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Goal: automated precision predictions for the LHC
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EXPERIMENT

-11-23, 14:22 CET
un 140541, Event 171897
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Proton beams = non-monochromatic beams of quarks and gluons
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The main goals of the LHC
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The main goals of the LHC

M discover the Higgs and/or New Physics
measure their properties (precision)
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Snal signiicance

The main goals of the LHC

M discover the Higgs and/or New Physics
measure their properties (precision)
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The main goals of the LHC

M discover the Higgs and/or New Physics
measure their properties (precision)

. @8 Scenario A: sort splices out in one go [ wike Lamont
= jLat=30m" ', w
(no K-factors) + H g“: » 41 m Two years at 3.5 TeV
- H - e % ”
w02l ATLAS . ol - qWW" m 2010: should peak at 10% and yield up to 0.5 fb"'
: i L m 2011:~1 fb' at 3.5 TeV
- —. Total significance ) ) ) )
m 2012: splice consolidation (and cryo collimator prep.)
m 2013:6.5 TeV - 25% nominal intensity A .
m 2014:7 TeV - 50% nominal intensity ggrossve
g PR B T
2010 35 25 7el0 720 1.2e32 -
2011 8 35 25 7el0 720 1.2e32 0.1 0.8 1.0
2012
\a 2013 5 65 1 1dell 720 14833 1.1 7 8
1 ol : ST T e e e | 2014 7 7 1 1dell 1404 3033 23 16 24
m,, 1GQV/C2] 29/01/10 LHC luminosity estimates 15

Other scenarios with stepwise splice consolidation were clearly not favored
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Theoretical predictions for hard scattering processes are well defined
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Quantitative description in QCD with perturbation theory

FACTORIZATION
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Theoretical predictions for hard scattering processes are well defined

Quantitative description in QCD with perturbation theory

g

FACTORIZATION

é-ab—opa,rtons (Qs (l’l'R)? KR, I-lF)
dX

dridrs fo(z1, ur) fo(ze, pr)) ¥

dapp—»hadrons
dX - Z
a,b
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Theoretical predictions for hard scattering processes are well defined

Quantitative description in QCD with perturbation theory

5%

FACTORIZATION

6ab—o partons (_O's (.uR )9 25 -3 /JF)
dX

dridrafa(x1, ur) fo(x2, pr) x

do —hadrons
== [

parton number densities
scale dependence calculated
using perturbative AP-equation
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Theoretical predictions for hard scattering processes are well defined

Quantitative description in QCD with perturbation theory

5%

FACTORIZATION

dé’ab—o partons (_O's (#‘R )r 25 -3 /—LF)
dX

dridrsfa(21, pr) fo(z2, pr)) ¥

d —+Naarons
Opp i’d Z/

parton number densities hard scattering cross section

scale dependence calculated perturbative expansion
using perturbative AP-equation

SCALE DEPENDENCE
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Higgs production at the LHC
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LO,NLO,NNLO accuracy

parton number densities hard parton scattering expanded
extracted from the data +evolution in the QCD coupling constant
evolution kernel at NNLO: Moch Vermaseren Vogt

P,
[\*2)rsegsess
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LO,NLO,NNLO accuracy

parton number densities
extracted from the data +evolution
evolution kernel at NNLO: Moch Vermaseren Vogt

hard parton scattering expanded
in the QCD coupling constant
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Minimal Supersymmetric Standard Model

SUSY searches: gluino pair production
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Minimal Supersymmetric Standard Model

SUSY searches: gluino pair production
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Minimal Supersymmetric Standard Model

SUSY searches: gluino pair production
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Observable signals:
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Minimal Supersymmetric Standard Model

SUSY searches: gluino pair production
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Observable signals:

Typical event signature in CMS at LHC:

n leptons + n jets + missing E;
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Large number of SM processes: background to new physics
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Large number of SM processes: background to new physics

x p+p—1,2,...7 jets, inclusive
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Large number of SM processes: background to new physics

x p+p—1,2,...7 jets, inclusive

x p+p—W/Z+4+1,2,...5 jets,

An experimenter’s wishlist
® Hadron collider cross-sections one would like to know at NLO

Single boson  Diboson Triboson Heavy flavour
W+ <5j WW + <55 WWW + <35 tt + < 3j

W+bb+<3] WWH+bb+<3] WWW+bb+<3j ti++v4+<2j
WH+ece+<33] WWaHcee+<33] WWWH+yv+<3j tt+W+<2j

Z+<5j 27+ <5j Zyvy+ < 3j tt+2Z+<2j
Z+bb+<3j ZZ+W+<3] W2ZZ+<3j tt+ H+<2j
Z+cc+<3j ZZ+cc+<3j 222 +<3j th+<2j

Y+ < 5j +<5) bb+ < 3j

v+ bb+ < 3§ +bb+ < 3j

+ct+ < 3j + et + < 3j

WZ + < 5j
WZ +bb+ < 3j
WZ+ci+ < 3j
W~ + < 3j
Zv+<3j

Campbell
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Automated leading order calculations
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Automated leading order calculations
Alpgen, MadEvent, HELAC-PHEGAS, Sherpa, Whizard, COMIX, ComHep
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Automated leading order calculations
Alpgen, MadEvent, HELAC-PHEGAS, Sherpa, Whizard, COMIX, ComHep

Input:  process specification in terms of particles, kinematics and
interaction vertices (Lagrangian)

Engine: generates fortran/C++ codes for tree level matrix element
squared, phase space integrations, graphics

Output: as requested (plots, tables, user friendly)
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Automated leading order calculations
Alpgen, MadEvent, HELAC-PHEGAS, Sherpa, Whizard, COMIX, ComHep

Input:  process specification in terms of particles, kinematics and
interaction vertices (Lagrangian)

Engine: generates fortran/C++ codes for tree level matrix element
squared, phase space integrations, graphics

Output: as requested (plots, tables, user friendly)

do®) ~ | M) 12dd, 5  n=3,.12.

Feynman diagrams are not effective: (n!!)*2 growth with n

Use of recursive relations as opposed to traditional
Feynman graph approach in the fast generic codes

A< < %zz /“& " /u\

Berends-Giele

Britto Cachazo Feng
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When and why LO and NLO

LO:

e quick testing of new ideas, fully automated,

 large scale dependence, e.g. x-section of W+4jet productionis =~ Ozﬁ(/ﬂ)

NLO:

e normalization is fixed only at NLO
e more detailed description, better modeling of jets
e if the data
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- () g s andatao

doM ~ |MO)2d®, 5 + 2Re(MOT M) dD,, 5 + M%) [2d®,_,
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(" tree amplitude )
squared

doM ~ |MO2d®,, 5 |+ 2Re(MOT M) dD,, 5 + M%) [2d®,_,

automated LO
. generators D
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(" tree amplitude )
squared

do) ~ | MD2dd,,

automated LO

. generators )

-

\_

Virtual contributions

semi-automated generators

QRe(M TN aD,,

+ My, 2,
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(" tree amplitude )
squared

do) ~ | MD2dd,,

automated LO

. generators )

s

\

Virtual contributions

semi-automated generators

QRe(M TN aD,,

/subtracted tree )

amplitude squared

Mog(jr)ﬂqu)n—l

automated dipole,

\FKS generators )
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(" tree amplitude )
squared

do) ~ | MD2dd,,

automated LO

. generators D

-

\_

Virtual contributions

semi-automated generators

QRe(M TN aD,,

J

!

/subtracted tree )

amplitude squared

nggzl‘qu)n—l

automated dipole,

\FKS generators )

Generalized unitarity method is most suitable for

automation
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(" tree amplitude )
squared

do) ~ | MD2dd,,

automated LO

. generators D

s

\

Virtual contributions

semi-automated generators

QRe(M TN aD,,

_/

!

/subtracted tree )

amplitude squared

Mog(jr)ﬂqu)n—l

automated dipole,

\FKS generators )

Generalized unitarity method is most suitable for

automation

We counts cuts and not Feynman diagrams. The number of the cuts with

n grows polynomially. Automatic calculation up to n=8

10 is possible
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D-Dimensional unitarity method with OPP reduction
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D-Dimensional unitarity method with OPP reduction

( color and flavor ordered primitive amplitude )
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D-Dimensional unitarity method with OPP reduction

( color and flavor ordered primitive amplitude )

i N'(p1,p2,...,pN: 1) Ci1igiziqis
AN X . R IR okl — = .. 4. 4. +
N (/’1 P2 PN ) I T 7j1<i22<:i5<N le dZ2d7,3dZ4dZ5
2 : diyigisia (1) 2 : Cizinis(l) 2 : biyi, (1) E : ai, (1)
d;, d;.,d;.d;, d;, di,d;. d;, d;, d;,
1<iy<ip<izg<ig <N 1< <ip<1a<N 1<y <o <N 1< <N
\_
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D-Dimensional unitarity method with OPP reduction

( color and flavor ordered primitive amplitude )

i N'(p1,p2,...,pN: 1) Ci1igiziqis )
An X - PR e 1) == - L2 — —— 7 7 g9 +
\ (l)l /)2 l)\ ) (11(12 — (l\ 11<12Z<:'L5<N dzl dZ2 dZ3dZ4d’L5
2 : i irisia (1) 2 : Cirinia(l) j : bi.i, (1) E : a;, (1)
d;, d;.,d;.d;, d;, di,d;. d;, d;, d;,
1<y < <ig<iga <N 1<y <a<1a<N 1<y <o <N 1< <N
N\ J
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D-Dimensional unitarity method with OPP reduction

( color and flavor ordered primitive amplitude )

-
An(p1,p2

.....

_'M(/(/ (1+ Z

11 <@g

( z'li'xél,(l)

| (/,Irl,.,(/,._;

2.

<is<N

€irinigigis

d;, d;,d;,d;, d;,

7)5:!;-(/)
d;, d;, *

+

ai, (1)
d;,
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D-Dimensional unitarity method with OPP reduction

( color and flavor ordered primitive amplitude )

i \"([)] P2 ])\"[) Ciiigisiais )
An(p1,p2,. -, ) = e — = Z g 7 g
v(p1,p pn; L) IS — e N d;, d;,d;,d;, d;,
A | Ciyinis({ bi,i, (1) ai, (1)
> fml, y e,y WO,y
(/ (/ iallis d;, d;.d;., d;, d;, d;,
11 <12<13<ta<N <IN 1<y <o <N 1<y <N
J
l
E y(m |
11 "('1?_'.1

I
g7T2 | } 3
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( color and flavor ordered primitive amplitude )

D-Dimensional unitarity method with OPP reduction

i \"([)] P2 PN, [) Ciiigisiais )
AN X . PR b)) = —_— —= = g o T
A.\ (l)l /)L [)\ ) (ll(/) . (l‘\ 11<122<:Z5<N dzleQd’L3dZ4dZ5
Z -'H + Z (’.1’.,*?".([) + Z [_)f"_!;'(/) + Z (_1!1([)
(/ (/ iaia (/,Irl,.,(/,._; d;, d;, d;,
1<iy <o <iz<ia< N N 1<y <o <N 1< <N
J
B ik /y(m |
. X \ 11 g (-15_"1
€S;;...k [/(/)] — l:(/,-(/)(/,(/)"'(/L(I)I' (/)JJ,:, . l
| T3
ﬁ)”(/) = ReS,'_}‘;.-( (./-l\ (/)) = ZAZ X Aj X A X Aj }
3 it ()
Ciyk(l) = Resyy (A\(I) 3 Z (l(}lrl-(/z)
9 N )
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D-Dimensional unitarity method with OPP reduction

( color and flavor ordered primitive amplitude )

es;i.. [F(1)] = [(I,.(l)d,(l)--~(/,|(I)I"(I)H,:!’ - |

|
ﬁ)”(/) — ReS,'_}‘;.-( (./-l\ (/)) = ZAZ X Aj X Ak X Al

) d;jri (1)
('rl;a'.'(,) = Res; i ("4\(1) o Z (l(;(/-(/()
) . Ai "‘-
J

":f._‘i.:‘-.
NP
R0

= No(l) + (Ds — 4)N1(1)

i N(p1,p2 pn; 1) Cirizisiais h

Ax(p1,p2, ..., AR B e — = g 7 g
wP1, P2 i £) didz - - - dn 7:1<7LQZ<:7;5<N i iy dig iy i
213 .'; (2' ixr':,(l) [_),,(/) (_lfl([)
¥ L+ Z el o
(/ (/ iaia (/,Irl,.,(/,._; d;, d;, d;,

1< <i2<ia<ia <N N 1<) <12<N 1<, <N

Y,

B i /y(m |
\ 11 o (-15_',[
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( color and flavor ordered primitive amplitude )

D-Dimensional unitarity method with OPP reduction

= No(l) + (Ds — 4)N1(1)

(Ds) ]
N )

7

i \"([)] P2 PN, [) Ciiigisiais )
An(P1,p2,.-., s l) = e — = A A
A.\ (l)l /)L [)\ ) (ll(/) . (l‘\ 11<122<:Z5<N dzleQd’L3dZ4dZ5
Z 213 H + Z (’.1’.,*?".([) + Z [_)f"_!;'(/) + Z (_1!1([)
(/ (/ iaia (/,Irl,.,(/,._; d;, d;, d;,
1<y <ip<iz<ig <N N 1<) <1p<N 1< <N
/
B i /y(m ,1
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D-Dimensional unitarity method with OPP reduction

( color and flavor ordered primitive amplitude )

i N(p1, p2 pnil) Cirizigiais h
An B ¢ IR ';/ = . Lt e — — . A A. A. +
A (/’1 P2 PN ) PR T 7j1<i22<:i5<N dzlede3dZ4dZ5
i ivinia (1 Ciyinia (1) bi.i. (1) a;, (1)
Y B0, 3 gm0, 5 b0,y
d;, d;.,d;.d;, d;, d;.d;., d;, d;, d;,
1<iy<ia<ia<ig<N 1<iy<ip<ia<N 1<11<12<N 1<y <N
y
' ]
/,‘l...,',”, ’(“‘
N = & d;, -+ d;,,
Res;;..k [F(D] = [di(Ddi(1)---dk(F D) ||, _, | ‘
o | i}
(_I,/f(l) — ReSl,'.):;l.l: (A\ (l)) = ZAZ X A] X Ak X Al . { }
” diir (D)
(1) = Resyjy (,4\(0 - = (’,(,,(,{)

NPI) = Noh) + (Ds - )N (1)
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Scaling of the computer time with the number of the external legs
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Scaling of the computer time with the number of the external legs
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Scaling of the computer time with the number of the external legs

CPU time: n”4 (tree recursive), n”9 (loop ordered colorless, generalized unitarity,
7™n (color included), (n!)*2 (Feynman diagram based)
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Scaling of the computer time with the number of the external legs

CPU time: n”4 (tree recursive), n”9 (loop ordered colorless, generalized unitarity,
7™n (color included), (n!)*2 (Feynman diagram based)

Color ordered amplitudes with n-gluons

1 1 1

Giele Zanderighi

10* A"%(+—+..) [DP] +

1L ]
i AY(+-+-.) [DP] *
fit to degree 4 polynom. - -
o2  fit to degree 9 polynom. _
: 10 15 20

Number of gluons
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[ J
° Orf D Al Cross-sections o 4 DrOCesSSsSe

* NLO W+3jes cross section, leading color
Ellis, Melnikov, Zanderighi(2009)  hep-ph/0901.4101
BlackHat+Sherpa(Gleisberg) arXiv:0902.1835, |

* NLO W+3jets cross section, full result
BlackHat+Sherpa arXiv:0907.1984

* NLO ttbar cross section with decay and full spin correlation

Melnikov, Schultze , arXiv:0907.3090
* ... Z+3jets, 4jets, W/Z+4jets, ttbar+2jets (with top decay)
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2->4 processes, three approaches

1.Traditional methods:

Automatic generation of Feynman one-loop diagrams (FeynArts and QGRAF)
Passarino-Veltman reduction of Tensor integrals (FormCalc).

Algebraic manipulations Mathematica, Maple or Form.

Many special results for 2->2, 2->3 processes (see for example MCFM).

2->4 processes are very challenging: too many diagrams, to many terms given
by the reduction of tensor integrals.

Denner, Dittmairer, Pozzorini: p+p->t+tbar+ b+bar. Special effort for effective
reduction of the spin structure, color structure and the tensor integrals. Partial
result by GOLEM (Binoth et.al.)

2. Helac-CutTools-OPP: some Feynman diagrams are still generated
color flow representation
van Hameren, Papadopoulos ,Pittau, Bequila, Czakon, Worek

3. Generalized unitarity method : loop amplitudes from tree amplitudes
Rocket: Ellis, Giele, ZK, Melnikov, Zanderighi

Black Hat: CFBerger, Z. Bern, L. Dixon,F. Febres Cordero, D. Forde, T. Gleisherg, H. Ita, D.A. Kosower, D. Maitre;
winter, lazopoulos

NLO calculations for 2->5 processes in progress
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Calculating Multi-Leg One Loop

amplitudes with Unitarity Cut
Method (Part Il)




The Unitarity Method: efficient P(E)-algorithm at NLO

Gauge theory one-loop amplitudes from tree amplitudes many analytic results,
with applications to collider physics Bern,Dixon, Kosower, 1994-2007,...

Generalized cuts, box coefficients Britto, Cachazo, Feng 2004
Recursion relations for the rational parts Beger et.al. 2005

Parametric integration method of Ossola, Papadopoulos, Pittau (2006)

Numerical algorithmic implementation of generalized unitarity Ellis, Giele, ZK (2007)
Generalized D-dimensional unitarity Giele, ZK, Melnikov (2008),

Numerical algorithmic implementation by Black Hat Collaboration (2008)

Explicit NLO generators for calculating NLO cross-sections of 6-leg process

for LHC and Tevatron Ellis,Melnikov,Zanderighi; BlackHatCollaboration;
van Hameren et.al., Bevilaqua (2009)

Complementary analytic methods Badger (2008), Mastrolia (2009)
Independent numerical implementations (Giele, Winter (2008), Lazoploulos (2008), etc)
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with R.K. Ellis, W. Giele, K. Melnikov, J. Winter, G. Zanderighi

Incomplete list of references

JHEP 0803:003,2008 (Ellis, Giele)— cut constructible (completely determined by their unitarity cuts)
JHEP 0804:049,2008 (Giele, Melnikov)- rational part from 5/6 dimensional cuts

Nucl. Phys. B822:270-282,2009 (Ellis, Giele, Melnikov)- extensions to massive external fermions
JHEP 0901:012,2009 (Ellis, Giele, Melnikov, Zandrighi)- W+3jets one loop amplitudes
arXiv:0911.1962, Nucl. Phys.B (to appear) ° (Giele, Winter)- color-dressed

L. Bern, L. J. Dixon, D.C. Dunbar and D.A. Kosower, Nucl. Phys. B 435,59,(1995)

E. Witten, Comm. Math. Phys. 252,189 (2004) cut constructible amplitudes
R. Britto, F. Cachazo and B. Feng, Nucl. Phys. B 725, 275 (2005)

G. Ossola, C.G. Papadopoulos and R. Pittau, Nucl. Phys. B763 (2007)

D. Forde, Phys.Rev.D75, 125019 (2007)

C. Berger, Z. Bern, L.J. Dixon, D. Forde, D.A. Kosower, Phys. Rev.D 74 (2006) loop amplitudes via recursion
R.K.Ellis, K. Melnikov, G. Zanderighi Phys.Rev.D.80.094002 (2009) W+3jet physical cross sections
C.F.Berger, Z. Bern, L.J. Dixon,F. Febres Cordero, D. Forde, T. Gleisherg, H. lta, D.A. Kosower, D. Maitre (BLACK HAT)
Phys.Rev.Lett. 102.222001 (2009); Phys.Rev. D80:074036,(2009)

Bevilacqua, Czakon, Papadopoulos, M. Worek, arXiv:1002.4009 t+thar +2jets

Wiiten: Perturbative gauge theories in twistor space, Comm. Math. Phys. 252,189, 2004; on-shell amplitudes with complex momentum components
Passarino&Veltman, Reduction to scalar integrals, Nucl. Phys. B 160 (1979)

van Neerven&Vermaseren Large Loop Integrals, Phys. Lett. 137B (1984)

van Neerven, Nucl. Phys. B268, 453 (1986)

L. Bern&A.G. Morgan, Massive loop amplitudes from unitarity, Nucl. Phys. B467 (1996)
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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

parametric integral over the loop momentum
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OPP method for the cut constructible part of the amplitude

parametric integral over the loop momentum

Lemma 1.
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OPP method for the cut constructible part of the amplitude

parametric integral over the loop momentum

Lemma 1.
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OPP method for the cut constructible part of the amplitude

parametric integral over the loop momentum

Lemma 1.

Assuming four-dimensional space time,

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 quadro-,triple-,double-,single-pole terms
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OPP method for the cut constructible part of the amplitude

parametric integral over the loop momentum

Lemma 1.

Assuming four-dimensional space time,

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 quadro-,triple-,double-,single-pole terms

An(p1,p2,..., N ) =° : - z =

d 1 (12 d \
(]/‘v./"".-l'fz,i,q (1) F’.l"?’%([)
, + +
(1,](1 i Gi, d;, d;,d;.,
121 <12<13<14 <) 1< <ip<i3<N : 1<i1<ia<N
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OPP method for the cut constructible part of the amplitude

parametric integral over the loop momentum

Lemma 1.

Assuming four-dimensional space time,

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 quadro-,triple-,double-,single-pole terms

N(p1,p2,..., pn: 1)
An(p1,p2,..., O l) = —
dqd> dn
(lfil';tll"v,ll,q (1) + Z FI.]II‘"'/'J,([) + Z
Z‘ i, B, 0 0, d;, d;,d;.,
1< 1 <1< 13<14< N 1< 1< I.'. y < 1 3 < N 7 1<1 1 < l <N

The number of the terms are given by all possible partitioning of the external legs
to four, three, two and one set of particles given by generalized cuts
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OPP method for the cut constructible part of the amplitude

parametric integral over the loop momentum

Lemma 1.

Assuming four-dimensional space time,

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 quadro-,triple-,double-,single-pole terms

Nip1,p2,..., N
An(p1,p2,..., O l) = (P1, P2 vi 1) —
dqd> d
/ 1213 11 (111 YK [)1'12':-(1) ”11(1)
Z’ (1,](1 i O + Z d;. d;. (1 + Z (1,-1(1,-. L2 Z
1 £ 0 /1 i< 13<14< | <N J

The number of the terms are given by all possible partitioning of the external legs DO‘
to four, three, two and one set of particles given by generalized cuts
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Lemma 2.
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Lemma 2.

The numerators are simple polynomials of the loop momentum components of the
corresponding trivial space.
For a given 4-,3-,2- cut we have 2,7,9 parameters

Donnerstag, 25. Méarz 2010



Lemma 2.

The numerators are simple polynomials of the loop momentum components of the
corresponding trivial space.
For a given 4-,3-,2- cut we have 2,7,9 parameters

18 structures but only 3 non-vanishing integrals
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Lemma 2.

The numerators are simple polynomials of the loop momentum components of the
corresponding trivial space.
For a given 4-,3-,2- cut we have 2,7,9 parameters

18 structures but only 3 non-vanishing integrals

az‘jkl(l) = Eijkl(nl A1) = dijr + Jijkl S1, S; =mn; -l

einll) = €2+ W+ s+ (6% — o8) + suoa(el) + s + o)

bij (1) = bgg)+b§;)31+b§?)32+b§?)83+b%)(S% )+b( )<82—83)—1—b( s 32+b( ) 5183 +b( ) 5983
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Lemma 2.

The numerators are simple polynomials of the loop momentum components of the
corresponding trivial space.
For a given 4-,3-,2- cut we have 2,7,9 parameters

18 structures but only 3 non-vanishing integrals

az‘jkl(l) = Eijkl(n A1) = dijr + Jijkl S1, S =mn; 1

(4) (5) (6)

Eijk(l) E]l)c + C’I(,j])fs + ngl?cs + C’E]I)c( o 82) + 8182( zjk + Czjks 1+ CzykSQ)

bis (1) = bl 4B 5140 o4 s34 (57-53) 4017 (83— 53) 4D 15040 s15+(5 5255

d; 'kl(l) / dijr + digrimy -1 / 1
dl ‘7— di] - : = d;; dl) ——— = dijrilijni ,
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Reduction of scalar triangle integrand to bubble integrand in D=2
van Neerven Vermaseren
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Reduction of scalar triangle integrand to bubble integrand in D=2
van Neerven Vermaseren

1 1

13

B DoD1Do 12 —mg][(l + q1)? = m3][(I + q2)? — m3]
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Reduction of scalar triangle integrand to bubble integrand in D=2
van Neerven Vermaseren

1 1

I — p—
" DoD:1Ds 12 —mg][(1 + q1)? — mP][(l + q2)* — m3]
Shouten-identity, dual vectors
8:“Q2 gqllLL
" =i (lq1) + vy (Ig2) vy = , Ul =
0o 0o
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Reduction of scalar triangle integrand to bubble integrand in D=2
van Neerven Vermaseren

1 1

I3 = —
DoD1Dy 12 = mg][(l + ¢1)? — mi][(l + g2)* — m3]
Shouten-identity, dual vectors
2 2
Gram determinant Ay = =62 =q¢q¢5 — (q1q2)? 09 = 192
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Reduction of scalar triangle integrand to bubble integrand in D=2
van Neerven Vermaseren

1 1

13

~ DoDyDy 12 — mgl[(1 + q1)? — mi][(l + g2)* — m3]
Shouten-identity, dual vectors
2 2
Gram determinant Ay = =62 =q¢q¢5 — (q1q2)? 0y = 1192
1
(lg;) = §(Di_DO_Tz')7 T Zng—m?—km%, 1=1,2
1
(lvi)rs = (vjoi)(lgs)rs = (wv;)(lg;) = (wv;)5(Dj — Do — 1) w = VT
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Reduction of scalar triangle integrand to bubble integrand in D=2
van Neerven Vermaseren

1 1

I3 = —
Do D1 Dy 12 — mgl[(1 + q1)? — mi][(l + g2)* — m3]
Shouten-identity, dual vectors
[ — Uy (lql)—|—’02 (qu) v = 5 , Vo = 5
2 2
Gram determinant Ay = =62 =q¢q¢5 — (q1q2)? 0y = 1192
1
(lg;) = §(Di_DO_Tz')7 T ZQZ-Q—m?—Fm%, 1=1,2
1
(log)ri = (vjvi)(lgz)rs = (wo;)(lg;) = (wvj) 5 (Dj — Do — 1) w = v

I-dependence in terms of denominator factors
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Reduction of scalar triangle integrand to bubble integrand in D=2
van Neerven Vermaseren

1 1

I3 = —
Do D1 Dy 12 — mgl[(1 + q1)? — mi][(l + g2)* — m3]
Shouten-identity, dual vectors
[ — Uy (lql)—|—’02 (qu) vy = 5 , Vy = 5
2 2
Gram determinant Ay = =62 =q¢q¢5 — (q1q2)? 0y = 1192
1
(lg;) = §(Di_DO_Tz')7 T ZQZ-Q—m?—Fm%, 1=1,2
1
(log)ri = (vjvi)(lgz)rs = (wo;)(lg;) = (wvj) 5 (Dj — Do — 1) w = v

I-dependence in terms of denominator factors

1?2 = (lv)(q) + (lwa)(lgz),  2(Dg +m?2) = Z (lv)(D; — Do — 1) .
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Reduction of scalar triangle integrand to bubble integrand in D=2
van Neerven Vermaseren

1 1

I3 = —
Do D1 Dy 12 — mgl[(1 + q1)? — mi][(l + g2)* — m3]
Shouten-identity, dual vectors
[ — Uy (lql)—|—’02 (qu) vy = 5 , Vy = 5
2 2
Gram determinant Ay = =62 =q¢q¢5 — (q1q2)? 0y = 1192
1
(lg;) = §(D1—D0—T¢), T ZQZ-Q—m?—Fm%, 1=1,2
1
(log)ri = (vjvi)(lgz)rs = (wo;)(lg;) = (wvj) 5 (Dj — Do — 1) w = v

I-dependence in terms of denominator factors

1?2 = (lv)(q) + (lwa)(lgz),  2(Dg +m?2) = Z (lv)(D; — Do — 1) .

devide second equation by DO, Dl, D
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Triangle is reduced to bubbles:
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Triangle is reduced to bubbles:

1 B 1 2(lvy) — wuy N 2(lvg) —wvy 4 — (2l + w) (v + v32))
DoD1Dy — 4(m2 — w?) Do D> DoD: D1 D>
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Triangle is reduced to bubbles:

physical space: q_2
trivial space: v_1

1 B 1 2(lvy) — wuy N 2(lvg) —wvy 4 — (2l + w) (v + v32))
DoD1Dy — 4(m2 — w?) Do D> DoD: D1 D>
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Triangle is reduced to bubbles:
physical space: q_2  physical space: q_1

trivial space: v_1 trivial space: v_2
1 B 1 2(lvy) — wuy N 2(lvg) —wvy 4 — (2l + w) (v + v32))
DoD1Dy — 4(m2 — w?) Do D> DoD: D1 D>
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Triangle is reduced to bubbles:

physical space: q_2  physical space: q_1 physical space: q_2-q_1
trivial space: v_1 trivial space: v_2 trivial space: v_1+v_2
1 B 1 2(lvy) — wuy N 2(lvg) —wvy 4 — (2l + w) (v + v32))
DoD1Dy — 4(m2 — w?) Do D> DoD: D1 D>
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Triangle is reduced to bubbles:

physical space: q_2  physical space: q_1

trivial space: v_1 trivial space: v_2
1 B 1 2(lvy) — wuy N 2(lvg) — wws
DoD1Dy  4(mi — w?) DoD> DyD

Each term has the standard form:

Npubble _ bo + b1 (g, 1)
2 = mg|[(l+ q1)? — mi] DoD,

physical space: q_2-q_1

trivial space: v_1+v_2

4 — (2l + w) (v + v2))

D1 D,y

Nbubble

1

D,

}

Donnerstag, 25. Méarz 2010



Triangle is reduced to bubbles:

physical space: q_2
trivial space: v_1

1 B 1 2(lvy) — wuy
DoD1Dy  4(m2 — w?) DoD>

physical space: q_1
trivial space: v_2

2(lvg) — wws
DoDs

Each term has the standard form:

~ bo + by (g 1)
DoD;

Nbubble _
2 = mg][(l + ¢1)* — m]

“unitarity constraints” fix the value of the
loop momentum up to two complex solutions

physical space: q_2-q_1
trivial space: v_1+v_2

, 4 — (2l + w) (v + v2))

D1 Do

1
Dy

Nbubble —

}
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Triangle is reduced to bubbles:

physical space: q_2  physical space: q_1 physical space: q_2-q_1
trivial space: v_1 trivial space: v_2 trivial space: v_1+v_2
1 B 1 2(lvy) — wuy N 2(lvg) —wvy 4 — (2l + w) (v + v32))
DoD1Dy — 4(m2 — w?) Do D> DoD: D1 D>

Each term has the standard form:

Nbubble ~ bo + by (g, 1) L Nt =
— o« o u € D
2 = mg|[(l+ q1)? — mi] DoD, i
13 H H H ” oL D —= l2 — 2 —
unitarity constraints” fix the value of the 0 mg

loop momentum up to two complex solutions

1 : 9
B (a2 _ a2 2,1 Y RN yg & oy === —
[h = (g7 —m7i+ m{)vy + any, =Vy +ank e} i\ Vs —mg
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Triangle is reduced to bubbles:

trivial space: v_1

1 1

2(lvy) — wuy

physical space: q_1
trivial space: v_2

2(lvg) — wws

physical space: q_2-q_1
trivial space: v_1+v_2

, 4 — (2l + w) (v + v2))

physical space: q_2

}

DoD1Dy — 4(m2 — w?) Do D> DoDr D1 D>
Each term has the standard form:
NbUbble 5 p— bO _|_ bl (/fLQ1l) —|_ Nbubble — Di
2 = mg|[(l+ q1)? — mi] DoD, i

“unitarity constraints” fix the value of the
loop momentum up to two complex solutions

==L e ot 4 ang, — Vi 0= i/V2 - mi
SETAR S Y SN
— _ — ’ 1= - =

PT 2\ F)2—m2 (o + )2 —m2 207 \ (If + ¢2)2 —m3)  (Ic + g2)? — m3
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Parameterization of the loop momentum, general case

The loop momenta is decomposed in terms of VN basis vectors

we define:

a set of dual momenta Vi Uip; = 57;3‘
and

a set of orthogonal unit vectors ni, n;p; =70

. 1 ' 2 A
PVt Y L de S et VEm R0 (@ ) - (i)

ga=]) g=1]

i

S gm L gm
5k1---ki—1ﬂki—|—l---kDp SH2  SH2 GH2

/U/«L(kl kD ): kl---ki—lkiki—i—l--'kDp 5/11#2"'/1’17{ _ V1 17 VR
1 ) ) P A(k17'°°7kDp) ’ ViV VR : . .

% KR GER - GUR
Gram-determinant ) V1 V2 VR

Van Neerven-Vermaseren: reduction at the integrand level
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loop momenta on the cut

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

i o= \'4“ “+ a1 11’1'
Complex valued loop momenta

11 P ",.'Il - '2 o 2 il
I =V +i\/VZ —m? x nt
2. Triple cut, infinite number of solutions ( on a circle circle )

F = \',,f' ~+ (11/1’1’ + aonh

’ S s R 2
o = V3 +o1ny 4+ a2n;; af + a5 = —(Vs — my)

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

b M [ 7 7
" =V, 4+ ainy + azn;, + asny

| | N 2 B 2 D
lfjmm3 — \'2" + o n.'1' + ao 'n.'Q' + a3 71-‘3', ai+a5+a5=—(V5 — m.J-) .
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The parameters are fixed by linear algebraic equations
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The parameters are fixed by linear algebraic equations

choose a cut type
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The parameters are fixed by linear algebraic equations
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The parameters are fixed by linear algebraic equations

choose a cut type

residue of 4,3,2,1 simultaneous poles
factorize to product of tree amplitudes
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The parameters are fixed by linear algebraic equations

choose a cut type

residue of 4,3,2,1 simultaneous poles
factorize to product of tree amplitudes

Right side: product of tree amplitudes
at special values of loop momenta
Left side side: linear combination of coefficients
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The parameters are fixed by linear algebraic equations

choose a cut type

residue of 4,3,2,1 simultaneous poles
factorize to product of tree amplitudes

Right side: product of tree amplitudes
at special values of loop momenta
Left side side: linear combination of coefficients

diji(l) = Res; (,»ly(l)) d=d;=d,=d=0 two solutions, 4-cut
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The parameters are fixed by linear algebraic equations

choose a cut type

residue of 4,3,2,1 simultaneous poles
factorize to product of tree amplitudes

Right side: product of tree amplitudes
at special values of loop momenta
Left side side: linear combination of coefficients

dijiu(l) = Resjn (An(1)) d;=d=d,=d=0 two solutions, 4-cut
(711“"" kl (/ )
cijk(l) = Resji. | An(l) — Z Bt chil d=d=d,=0 infinite # of solutions

=17 .K
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The parameters are fixed by

linear algebraic equations

choose a cut type

residue of 4,3,2,1 simultaneous poles
factorize to product of tree amplitudes

Right side: product of tree amplitudes
at special values of loop momenta
Left side side: linear combination of coefficients

diji (1) = Res;u (An(1))

(7/.,‘“,. 19 (/ )
diddd,

() = Resiji | Av(D) — >

angles
=1

-
L=, J oA

G 1

did;d;, 2!

bii(1) = Res;; | An(l) — Z

d;=d=d,=d=0

b3

!'-.'_::u'.} ll'l..,:tl..‘

two solutions, 4-cut
di=d=d,=0 infinite # of solutions
7(1".‘“"'"1(/) d|=dJ=O
d;d;dyd,

infinite # of solutions
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The box residue
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The box residue

Reszzas (As(1¥)) = M (I p1,p2; —15) x M (15 ps; —13)MSV (15 pa; —1F)

x MO (I£; ps, pe; —1E)

Donnerstag, 25. Méarz 2010



The box residue

Reszzas (As(1¥)) = M (I p1,p2; —15) x M (15 ps; —13)MSV (15 pa; —1F)

0 ; . -  §
><.:'\/IE1 )(li,ps.p@, —[6i) = dir(l) = disp + disrl - M
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The box residue

Res23as (As(1%)) = MY (& p1,p2i —15) x M (13 p3: —13)MS (15 pas —13)

A 4(0) 1. - - ~
XM, (I s, 6, —lg) = diju(l) = diju + dijral - 11
Ps3 P4
l3=14+p;+pe+ps
le=1+p;+p2
14=14+p1+pztpstps
15=1
P2 P Pe Ps
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The box residue

Reszzas (As(1¥)) = M (I p1,p2; —15) x M (15 ps; —13)MSV (15 pa; —1F)

0 ; . -  §
><.:'\/IE1 )(li,ps.p@, —[6i) = dir(l) = disp + disrl - M
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The box residue

Resa3as (As(1%)) = M (1E: p1,p2; —15) x MV (15 p3; —13)MEY (15 pa; —13)

0 ; . — 7
><.."\/IE1 )(li, Ps, P6, —lét) = di(l) = dijrt + dijral - 72

RQS,‘j},{ (A;\r(l+)) + Resz'.jkl (A\(l_))

Aijkl 2

ReS;J‘M (A\(l+)) — Resi‘jkl (A\(l_))
21 \/ V42 - m,2

dijr =
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Unitarity in D-dimension: uniform treatment of

the cut constructible and rational parts (GKM)
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Unitarity in D-dimension: uniform treatment of

the cut constructible and rational parts (GKM)

Two sources of D-dependence

i) spin-polarization Ii) loop momentum component live in D.

states live in D \M'
d’Q NP ({pi}, {Ji}:0)

A(p,p,)({Pi}: 1i}) = / i(m)P/2 dydp---dy >
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Unitarity in D-dimension: uniform treatment of

the cut constructible and rational parts (GKM)

Two sources of D-dependence

i) spin-polarization Ii) loop momentum component live in D.

states live in D \M'
d’Q NP ({pi}, {Ji}:0)

A(p,p,)({Pi}: 1i}) = / i(m)P/2 dydp---dy >

We can calculate the D, dependence before carrying out the integral over
the loop momentum

De=2

C 7 i Da Lby =+ buly

> e Wep? (1) = —gj ™) +
- D

1=1
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Dependence on D, is linear
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Dependence on D, is linear

The loop momentum effectively has only 4+1 component
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Dependence on D, is linear

NP (1) = Ny (1) + (Ds — 4)N7 (1) full D, dependence

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 (Bern, Koswer)

for closed fermion loops  /D. (1) = 2P =D2 NG (1)

The loop momentum effectively has only 4+1 component
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Dependence on D, is linear

NP (1) = Ny (1) + (Ds — 4)N7 (1) full D, dependence

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 (Bern, Koswer)

for closed fermion loops  /D. (1) = 2P =D2 NG (1)

The loop momentum effectively has only 4+1 component

~

NI =N p), P=0—p

maximum 5 unitarity constraints: pentagon cuts

Loop integrals are in ) ~ p_ dimensions [ =4 — 2¢
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—FDH 0 1
e (1)
7FDH (9) 2
b (I)=...+0b;s

New structures and new integrals

o(Ds:(0))

zgkmn

no new scalar integrals

2 (4) ,
51) 5S¢ +@7 two new scalar integrals

one new scalar integrals

one new scalar integrals




The full € -dependence is obtained via the integrals

/ - s _ _D—-4.p
(ZW)D/Q dildigdigdi4 - 2 21121314
o s _(D=2D =Y by
(iW)D/Q dildigdigdi4 4 111213%4 "
dP1 52 (D9 D42
(iﬂ')D/Q d;, d;,d;, 9 Tiiigiy)
421 o (D_4)ID+2
(im)P/2d;yd;, 2 hi
D —4
im P4 o
D—4 ) 11121314
i P=HD=2) oy L
D—4 4 11121314 37
im D=4 o _ 1
D—4 ) 111213 27
(D=4 042 m? +m:; 1 ,
ZIDH—I}ZL T ’L'(1’L'2 ) = —— 9 = + 6 (Q’L1 o ng) .

Donnerstag, 25. Méarz 2010



One-loop amplitudes up to terms of order ¢

One loop amplitudes as sum of cut-constructible and rational parts:
= CcC
Ai\r T 'A\ + R;’\" .
The cut constructible part is as before (EGK):

N
AGC =) B st ) s Tin 4 ) W 1 204 ) alD 179,

[1]i4] [71]i3] [71]i2] t1=1

The rational partis new (GKM):

d) o5 o= a,)? mE 4 m?
Ry = — Z zlz2z3z4+z 7,17,27,3 Z ((ql 661 )) Ty . z2>b§?22,
]

[i1]i4] [i1 ]3] [i1]d2
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D-dimensional unitary algorithm  for

massive fermions eckwm

Application to ggtt and gggtt

« We have to choose even AFPH — 24'—"1(,,',,_6) — A(,,‘,,__B)
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
ii) (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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Dirac spinors in 6 dimensions

gamma-matrices in Dy =4 {7°,7',7%,7%,7"}

. i 00 - © 0 0
gamma-matrices in Dy = 6 TV = ( 70 -0 ) R ( % p ) , M= ( e

Dirac spinors in D, dimensions

u(s)(l,m) _ NS

LITH+m) (s _
(M )775)37 8:17“'72D8/2 1- iIlDS:4Z 774(11):

in Dy = 6, they are constructed recursively

conjugate spinors:

a'*) (1, m)

_(s) (lul—w + m)

(1) (2)
1 2 3
né)Z("‘é ) né)Z("‘é ) né)Z(n

b— nDS \/m

[,, 1s not conjugated

0

(1)
4

).

¢

oo = O

(2)
4

)
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Self-energy on external massive fermion leg

For massless line: vanishing contributions

Tree amplitude on the right hand side is not

“Q‘_ N m ) ’ g well defined
\Qﬁt' ?E;::* \&Qf

Res {A[l](taglaﬂ'agnat_)} ~ Z A[O](tag*vf*) X A[O](t*7g*7gl7'°'7gn7£) )
states

R(t*ag*agla = .. 7gnaﬂ
—I_B(t*?g*agl?' . 7gn7£>'
(P« + pg)? — mj

A[O](t*ag*7917 <o 7gn7£> —

Donnerstag, 25. Méarz 2010



Feynman diagram calculation:
i) one particle reducible self-energy corrections on external legs are discarded

ii) Their effects are included by wave-function renormalization constants ( Z, )

Follow the same path:
i) discard the term in the tree amplitude generating one particle reducible diagrams
BG recursion relations can accommodate it by truncating the recursive steps
if) It is taken into account by adding later wave function renormalization
The remaining part of the amplitude (B) is not gauge invariant
iii) The gauges used to calculate Z, and B must be the same

It mildly violates “unitarity ”: .,
sum over non-physical states w PTTTTOR Ty
’:—ﬁ‘ %,

discard
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C++ code for dressed amplitudes

B Implemented algorithm based on previous implementation of ordered amplitudes
Giele and Winter, arXiv:0902.0094

B New features:

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

> - 3

[i1|ig] RP. . 2o(12. N)

e Residues are given by color dressed tree amplitudes and summed over
internal color and spin

e Symmetry factor, e.g. 1/2 for bubble
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« Sum over ordered cuts changes to sum over partitions including
non-cyclic, non-reflective premutations of the external partons

Cmax max(l,%(k—l)!) S2(n.k) Pk (C_;QH Q11 ’ 6)
A(l)(fl,,fn|€) — Z Z Z 1 k 7
k=1 RPﬂl...ﬂk(l,Q,...,n) griq 5.+ g1y, dgﬂl (6) dgn2 (2) o dng (6)
- sum over the propagator flavors gy, ,...,gm, is required as these are not

uniquely defined for unordered amplitudes
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BG recursion relations:

Jo(u,d,s,5,W) = D d 4
Ji "\, Ja )
Rt
1 ) 7 ]
Pg [‘D [J(fﬂ'l)7 ‘](fT"Q)H — K2 Dsllujs,g X J (fﬂ'l) X Jgg (f7T2)
I
1 7 (] 1 2
+ KH Diilﬁgl’ 2]2( KMUM’KWNKW) J?ﬁjl(f ) J’L/;h(f772) '
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do) ~ |M\D12d®,_o + 2Re(M OTMINdD,, o +

fsubtracted tree

amplitude squared

M) |2d®,,

automated dipole,

S FKS generators

~

)

M) = 3 fj:t+zj>. +3 0, == +R

(1) _ N — i z+1 _ (0)
M cF< (Zl 3>>M

_NLO _ / i o / i g / 4312 o

UV renormalized virtual corrections are infrared divergent
it is cancelled by the real contribution for IR safe quantities
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AUutomatec DIracltic A Ve

If the emitted gluon index i is soft and collinear with parton j the matrix
element blows up as

11 . _ D
21—y BV

Yi; = Ccos O,

1
MY, |2

Partition the phase space into sectors such that each sector has at most one
soft and one collinear singularity

do™ = Z Sij|Mn—|-1|2d(I)n—1 ZSZJ =1
ij

¥

Use plus distributions to regulate the singularities

do"™ = Z (é ) ( ! ) &(1 —vi)Sij | My 1|2d®,
i 4 +

¥ 1 —yij
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- Given the (n+1) process, it generates the real subtracted
x- section and the Born x-section

- For an NLO computation we need to input only the finite parts of
virtual corrections for the requested process

Input from Black Hat and Rocket

- Phase-space integration for n and (n+1) body process is carried
out at the same time
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- Given the (n+1) process, it generates the real subtracted
x- section and the Born x-section

- For an NLO computation we need to input only the finite parts of
virtual corrections for the requested process

Input from Black Hat and Rocket

- Phase-space integration for n and (n+1) body process is carried
out at the same time

Automated Dipole subtraction
Gleisberg, Krauss (Black Hat)

Independent implementations of Dipole Subtraction
( Ellis et.al.,Czakon et.al.)
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Concluding remarks

<+ We have an efficient method to calculate the full one-loop amplitude from
tree amplitudes for SM and BSM theories

< Cut-constructible part and rational part is treated uniformly

< A significant number of one-loop virtual amplitudes are implemented
in F90 and C++ codes.
First results for W+3jet cross-sections are encouraging

< The Rocket/Black Hat/CutTool-Helac
can be developed to fully automated NLO
generators for SM and BSM up to 7 (?) leg processes

< Generalized unitarity provides the most robust algorithm for full
automation. NLO codes likely will be integrated to existin LO codes
(ALPGEN, MADGRAPH,SHERPA etc.)
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