Recent Progress in the
GOLEM Project

T. Reiter (Nikhef)

in collaboration with
G. Cullen, A. Guffanti, J.P. Guillet, G. Heinrich, S. Karg,
N. Kauer, T. Kleinschmidt, E. Pilon, M. Rodgers, |. Wigmore

Loops & Legs 2010, Waérlitz, 25-30 April 2010




Overview

A General Setup for NLO Calculations

Tensor Integral Reduction with Golem95

An Automated 1-Loop Matrix Element Generator

GOLEM @ Work

Conclusions

Recent Progress in the GOLEM Project Thomas Reiter 26 April 2010



(Instead of a) Motivation

Three examples of NLO calculations — three things in common:
» Calculations have to deal with a large number of diagrams,
cuts, subprocesses, ...
» Computations make use of many different available and
customized programs.

» NLO corrections are important

» improvement of the theoretical error
» for taking effects into account which are not present at LO



Example 1: qg — bbbb

e ]
% - LHC s =14 TeV 4
e E
g ]
* B .. by the GOLEM collaboration
2 E » importance: BSM Higgs
£ E searches
of ] » complexity: 2 — 4, massless
51 100 150 200 250 300 m gSg ) [G:\% - - .
2% QCD, = 250 loop diagrams,
7t . 128 real emission diagrams
e — Lo E > tools: golem-2.0, golem95,
os- —NLO . MadGraph/MadEvent,
o5 1 MadDipole, Whizard i,
o.Ai 7: Cullen, Greiner, Guffanti, Guillet, Heinrich, Pilon,
F ] TR, Reuter; Maltoni, Stelzer; Frederix,
0.2? —

Gehrmann, Greiner; Kilian, Ohl, Reuter, Moretti]

02 0304 1 2 3 45678
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Example 2. pp— W=+ jj

60
T

I

oE W+2jets+X  —- Lo 3
— — NLO
?J 10 Vs = 196 Tev * CDF data
L . by the BlackHat collaboration
Cys » importance: background for
SUSY searches
% e ] » complexity: 2 — 4, massless
S SIS SR QCD, = 2000 loop diagrams
E Second Jet By [GeV ] . (+ Crossings), ~ 500 real
emission diagrams (+
W djes X o1 crossings),
asE sl oy — NLO 3
ToE o el e wame » tools: BlackHat, Sherpa

— see D. Maitre'sitalk
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Example 3: relic density of DM in the MSSM

... by the SloopS collaboration

» importance: DM searches,
precision cosmology

» complexity: Several 2 — 2,
2 — 3 and some 2 — 4

— \\\\ T processes, SM and MSSM
H S~ » tools: SloopS, FeynArts,
R \\\\’ FormCalc, GRACE-loop,

R o GRACE-susy, LanHEP,
Getan —
“% o . . CompHEP




A General Setup for NLO Calculations

The examples show

» high complexity of
calculation

» automated approach needed

» challenges:

> numerical stability
speed

resource usage
bookkeeping

vV vVvYyy

Exploit modularity to split up the problem.



A General Setup for NLO Calculations

o = af (o0 + ajor + O(a?))
70 = /M do({p}) D" (ail Gjlg) Al s({p}, {AN A 5({p}, {A})
i
r= [ a0 Y el Gyl AL () IO (o}, £ + e
X,ij

* /Mﬂdd’({P/DZ@f\ i) Al (1 D AR (P ()

Xoiyj
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A General Setup for NLO Calculations

o =af (00 + ajor + 0(04:2))
o0 = /2 ~a9({p) Y (@] Gyla) Al () DA s((p) (1))

i
r= [ a0 Y el Gyl AL () IO (o}, £ + e
i
+/2HNHd"’({P/})XZU<Cf\ L1 AL (1 DA (P, )

» renormalisation removes UV poles in Ay

» Ay also contains IR poles in 1/(d — 4)

» Ag contains singularities for p; o< p; and p; — 0
» singularities cancel between both contributions



A General Setup for NLO Calculations (cont'd)

Appropriate subtraction terms render both parts finite:

S

o1 :/2 o)) [Z (il G ) Al s({pY, AN A (R}, {A)

Xoij

©ohet / Ao ({p}; ) Maus({p}, @ {A})

G
S| Gl Al (P AN DA R} AN
N,ij

- Msub({p,}v {)‘/})]



A General Setup for NLO Calculations (cont'd)

Modularity should be reflected in
the setup of NLO calculations by
independent software modules:
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A General Setup for NLO Calculations (cont'd)

Modularity should be reflected in
the setup of NLO calculations by
independent software modules:

» Born (LO) cross section
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A General Setup for NLO Calculations (cont'd)

Modularity should be reflected in
the setup of NLO calculations by
independent software modules:

» Born (LO) cross section

» virtual corrections
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Modularity should be reflected in
the setup of NLO calculations by
independent software modules:

» Born (LO) cross section
» virtual corrections

» real emission
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Modularity should be reflected in
the setup of NLO calculations by
independent software modules:

» Born (LO) cross section
» virtual corrections
» real emission

» IR subtraction

virtual
corrections

infrared

subtractions

corrections



Related Work: Tree Level parts

» Many highly automated
tools available

» ALPGEN [Mangano et al]

» CalcHEP
[Pukhov,Belyaev,Christensen]

» CompHEP [soos et a1

» FeynArts/FormCalc
[Hahn,Perez-Victoria]

» Grace [vuasa et al]

» HELAC-PHEGAS
[Papadopoulos et al.]

> MadGraph [Maltoni,Stelzer]

» Sherpa (AMEGIC) infrared
[Krauss,Kuhn,Soff]

> Whizard (O'Mega) corrections subtractions

[Kilian,Moretti,Ohl,Reuter]
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Related Work: Tree Level parts

» Many highly automated
tools available

>

>

ALPGEN [Mangano et al.]
CalcHEP

[Pukhov,Belyaev, Christensen]

> COmpHEP [Boos et al.]
» FeynArts/FormCalc

[Hahn,Perez-Victoria]

» Grace [Yuasa et al.]
» HELAC-PHEGAS

[Papadopoulos et al.]

> MadGl’aph [Maltoni,Stelzer]
» Sherpa (AMEGIC)

[Krauss,Kuhn,Soff]
Whizard (O'Mega)

[Kilian,Moretti,Ohl,Reuter]

» Applicable to real part
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Related Work: IR Subtraction

Implementations for IR
subtraction:
» Catani-Seymour dipoles
» AutoDipole

[Hasegawa,Moch, Uwer]
» HELAC-DIPOLE
[Czakon, Papadopoulos, Worek]
» MadDipole
[Frederix,Gehrmann, Greiner]
> Sherpa [Gleisberg Krauss]
» Tevlet [seymour Tevin]

» FKS dipoles
» MadFKS

[Frederix, Frixione,Maltoni,Stelzer]

corrections
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Virtual Corrections

» several approaches are
discussed

» most of them are
implemented

» nearly no public code

» not as automated as other
parts of the calculation
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Virtual Corrections

» several approaches are
discussed

» most of them are
implemented

» nearly no public code

» not as automated as other
parts of the calculation

GOLEM
» is Feynman diagram based
> is automatized

» will be public
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corrections

infrared
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A General Interface for NLO Calculations

initialization: request for process (order file)
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A General Interface for NLO Calculations

initialization: confirmation/rejection of request (contract file)
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A General Interface for NLO Calculations

initialization: code generation (optional)
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A General Interface for NLO Calculations

runtime phase: sending event

Recent Progress in the GOLEM Project Thomas Reiter 26 April 2010



A General Interface for NLO Calculations

A

runtime phase: receiving results
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A General Interface for NLO Calculations (cont'd);

» Specification available since Jan "10 (j1001 1307 Binoth et 1]
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A General Interface for NLO Calculations (cont'd);

» Specification available since Jan "10 (110011307 Binoth et a1]

» Initialization: communication through files
= language independent

» Runtime: API (at least C/C++ and Fortran)
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A General Interface for NLO Calculations (cont'a)g

» Specification available since Jan '10

» Initialization: communication through files
= language independent

» Runtime: API (at least C/C++ and Fortran)
» MC/PS
» choose parameters, PDFs, approximations, ...
» choose amplitude format: colour and/or helicity summed,
leading colour, . ..
» sends events (E, B, m);, as(p), . ..



A General Interface for NLO Calculations (cont'd)g

» Specification available since Jan '10
» Initialization: communication through files
= language independent

» Runtime: API (at least C/C++ and Fortran)
» MC/PS

» choose parameters, PDFs, approximations, ...

» choose amplitude format: colour and/or helicity summed,

leading colour, . ..

» sends events (E, B, m);, as(p), . ..

» One-Loop Provider

> evaluates interference term virtual x LO and LO x LO
» performs UV-renormalisation
» sends 1/e expansion (virtual part) and LO result of amplitude



/ \.%
Tensor Integral Reduction with Golem95 iﬁ};i\iﬂ




Structure of a One-Loop Amplitude

AN {pi}id{mi}) = > AN (g} {m)})
{ci},
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Structure of a One-Loop Amplitude

AN i {mi}) = Y ADG {pi}i {my})
{C,’},Oé
_ _[dk NP (k)
M [t {m;}) = /iﬂn/gm

= SN (o dmi}) - et ()i {mj )
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Structure of a One-Loop Amplitude

AN i {mi}) = Y ADG {pi}i {my})
{C,’},Oé
_ _[dk NP (k)
M [t {m;}) = /iﬂn/gm

=S Aok dmid) - P (s {my )

Idea: Split implementation into two steps

1. Numerically stable reduction of tensor integrals
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Structure of a One-Loop Amplitude

AN i} Amy) = Y AIGI [k {my})
{C,’},Oé
_ _[drk NP (k)
gc{y/\}({Pj}:{mj}) = /mr”/2DlDN

= SN AR dm) - I (i {my))
Idea: Split implementation into two steps

1. Numerically stable reduction of tensor integrals

2. Matrix element generator for one-loop amplitudes



golem95 One-Loop Integral Library

d"k qﬂl .. qﬂr
Nt (ay, .. an S) = / R LT
N ’ imn/2 Hjes(qf - mj2 +i0)
2 2

Si=(ai—q)—mi—m, q=k+r
Decomposition into Lorentz invariant integrals:
= (COVEN = nj2) 3D TR ({)g )X

P7j17~~~ajp

zy ...z,

/d21 codzyd(l—z1 — .. ~ZN)(_1/22T52 — ig)N=n/2



golem95 One-Loop Integral Library

dnk qﬂl .. qéLr
a2 S) = [ o
N ’ imn/2 Hjes(qf - mjg +i0)
2

Si=(ai—q)—mi—m, q=k+r

Decomposition into Lorentz invariant integrals:

= GOV = nf2) 3T TR () g )X
P7j1,..~,jp

/dzl---dzN6(121...zN)

zy ...z,

(—1/22T7Sz — i§)N-n/2

» Can be reduced further — 7 | + [7+2
» Can be evaluated numerically (degenerated kinematics)
= Gram determinants can be avoided



golem95 One-Loop Integral Library

’ A9k krifemz oo ok
dipu . pir _
) /md/2 [k r)? —md]- [k + r)? — ]

_ 2 2 2
Sij = (ri—r;)* —mj —mj
Gi]‘ = 21",‘ . ’V’]‘

» Tensor Integrals from loop momentum
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golem95 One-Loop Integral Library

ddk kP fep2 ... fokr
dipreiin (G
Iy (%) /1?71"1/2 [(k+r)2=m3]--[(k+rn)? —m]

01— z)
N_dj2

1(8) = (~)VD(N—d/2) [aVo o =E0
~(S) = (=1)"I( />/0 (_%ZTSZ—M)

» Reduction to scalar basis = (det G)~!
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golem95 One-Loop Integral Library

. Ak CY I
B(8) = [ ; ;
i /2 [k + )2 = m3] - [(k+ )2 — mR]

S =Y z)a -2,

Iy 1y 8) = (~1)VD(N—dy2) [a¥, 2L X2 A,
Y ! /0 (—%ZTSZ - iS)N o

01— z)
N—dj2

IL(S) = (-)NT(N=d/2) [dN sm—m—— ="
() = (-1)"T(N-d/2) || Cirseoi)

» GOLEM basis: integrals with numerator
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golem95 One-Loop Integral Library

Ak kg
1) = [ : :
’ /2 [(k+1)2 —mi]- - [(k+rn)? — mi]

- z)a, A,
( 1782 — ié)Vd/Z

’ 01— z) l

IL(S) = (-1) (N —d/2) [dVz
() = (-1)"T(N-d/2) || o)™

14, 1 S) = (~1)MT(N—d/2) /dN

» numerical evaluation or algebraic reduction
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golem95 One-Loop Integral Library F=
Current version of golem95
http://lappweb.in2p3.fr/lapth/Golem/golem95.html

algebraic separation of IR poles

v

cache, avoiding multiple evaluation
all required integrals for N < 6, massless

documentation, examples available


http://lappweb.in2p3.fr/lapth/Golem/golem95.html

’NIE\iEF

\

golem95 One-Loop Integral Library \ g~

Current version of golem95
» http://lappweb.in2p3.fr/lapth/Golem/golem95.html
» algebraic separation of IR poles
» cache, avoiding multiple evaluation
» all required integrals for N < 6, massless
» documentation, examples available
Partially finished
» version with propagator masses

» currently: finite box (Dp) by call to LoopTools
(ready)

» numerical branch under development


http://lappweb.in2p3.fr/lapth/Golem/golem95.html

NIpger

\

golem95 One-Loop Integral Library \ g~

Current version of golem95
» http://lappweb.in2p3.fr/lapth/Golem/golem95.html
» algebraic separation of IR poles
» cache, avoiding multiple evaluation
» all required integrals for N < 6, massless
» documentation, examples available
Partially finished
» version with propagator masses

» currently: finite box (Dp) by call to LoopTools
(ready)

» numerical branch under development
Early stage of development

» Complex propagator masses


http://lappweb.in2p3.fr/lapth/Golem/golem95.html

golem-2.0

Matrix elements made easy...




e
GOLEM-2.0: One-Loop Matrix Element Generator ;£ NI

GOLEM 2. 0
Overview
, . pyt hon
» implementation of the Golem method l'ibrary
» very modular
» python library (command line tools) Wl > | o
» spinney: helicity spinors in Form e o
» haggies: optimizing code generator = =4
» golem95: integral library S % _‘g
» based on Form and QGraf
| form

» Fortran 95 matrix element code

| qgr af |




GOLEM-2.0: Matrix Elements Made Easy iw}f;li/i“

» create configuration file

$ golem-main.py --template process.in

$




GOLEM-2.0: Matrix Elements Made Easy iw}f;li/i“

> create configuration file
> enter process, here: gg — ssbb @ NLO in QCD

process_path=<a directory>

in=g,g
out=s,s”,b,b”

order=gs,4,6
model=sm

# more settings optional




GOLEM-2.0: Matrix Elements Made Easy iw}f;li/i“

» create configuration file
> enter process, here: gg — ssbb @ NLO in QCD

> set up process directory

$ golem-main.py --template process.in
$ edit process.in
$ golem-main.py process.in

$




GOLEM-2.0: Matrix Elements Made Easy iw}f;li/i“

» create configuration file
> enter process, here: gg — ssbb @ NLO in QCD
> set up process directory

> generate code

$ golem-main.py --template process.in
$ edit process.in
$ golem-main.py process.in

$ make dist # -> matrix.tar.gz

$




GOLEM-2.0: Matrix Elements Made Easy 7 NBgEr

» create configuration file
> enter process, here: gg — ssbb @ NLO in QCD
> set up process directory

» generate code and draw diagrams

$ golem-main.py --template process.in
$ edit process.in
$ golem-main.py process.in

$ make dist # -> matrix.tar.gz
$ make doc # -> process.ps

$

ey,
glka) W

Diagram 1111




GOLEM-2.0: Work in Progress

Features not fully implemented (but planned/in progress):
» Les Houches interface
» FeynRules import
» Renormalisation of massive theories
Implemented but not fully tested:
» Majorana fermions and higher spins
> massive processes

+ improvements considering size, speed and interface



GOLEM at Work (Some Results)

GOLEM method has been used for
> gg — W*W* — Ivl'V [Binoth Ciccolini Kauer Krimer]
gg — HH, HHH [sinoth karg kaver Riick]
pp — Hjj (VBF/GF) [Andersen,Binoth, Heinrich,Smillie]
pp — VVJ [Binoth Gleisberg Karg Kauer, Sanguinetti
GG — bbbb (5ot Greiner Guttant Gulier TR Rewter]
pp — Graviton + j (ke et 21
gg — bbbb (in progress)

vV V.V vV VvV VY
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pp — V\/j [Binoth,Gleisberg,Karg,Kauer,Sanguinetti

30 — , , ;
do pp — ZZ+jet+X
dMzz Vs =14 TeV
b -- ) 3
. .. “ . . ! PTjet > 50 GeV
» high priority “wishlist [cev] ,, Tt
process 10
» algebraic reduction of tensor
integrals
R PP LO :
» at most pentagon diagrams | — NLO |
—-—- NLO with 2" jet veto
» successful comparison with 9 L ‘ ‘ ‘
200 250 300 350 400
[Dittmaier,Kallweit, Uwer;Campbell,Ellis,Zanderighi] 1.6 . . . .
NLO F —
LO ]
1.0 :_.‘._.‘._.'.'.‘».—.».—:-.—.-...- ...... snzszozsizacooc--d]
08 1 1 1 1
200 250 300 350 400
MZZ [GeV]
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qa — bbbb [Binoth;Greiner,Guffanti,Guillet, TR, Reuter]

> added to “wishlist” 2007

12

= L 1

. o [ 1

» background to BSM Higgs g i &
SearCh E 3; — NLO, P2 E

» calculation using golem-2.0 ; 1
o E

and golem95 E ]

T1 7 . . 1; B

» gg — bbbb missing E 1
= to be completed ~ June S
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Outlook

SAMORAL

Advertisment. . .
> golem-2.0 is an open, extensible framework
» fully operational interface to Samurai added
What is Samurai?

» new library implementing d-dimensional reduction at
the integrand level

» publication plus code public soon




Outlook

SAMORAL

Advertisment. . .
> golem-2.0 is an open, extensible framework
» fully operational interface to Samurai added
What is Samurai?

» new library implementing d-dimensional reduction at
the integrand level

» publication plus code public soon

... stay tuned!




Conclusions

v

vV Vv

v

v

Automatization of one-loop matrix element required

GOLEM method: Feynman diagram based approach

Implementation in two steps:

>

>

Tensor integral form factors (golem95)
Matrix element generator (golem-2.0)

golem95:

>

>

>

massless version publicly available
propagator masses coming soon
complex masses in preparation

golem-2.0

» main features are implemented

vy vy vy

well prepared for QCD/EW/BSM
already in use for some calculations
more tests required

first release planned for summer 2010
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