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Part I

Goals and perspectives
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Goals for HO calculations

Challenges in NLO - NNLO

Challeng e

Problem
HO perturbative QFT is a
rather challenging field
requiring:
clever ideas and algorithms

Example

�
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� �
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Solutions
importing new ideas
from twistor
developments into QCD

new ideas from QCD
into EW physics to
confront the practical
difficulties there,

especially as concerns
massive Feynman
diagrams.
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Goals for HO calculations

Comple xity in N...NLO

Comple xity of an NLO(NNLO) process

(1, 2, 3,)
1 A variety of important

processes will benefit
from NLO(NNLO)
computations

2 some in conjuction with
resummation of large
logs

3 Ideally, one would like a
NLO(NNLO) program
that mimic the
experimental situation

Comple xity: n � growth

Different amplitudes interfere

(a, b, c,)
1 virtual � tree
2 virtual � real
3 real � real

Example

(b) (c)(a)
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Goals for HO calculations

Flowchar ting NNLO

NNLO flo wchar t
Feynman

Rules
Feynman
Diagrams

One
Loop

Symbolic
Packages

One
Loop

Two
Loop

IR
Configurations

Full
Amplitude

Renormalization

Numerical
Integration

Tensor
Reduction

Monte
Carlo

Clever
Algorithms

Generalized
Smoothness Sector

Decomposition

Theorem

Denner - Dittmaier [2005]: you work in vain if you don’t get to the end of the chain
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Goals for HO calculations

Computational challenge

How to beat comple xity?

Problems
Memory

Performance

Software

Levels
Analytic (approximations?):
symbolic programs

Numerical:
stability � cancellations

3-loop 4-graviton � 1021 terms / diag

Example

parallelization

automatization

standardization
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Presentations

(D. Eiras , W. Bernreuther , J. Bluemlein , P. Ruiz-Femenia , S.
Dittmaier , G. Weiglein )

1 ���! " s # corrections to the on-shell fermion propagator
2 Heavy quark vertex functions at order  2

s : some
applications

3 HO harmonic polylogarithms and sums
4 RG analysis in NRQCD for squark pair production

propagator
5 Techniques for one-loop tensor integrals in many-particle

processes
6 Electroweak Precision Observables in the MSSM: New

results on two-loop Yukawa corrections
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(A. Denner+ , W. Hollik , B. Jantz en, P. Ciafaloni , M. Spira ,
M.M. Weber,)

1 Electroweak corrections to e , e -/. 4 fermions
2 Two-loop electroweak corrections to the effective weak

mixing angle
3 Evaluation of electroweak two-loop corrections in the high

energy limit
4 Electroweak evolution equations
5 Higgs . gg: QCD corrections to squark loops
6 Electroweak corrections to H . 4 fermions
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One loop, multi legs

Denner et al. - Complete 798;:=< 2 4

relative corrections for>@?9A ,CBD-FE>@G in the
threshold region H

Message isI
4f - DPA

I � 2 JK
s L 170 GeV

M M NPOQSRUTV WXT

Y[Z\Y^]`_baPc[deZ\fX]SgaPh

i jlk m Yonqp

r k s p

t[uwvtovPvuwxPvuwyPvuozovuw{Pvuo|ov
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} uo|
} tov
} tP|

~ Beyond DPA

Example

Note angular dependence
of full correction - DPA �

� � � ��^� �� �P� �����P�� � � �� �

� � �w� ���
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relative corrections for
in the

threshold region

Message is

4f - DPA 2
s 170 GeV

¥

Beyond DPA

Example

Note angular dependence
of full correction - DPA
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One loop, multi legs

Dittmaier et al. - 2 4 NLO technicall y feasib le

Techniques at work

They have been applied to a realistic 2 . 4 process~ special award

(1- and 2- point , 3- and 4- point , 5- and 6- point ,
Fur themore ,)

1 integrals . stable direct calculation
2 integrals . PVR

�
expansion in determinants

�
analytical

special cases (note PVR . BFR for those who dislike me)
3 integrals . stable reduction without Gram determinants
4 dim. reg. for IR possible, complex masses available
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Two loops, less legs

Hollik et al. - Complete 8 2 < sin2 ¬
eff

strong compensation of
MH dependence
between ­;® and MW¯^°²±\³!´ µ¶±¸·º¹!¯¼»¾½¼¿�À »Á½�ÂÄÃÆÅXÇ²ÈÊÉ\Ë
Ì�Í Î�Ï`ÐeÑlÒ Ã¾ÓÕÔeÅ×ÖÁØ ÏÙCÚ Ø ÏÛÄÜ ÔeÅÞÝß»Á½ ÜØ¾à À áÞâeãÞÂåä Ô^æ Ü äç¿ æ!Ï Ë èêéwë�ìÊíÄî�ïÕð îÕíÅXÇ²Ç ñ²òÕó í ô òÕõ÷ölÇ í ø òÕòqÔeÅ Ü ölÇ í ø òù Ç²Ç ñÄÅ ô!í úÕôÕô ö ù í Å ø ÅSÔeÅ Ü ö ù í Å øø Ç²Ç òÕõ ô!í úÕø Ç÷ö ú!í ÇÕÇÕóqÔeÅ Ü ö ú!í Ç!ÅÅ�ÇÕÇÕÇ ò ú ó í ø Å ô öºñ í õÕòÕòqÔeÅ Ü öºñ í õÕòØ à À áÞâeã Â ù¾û ëêé^üýíþð ÿqÿqèXÌ Å û ëSé[üýíþð ÿqÿqèÅXÇ²Ç ÅXò í õ ú ó ö¶Å\ñ í ò ô ÅSÔeÅ Üù Ç²Ç ÅXò í õ ú ó ö¶Å úÄí ô Å ô ÔeÅ Üø Ç²Ç ÅXò í õ ú ó ö¶ÅXó í õ ø²ø ÔeÅ ÜÅ�ÇÕÇÕÇ ÅXò í õ ú ó ö¶ÅXó í ñ ô ÅSÔeÅ Ü���������
	 É Ï��
� Ñ���� ����������	 ����� �
� Ñ�����
��� Ï 	 É ��� Ï�� Ñ����
�! �"������	 � � Ñ����#�$�% ��&��' �(��	 ��������� � $*)*% �+&��' �,�
	 ���-� �.0/ �1��	 � ����2 �435�-��6�7�8

Towards full �  2 for ­;®
sin2 9

eff is a precision
observable of central
importance for test of the SM

10 2

10 3

0.23 0.232 0.234

sin2θ
lept

eff
m

H
  

[G
e

V
]

χ: 2/d.o.f.: 11.8 / 5

A
0,l

fb 0.23099 ± 0.00053

Al(Pτ; ) 0.23159 ± 0.00041

Al(SLD) 0.23098 ± 0.00026

A
0,b

fb 0.23221 ± 0.00029

A
0,c

fb 0.23220 ± 0.00081

Q
had

fb 0.2324 ± 0.0012

Average 0.23153 ± 0.00016

∆αhad= 0.02758 ± 0.00035∆α(5)

mt= 178.0 ± 4.3 GeV
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Mathematical structure of HO

Bl ümlein - Nielsen and harmonic pol ylogarithms

Observables in QED + EW in the
s .>= and heavy mass
expansions often give Nielsen or
harmonic polylogarithms

?�@ A�B C DFE GHIC J KML N OF@ A-P Q R B Q P J S�P @ A-P OF@ A-P�T�U V�W X Q R B Q P J S�P @ A-P OF@ A-P�Y�Z\[ Q R B Q P J S�P @ A-PW ] ] W W W W] ^ _ _ ] ] W_ W ` ` a b b ]b c b W ` W a a ` _c W ^ ] b ` bdW W ^ W ^ ^^ b ` ^ W W ^ e e _ [ _ ] ea W b c ` _MW ] ] _ e ^ ` ^ b W `

Transforming single–scale
expressions into
Mellin–space leads to
significant simplifications,fhg level of complexity for
harmonic sums

Basic functions
5 . 2 - loop DIS

8 . 3 - loop anom.
dimensions
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Two loops, high energy

Jantz en - EW in the high energy limit

Evaluation of FD (s .j= ) by
expansion by regions and
Mellin-Barnes representation

−0.060

−0.050

−0.040

−0.030

−0.020

−0.010

0.000

0.010

0.020

0.030

 500  1000  1500  2000

s1/2 [GeV]

LL (ln4)
NLL (+ ln3)
NNLL (+ ln2)
N3LL (+ ln1)

Example

two-loop EW corrections
to, e.g. e k e lnm q oq p
form factor of the vector
current in massive SU q 2 r
Conc lusion

individual ln
represent corrections
of several s each

the sum is quite small
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Two loops EW, QCD correction

Bernreuther - quark ver tex functions at order u 2
s

Goal
Differential description of
e k e lvmxwzy Z m Q oQX to { | 2

s for
Q g b y t , in the continuum

Example

heavy quark anomalous magnetic
moments a}Q:

a}t q 1loop rz~ 1 � 53 � 10 l 2,

a}t q 1 � 2loop r(~ 2 � 00 � 10 l 2

a}b q 1loop rz~�� 8 � 4 � 10 l 3,

a}b q 1 � 2loop r(~�� 1 � 50 � 10 l 2

previousl y kno wn:

d ��q 4jet y LO r , d ��q 3jet y NLO r
Results

e k e lnm�w(y Z m Q oQ at{ | 2
s

Analytical results for VQ oQq V ~�w(y Z r vector(axial) FF
for arbitrary q2, including
threshold and asymptotic
expansions
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EFT at NLO

Ruiz-Femenia - RG analysis in vNRQCD

Goal
EFT for a pair of
non-relativistic squarks

RG improved bound state
energies, cross-sections at
threshold

0.05 0.1 0.2 0.5 1.0�1.00

1.01

1.02

1.03

1.04

1.05

1.06

1.07

c

� c1

a

LO, NLO, NNLO

Results
NLO-log running of the Wilson
coeff. of the currents that create
a pair of heavy squarks in an S-
or P-wave close to threshold
(velocity-NRQCD)

Example

Wilson coeff. resum
perturbative logs

Coulomb Green function
resums q0| s � v r n
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Mixed EW + QCD

Eiras - ��u�u s � on-shell fermion propagator

1/yH
�

z 2
,Vm

ix

2

3
�4
5
�6
�7
�8
�9
�

0
�

0.5
�

1 1.5 2 2.5 3
�

3.5
�

4

Exact vs. expansion

Black exact result

Blue large mt

Red mt � mh

Green small mt

Dotted, lower order
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EW infrared evolution equations

P. Ciafaloni - Electr oweak evolution equations

Goal
Evolution equations in the
electroweak sector of the Standard
Model analogous of DGLAP
equations in QCD

Problem
Bloch-Nordsieck violation

Result
Infrared evolution equations in
spontaneously broken theories

Example

Phenomenological relevance of
EW evolution equations,
resummation (at 1 TeV)�

W� ln2 s
M2

n
8 s�

W� ln s
M2

n 14 s
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Towards two loops in the MSSM

Weiglein et al. - Two-loop Yukawa corrections

Goal
Two-loop Yukawa corrections for�¡ 

in the MSSM

Problem

{ | 2
t y¢{£q0| t | b r¤y¢{ | 2

b from

SM fermions

sfermions

Higgs bosons

higgsinos

Result
Corrections up to�

MW ~¥� 8 MeV�
sin2 ¦

eff ~�� 4 � 10 l 5

can be as large as SM quark
loops and SUSY {§q¨|(| s r
Example

Remaining uncertanties©
MW ~¥q 5 � 9 r MeV©
sin2 ¦

eff ~¥q 5 � 7 rª� 10 l 5
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One loop Higgs decay

Weber - H 4 fermions

Goal
One-loop EW corrections to
H m 4 fermions

¬�­4®\¯
°�±²¢³ ®z´ ²I²¶µ
¬¸·º¹0»d®\¼¾½�¿ÁÀ¹0Â

ÃÅÄÇÆ È5®
ÉÁÊ

Ë Æ Ì+Ê

Í�Î�ÎÏÑÐ�ÎÏÓÒ�ÎÏÑÔ�ÎÏÓÕ�ÎÏÑÖ�ÎÏÑ×�Î

ÏÑÍ
ÏÑÎ
Ò
Õ
×
Í
Î

Result
they amount to about
2 � 8 s

Example

H mjØ ee k¤Ù oØ¢Ú including a
comparison with the HDecay
program.
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