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The post-discoveryera

nature was kind, but not too generous:
we found a resonance

is it really the Standard Model Higgsboson?
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The post-discoveryera

nature was kind, but not too generous:
we found a resonance

is it really the Standard Model Higgsboson?

How can we make the best out of the data collectedso far?

How can we prepare for the next phaseof data taking/
colliderphysics?

. . . the keyword is precision . . .
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Precisepredictions

to interpret \anomalies" in the data correctly, we needto
understandthe e�ects of

higherorder QCD corrections
( N(N)LO, resummation,parton shower, matching,. . . )
electroweake�ects at high energies
quark masse�ects
PDF uncertainties
non-perturbativee�ects
. . .
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Ingredientsof an NLO Calculation

NLO amplituderequires

tree levelamplitude,

real emission,

infrared subtractionterms
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Ingredientsof an NLO Calculation

NLO amplituderequires

tree levelamplitude,

real emission,

infrared subtractionterms

virtual corrections

GoSam collaboration focuseson
virtual corrections. Matching to
other parts via BLHA interface

Automated NLO calculations with GoSam Gudrun Heinrich



Binoth LesHouchesAccord (BLHA) interface
worked out at LesHouches2009workshopon TeV colliders,
extensionin preparation

Monte Carlo program(MC) One-Loop-Provider(OLP)

initialisation:
processinfo
model parameters
�x scheme
. . .

-
order

�
contract

copy/con�rm

runtime:
events A2; A1; A0; jBornj2� -

standard interface
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OLP GoSam: NLO calculationsmadeeasy
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The GoSamcollaboration
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Golem-Samurai(GoSam)

GeneralOne-Loop Evaluator of Matrix elements&

Scattering Amplitudesfrom Unitarity basedReductionAt
Integrandlevel

G. Cullen,N. Greiner,G.H., G. Luisoni,P. Mastrolia, E. Mirabella,
G. Ossola,T. Reiter,F. Tramontano,

H. van Deurzen,T. Peraro, J. Reichel,J. Schlenk,
J. F. von Soden-Fraunhofen

arXiv: 1111.2034[hep-ph](EPJC 72, 2012)

http://gosam.hepforge.org
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Golem-Samurai(GoSam)
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GoSam method

user: �ll out runcard

code generation:algebraic generationof D-dimensional
integrandsbasedon Feynmandiagrams,uses
QGRAF [Nogueira], FORM [Vermaserenet al.], Spinney[Cullen et al]
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GoSam method

user: �ll out runcard

code generation:algebraic generationof D-dimensional
integrandsbasedon Feynmandiagrams,uses
QGRAF [Nogueira], FORM [Vermaserenet al.], Spinney[Cullen et al]

at runtime: D-dimensionalextensionof OPP method:
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reductionwith golem95[Binoth et al.] tensor integral library
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GoSam method

user: �ll out runcard

code generation:algebraic generationof D-dimensional
integrandsbasedon Feynmandiagrams,uses
QGRAF [Nogueira], FORM [Vermaserenet al.], Spinney[Cullen et al]

at runtime: D-dimensionalextensionof OPP method:
Samurai[Mastrolia, Ossola, Reiter, Tramontano] or, alternatively, tensor
reductionwith golem95[Binoth et al.] tensor integral library

can do QCD, EW, BSM
(renormalisation fully automated for QCD caseonly)

interfacewith existingtools for real radiation, e.g.
Sherpa,MadGraph/MadEvent,Powheg,. . .
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GoSam 
o wchart
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GoSam validation

someexamplesof amplitudesproducedby GoSam

process process
e+ e� ! uu pp ! W � jj
e+ e� ! t t pp ! W � bb (massiveb's)
uu ! dd e+ e� ! e+ e� 
 (QED)
gg ! gg pp ! t t H
pp ! 
 
 pp ! t t Z
pp ! 
 
 j pp ! t t j
pp ! t t 
 
 ! 
 
 
 
 (fermion loop)
bg ! H b pp ! W + W + jj

 
 ! 
 
 (f and W loop) pp ! bbbb
pp ! W � j (QCD corr.) pp ! W + W � bb
pp ! W � j (EW corr.) pp ! t t bb
pp ! Z=
 � j pp ! W + W � + 2jets
pp ! W � t pp ! H + 2j
pp ! W � + 3jets pp ! H + 3j
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InterfacingGoSam
GoSam + MadDipole [Frederix, Gehrmann,Greiner]

+ MadGraph/Madevent[Maltoni, Stelzer]

pp ! b�bb�b
[Binoth, Greiner, Gu�anti, Guillet, Reiter, Reuter '10, '11]

NLO QCD correctionsto pp ! W + W � +2 jets
including massivetop loops

[Greiner, GH, Mastrolia, Ossola,Reiter, Tramontano '12]

SUSYQCD correctionsto ~� 0
1 ~� 0

1+jet production
[Cullen, Greiner, GH '12]

QCD correctionsto 
 
 +jet production
[Gehrmann, Greiner, GH '13]

GoSam + Sherp a
automatedinterfacewith Sherpaoption {enable-lhole

pp ! H+2 jets (gluon fusion) [van Deurzen, Greiner, Luisoni, Mastrolia,

Mirabella, Ossola,Peraro, von Soden-Fraunhofen, Tramontano '13]

pp ! W + W � b�b [GH, Schlenk, Winter, to appear]

pp ! W +3 jets [unpublished]
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Precooked code readyto use

ready-madecode for virtual amplitudes+ Sherparun cards

http://gosam.hepforge.org/ proc/

pp=p�p ! W � (! e� e) + 0; 1; 2jets

pp=p�p ! Z=
 � (! e+ e� ) + 0; 1jets

pp=p�p ! W � (! e� e) + b�b (massiveb0s)

pp=p�p ! W + (! � + � � ) + W � (! e� �� e)

pp=p�p ! W + (! � + � � ) + W + (! e+ � e) + 2jets

comingsoon:

W + W � b�b ; W + W � + 1; 2jets;

W � + 3jets ; Z + 2jets ; 
 + 0; 1; 2; jets

H + 0; 1; 2jets ; t �t + 0; 1jets ; t �t H + 0; 1jets
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GoSam results:W + W � +2 jets

GoSam + MadDipole + MadGraph4
[Greiner, GH, Mastrolia, Ossola,Reiter, Tramontano '12, massivetop loops included]

[seealso Melia, Melnikov, Rontsch, Zanderighi '11]

p
s = 7 TeV, MW � � � 4MW , ET ; miss � 30GeV

pT ; j � 20GeV , j � j j � 3:2; � Rjj � 0:4, pT ; l � 20GeV , j � j j � 2:4
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GoSam results:W + W � b�b

GoSam + Sherpa [GH, J. Schlenk, J. Winter]

seealso [Denner, Dittmaier, Kallweit, Pozzorini '11, '12],

[Bevilacqua, Czakon, van Hameren, Papadopoulos, Worek '11]

p
s = 7 TeV, � 0 = HT =2 ; HT =

P
j pj

T ,

pb
T � 30GeV , pmiss

T � 20GeV , pl
T � 20GeV , j � b j � 2:5; � Rjj � 0:5, j � l j � 2:5

�gures by JohannesSchlenk
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Diphotons+ jet

pp ! 
 
 +jet : backgroundto H (! 
 
 )+jet
) NLO QCD correctionsimportant

hard photonscan haveseveralorigins:

direct production in hard subprocess

fragmentationof large-pT partons into a photon and hadrons:
non-perturbative,described by fragmentationfunction

needisolation from hadronicbackground

standard coneisolation:

Ehad � � cone p

T

zc =
j~p had

T ;conej

j~p 

T + ~p had

T ;conej
� zcut

smooth isolation(Frixione):

Ehad;max (r
 ) = � p

T

�
1 � cosr


1 � cosR

� n

Automated NLO calculations with GoSam Gudrun Heinrich



Diphotons+ jet

public codes:

NLOJET++[DelDuca,Maltoni,Nagy,Trocsanyi '03]

Frixione isolationonly

GoSam+MadDip ole/MadGraph/MadEvent
[Gehrmann, Greiner, GH '13]

fragmentationpart included(frag functionsO(� )) ) allows
comparison of standard coneisolationand Frixione isolation

availableat

http://gosam.hepforge.org/diphoton
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Diphotons+ jet

scalevariations: � 2
0 = 1

4 (m2

 
 +

P
j p2

T ;j ) ; � = � r = � F ; x = �=� 0

cuts: pjet
T > 40GeV, p


T > 20, j � j ;
 j � 2:5, R
 j > 0:4, R
 
 > 0:8 , 100GeV � m
 
 � 140GeV

1-jet inclusive:
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Diphotons+ jet

exclusivecuts: veto on secondjet pT ;j 2 � 30GeV
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strong reductionof K-factor compared to inclusivecuts

scaleuncertainty smallerwith coneisolation
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Diphotons+jet

comparison of isolationparametersfor 
 
 invariant massM 
 ;


exclusivecuts
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GoSam & e�ective vertices:H+2 jets

L = � ge�
4 H tr (G�� G�� ) (mt ! 1 limit)

GoSam + Sherp a
van Deurzen, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, von Soden-Fraunhofen, Tramontano '13
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Towardspp ! H+3 jets
van Deurzen, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, von Soden-Fraunhofen, Tramontano '13

�nite parts of virtual matrix elementsfor
q�q ! Hq�qg, gg ! Hq�qg, gg ! Hggg, q�q ! Hq0�q0g
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GoSam goesBSM

import model �le from FeynR ules [Alloul, Christensen,Degrande, Duhr, Fuks]

in UFO(UniversalFeynRulesOutput) format
or LANHEP[Semenovet al] format (input in SLHA format also supported)

make surerenormalization is donecorrectly

apart from renormalization: fully automated, in particular
no needfor additionalFeynmanrulesfor rational part

support for e�ective vertices/hightensor ranks/spin-two
particles
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GoSam & Susy

GoSam + MadGraph4

SUSYQCD correctionsto ~� 0
1 ~� 0

1 + jet (p19MSSM)
[Cullen,Greiner,GH '12]

signature:monojet plus missingET

example pentagon diagrams
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GoSam & Susy
p

s = 8 TeV, NNPDF2.3 set

HT =4 � � � 2 HT , HT =
P

i ET i , ET miss � 85GeV

pT ( leading jet ) � 100 GeV, pT (2nd jet ) � 30 GeV, j � j j � 4:5

full o�-shell e�ects included
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GoSam & Susy

q

q

� 0
1

� 0
1

~q t-channelsquark exchange

q

q

� 0
1 � 0

1

~q

s-channelsquark exchange

q

q

~g

~q

~q

� 0
1

� 0
1

appears at NLO, can alsobe
regarded as LO for squark pair
production
) hugecontribution
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GoSam & extra dimensions

NLO QCD correctionsto diphoton + jet production through
graviton exchangewithin the ADD model [Arkani-Hamed, Dimopoulos, Dvali]

Dim = 4 + � ; M 2
Planck = 8� R� M � +2

S
for large compacti�cation radius R: MS � TeV
summation over Kaluza-Klein modes replaced by integral over a massdensity

GoSam + MadDipole+MadGraph4and GoSam+ Sherpa
[Greiner, GH, Reichel, von Soden-Fraunhofen, to appear]

example diagrams
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GoSam & extra dimensions

�gure by Joscha Reichel

� 2 = 1
4

�
m2


 
 +
P

jets p2
T ;jet

�

CT10 pdf set
cuts:
140GeV� m
 
 < MS = 4TeV

p

T > 25GeV,pjet

T > 30GeV

� R
 
 � 0:4; � R
 jet � 0:4
leading order
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GoSam & extra dimensions

�gure by Joscha Reichel

� 2 = 1
4

�
m2


 
 +
P

jets p2
T ;jet

�

CT10 pdf set
cuts:
140GeV� m
 
 < MS = 4TeV

p

T > 25GeV,pjet

T > 30GeV

� R
 
 � 0:4; � R
 jet � 0:4
� = 4 extra dims
BVI: Born+Virtual+Integrated subtraction terms
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TowardsGoSam 2.0

code generation
new strategyto produceoptimizedfortran95 code basedon
new featuresin FORMversion4 [Vermaseren,Ueda et al.]

) faster code generation,more compactcode
parallelizationat diagramlevelpossible
) enormousgain in code generationtime
option to havenumericalpolarisation vectors
) reducescode size
option to sum diagramssharing the samepropagators
algebraicallyat FORMlevel
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TowardsGoSam 2.0

code generation
new strategyto produceoptimizedfortran95 code basedon
new featuresin FORMversion4 [Vermaseren,Ueda et al.]

) faster code generation,more compactcode
parallelizationat diagramlevelpossible
) enormousgain in code generationtime
option to havenumericalpolarisation vectors
) reducescode size
option to sum diagramssharing the samepropagators
algebraicallyat FORMlevel

reduction
implementationof integralswhererank exceedsnumber of
propagators in Samurai[van Deurzen, Mastrolia] and golem95[Guillet, GH,

von Soden-Fraunhofen]

alternativereductionwith Ninja [Mastrolia, Mirabella, Peraro]

(C++ code, basedon Laurent expansionof numerator)
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TowardsGoSam 2.0
code generation

new strategyto produceoptimizedfortran95 code basedon
new featuresin FORMversion4 [Vermaseren,Ueda et al.]

) faster code generation,more compactcode
parallelizationat diagramlevelpossible
) enormousgain in code generationtime
option to havenumericalpolarisation vectors
) reducescode size
option to sum diagramssharing the samepropagators
algebraicallyat FORMlevel

reduction
implementationof integralswhererank exceedsnumber of
propagators in Samurai[van Deurzen, Mastrolia] and golem95[Guillet, GH,

von Soden-Fraunhofen]

alternativereductionwith Ninja [Mastrolia, Mirabella, Peraro]

(C++ code, basedon Laurent expansionof numerator)

will be public as GoSam 2.0 later this year
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Summary andOutlook

automation is necessary to haveNLO predictionsas a
standard at LHC
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Summary andOutlook

automation is necessary to haveNLO predictionsas a
standard at LHC

GoSam is a powerful and 
exible automatedtool for
one-loop multi-leg amplitudes

not limited to Standard Model

standard interfaceto real radiation programs(BLHA)

hasbeenusedto calculatevariousNLO QCD 2 ! 4
processes,also2 ! 3 BSM processes

GoSam is publicly availableat
http://p rojects.hepforge.org/ gosam/
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additionalslides
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golem95Cintegral library

Example:production of a
heavyneutral MSSM Higgs
and a b�b pair with unstable
particles (squarks, neutralinos)
in the loop

H
~q

�b

b

~q

�

�

r1 r2

r3r4

p5

p4

p3
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Im A40

complexmasses

containedin golem95Clibrary: 1101.5595[hep-ph]
Binoth, Cullen, Guillet, GH, Kleinschmidt, Pilon, Reiter, Rodgers, v. Soden-Fraunhofen

http://golem.hepforge.org/ 95/
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RationalParts

A = C4 + C3 + C2 + C1 + R

two categories: R = R1 + R2 [Ossola,Papadopoulos,Pittau]

N(q) = N̂(q̂) + ~N(q; � 2; � ) ; q2 =
�
q̂(4)

� 2
� ~q2 = q̂2 � � 2

R2 =
Z

dD k
(2� )4

~N(q; � 2; � )
D0 : : : Dn� 1
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RationalParts

A = C4 + C3 + C2 + C1 + R

two categories: R = R1 + R2 [Ossola,Papadopoulos,Pittau]

N(q) = N̂(q̂) + ~N(q; � 2; � ) ; q2 =
�
q̂(4)

� 2
� ~q2 = q̂2 � � 2

R2 =
Z

dD k
(2� )4

~N(q; � 2; � )
D0 : : : Dn� 1

Golem-Samuraio�ers di�erent options for calculationof R2

implicit: � 2 terms kept in the numerator, reducedat runtime
explicit: � 2 terms are reducedanalytically
only: only the R2 term is kept in the �nal result

(does not require any additional libraries)

o�: all � 2 terms are set to zero
Automated NLO calculations with GoSam Gudrun Heinrich


