 1{56+§—i)})*

—Mare-—{0%]

al could be suppressed by option nosnail



Diagram generation with QGRAF: Output NLO

[o] uwer on ttpodo: /usersittp/uwer/projekt...

elko,1{50+(-413)*
eikgh,1{50+(-613 )%
tproplii50+(1)} ,1{50+(2)3
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pentagon
diagram
/
9 propagators containing
op momenta

pentagon diagrams are the most complicated once
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More on pentagon diagrams

pl g:--C'_'-?:'-:'-C':’_’JYCT-&?E-Q".“_*__- t p[
b

I :a‘_‘:
I:D

¥
k
I’D

=]
Ol ﬁ_l':_.‘._f" 15_&_'3_5‘_@_.‘5— —— + _
P2 g %

loop momenta appears
In numerator - tensor integrale

OO g P3
/

/!
ﬂi — /ddg u(plap%p?nptapt_ag)
(224 ie) (0 + p1)2+ie) ((C+ p1 — p,)2 — m2 + ie)

1 1
(6 — p1+ pi)? —mi +i€) (£ — p2)* + i€)

T

loop integration needs to be done in d dimensions to
regulate UV and IR singularities

—->complicated complex function of 5 variables, i.e. 5ij = 2pi- pj



How to calculate the loop diagrams ?

many diagrams many topologies

l

many different tensor integrals

l

we cannot calculate every tensor integral analytically by hand

Solution:

Tensor integrals can be expressed in terms
of a small set of scalar “master integrals”



Tensor reduction a la Passarino & Veltman

Passarino-Veltman 4@7

14
d/ - = pub
/ (0> —m3+ie)((£ + p)*> — m* +ig) Put

Contract with p Terms in red add up to zero

/dd/2+2p€+p —mi — (0* —mg) +mi —mg— p*

2
= p°B
(C—m2tie)({+p)? —m? +ie) P

1
— p°B| = 5 (A(mo) —A(my) + (m%—mg—Pz)Bo>

Scalar integrals:

A(m) = / dlp—! 1

By= [ d"
2 —m?+ig 0 / (02 —m} +i€) (L + p)* — m? + i)




Passarino-Veltman reduction (cont'd)

1

B =—
1 2]?2

(Alm0) = Am) + - )50

> problematic for p*> — 0

Analytically the limit “0/0” can be taken, numerically it might
result in severe instabilities

General problem:

Numerical stable and efficient calculation
of tensor integrals

Basic version of Passarino-Veltman implemented in LoopTools



Improvement of Passarino-Veltman

[Denner, Dittmaier and others]

® Derive special reduction formulae for problematic
phase space regions

® Special reductions for 5- and 6-point tensor integrals

Remark about scalar integrals:

® Only 1-,2-,3-,and 4-point scalar integrals needed,
higher point integrals can be reduced

® Evaluation of scalar integrals can be assumed as
solved



Alternative reduction procedure — first step

From Schwinger or Feynman parametrization
of tensor integrals:
/d€ gﬂl g,ur
(04 @) =m)((C+ q2)* —=m3) ... (€ + qn)* — m7)

1
Z 5(2)\+ZZ’i—T)< 2) Zl an{gA 21. .qfln 1 .- o

AyZ1yeens Zn )

x I(d+2(m —X), {1+ z}) [Davydychev]

—> Reduction of tensor integrals to scalar integrals
with raised powers of the propagators and in
higher dimensions!
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Alternative reduction procedure — second step

Integration-by-parts (IBP) [Chetyrkin, Kataev, Tkachov]

/ddg J {@u’p,u} —0
af'u (62—m%+i8)((€+p)2—m%+ig) -

—> Linear relation between different scalar integrals with
raised powers of the propagators

Problematic phase points can be studied systematically



General feature of the reduction

/ » ppee
(2 +ie)((+ p1)* +ie)((L+ p1 — p)? — mi +ig)
| |
(f — D1 —|-pf)2 — mtz + iS) ((f — p2)2 + iS)
=Y {pip2pipif™ L,

X(

—> apart from the presence of I, calculation is similar
to leading-order calculation

Same techniques:

helicity basis, numerical evalualtion of spinor products,
numerical evaluation of amplitude



Forpp 2 tt+ 1Jet we used:

1.) Impoved Passarino-Veltman reduction, Feynarts, F77
2.) 2-loop inspired techniques (IBP), QGRAF, C++

— F77/C++ library to calculate tensor integrals

Methods completely general, also applicable to other processes



Real corrections

Note: Virtual corrections contain UV and IR singularities
UV singularities are cancelled via the renormalization procedure

IR singularities are cancelled by real corrections

[0+ [ | @S

(n+1)-legs, real corrections

divergent divergent

1 1 1
< (p1+p2)? 2pipa 2E1E>(1—cos(8y,))



Real corrections (cont'd)

® In the real corrections the singularity is produced by the
phase space integration over soft and collinear regions

® \When we use dimensional regularization for the virtual
corrections the same has to be done for the real
corrections

® d dimensional integration of the phase space integrals
in general not feasible

Solution:

Subtraction Method

[Catani,Seymour,...]



Real corrections: Dipole subtraction method

— Add and subtract a counterterm which is easy enough
to be integrated analytically:

/004 d:z:lf(a?)aze

X

= [ e @) - fO) + L fO)

X

_ +%f+4g&ﬂ@—fmﬂ+0@

€ xXr
V\

Can be done numerically

Construction of subtraction for real corrections more involved,
Fortunately a general solution exists:

- Dipole subtraction formalism



Dipole subtraction method (2)

[Frixione,Kunszt,Signer 95, Catani,Seymour "96, Nason,Oleari 98

HOW |t WOFkS in pl’aCtiSG' Phaf, Weinzierl, Catani,Dittmaier,Seymour, Trocsanyi '02]

ONLO —/ O-real_l_/ Ovirt. —|—/d$/ Ufact )
m—+1

ONLO :/ [Ureal_asub]+/ [Uvu"t +Osub /dx/ Ufact +Usub( )]
Jm+1 , Y

~
finite ﬁnlte ﬁnlte

Requirements:

0= —/ Osub—l—/ O'Slub—|—/d56/ 5sub(x)
m—+1 m m

Osub — Oreal in all single-unresolved regions

Due to universality of soft and collinear factorization,
general algorithms to construct subtractions exist

Recently: NNLO algorithm  [Daleo, Gehrmann, Gehrmann-de Ridder, Glover, Heinrich, Maitre]



Dipole subtraction method (3)

Universal structure:

Cab= Y Diji(pi,DjPk)
dipoles

Generic form of individual dipol:

Leading-order amplitudes
Vector in color space
L *\

| 7 T, -T;; -
Q)ij;k: — 2 ‘L UVz]k l]a k )

(p; + p]

Color charge operators, Spin dependent part,
induce color correlation _ induces spin correlation

Example gg->ttgg: 6 different colorstructures in LO, (T°T°T¢);;
36 (singular) dipoles Psigs.t>- -



Example

For gg—->ttgg the LO amplitude gg—>ttg is required:

(TalTazTa3) fA(ph}\‘l?pZ?}\‘Z?p?n 7\37ptast7pfa Sf)

[
|p17p27pt7pt_7p3> — (TalTa3Ta2)t_tA(pla7‘“17P377‘“37p27kZaptastapfa St_)

- Six component vector in color space



Dipole subtraction method — implementation

[0] emacs@pcth188.cern.ch

File Edit Options Buffers Tools C++ Help

_ LO — amplitude,
oo ox O 8 o WG F? - with colour information,

double ggttgg counterterm{const wector<FourMomentoms»& mmﬂmﬂntﬂ?'fi : :
£ l.e. correlations

static ggtty ggttbgamplituode; 4:%—'
static Correlator correlator (ggttgamplitude)

static Dipole d[36] =
FF FinalFinal:
Dipole(2,4,3), Dipole(Z,
Dipole(3, 4, 2), Dipole (3,
Dipolefd, 5, 23, Dipoled
FAiFinallnitial:
Dipole(2,4,0), Dipole(Z,
Dipole(3,4,0), Dipolef
Dipolefd, 5, 0%, Dipoleid,
FF InitialFinal:
Dipole(0,4, 2}, Dipolei0.4,3), Dipolef0,4.5), Dipole(0,5, 2}, 1
Dipole(0,5, 33, Dipolei0.5,4), Dipoledl, 4,23, Dipole(l,d, 3},
Dipolefl,4,5), Dipole(l,5, 23, Dipole(l,5,3), Dipole{l,5. 4},
Ff Intiallntial:
Dipole(0,4,1), Dipole0,5,1), Dipoleil,4,0), Dipole(l, 5, 0) — Q) 15.0

)

Jh-l'.n.'l[\:\

gg S el e List of dipoles we
| | </ want to calculate
Dipole2, 5,03, Dipole(Z2,5, 1},

LA,
.4.1%. Dipole{3.5 0y, Dipole (3,5, 1},
15 2

Jhl'.q.'lli\:\

i

0 5

SplittingKernels splittings (momenta, particles);

dovhle sum 0. ;

for (ot 4 = 0 1036, 200y reduced kinematics,
splittings Kernel(d[i]); <o “tilde momenta’

correlator. EvalfDipoleid[i]};
sum += d[i].walue; <~

i

returnl sum ) ;

i
F
--:-- Dipoles.cpp 3:44PM 0. 02 (G++ Bbbrewvw)--L26--C0--A1)--—-—----—- |

—  Dipole d.




Topquarkpaar + 1-Jet-Production (NLO)

[Dittmaier, Uwer, Weinzierl, Phys. Rev. Lett. 98:262002, ‘07]

6 — 1500 ——
o [pb] pp — tt+jet+X a[pb] T
Tevtron - o | LHC pp — ti+jet+X
5 Vs =196TeV Vs = 14 TeV
PT et > 20GeV L DT et > 20CGeV
b - 1000 | ;
. ——  NLO (CTEQ6M)
; LO (CTEQ6L1)
[]
5 500 |
1 — NLO (CTEQ6M)
--------- LO (CTEQ6L1)
D L L " PR S T S | M i i R T T D N " . PR | " " L PR S T
0.1 1 10 0.1 1 10
/my, p/my,

6 = alp)* ag+ olpr)* (@) +ajIn (£ )) -
® scale dependence is improved
® tools are completely general: arbitrary infrared save
observables are calculable (=work in progress)



Differential distributions

Pseudo rapidity

(i) )
1000 3
004 __[Dittmaier, Uwer, Weinzierl 07 :
At pp — tt+jet+X
00z ¥ Ji=196Tev] '
0 PTjet > 20GeV i LO
| — NLO
—0.02 + . 10
—0.04} . pp — tt +jet + X
- V5 = 1.96 TeV
~0.06 | | -
-4 -3 =2 -1 0 1 2 3 4
008t e e ] 2.0 . . . : ; : :
' - —— K = NLO/LO
01l ——— NLO (CTEQ6M) | Lo T
LO (CTEQS6L1) 1.0
_012 : - i . . e 0.5 | ] ] | | ] |
0.1 1 10 -4 -3 -2 -1 0 1 2 3 4

p/my 0
-=> currently studied at the Tevatron






