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The post-discovergra

@ nature waskind, but not too generous:
we found a resonance

o isit reallythe Standad Model Higgsboson?
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The post-discovergra

@ naturewaskind, but not too generous:
we found a resonance

o isit reallythe Standad Model Higgsboson?
o How canwe make the best out of the data collectedso far?

o How canwe prepae for the next phaseof data taking/
collider physics?

...the keyword is precision ...
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Precisepredictions

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

o higherorder QCD carections
(N(N)LO, resummationparton shaver, matching,. .. )

o electraveake ects at highenergies
e quak masse ects

o PDF uncertainties

e non-perturbativee ects

o ...
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Ingredientsof an NLO Calculation

NLO amplituderequires
o treelevelamplitude,
@ real emission,
o infrared subtractionterms

infrared

corrections subtractions
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Ingredientsof an NLO Calculation

corrections

infrared

subtractions
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NLO amplituderequires
o treelevelamplitude,
o real emission,
o infrared subtractionterms
@ virtual carections

GoSam collaboration focuseson
virtual carrections. Matching to
other parts via BLHA interface
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Binoth LesHouchesAccad (BLHA) interface

worked out at LesHouches2009workshopon TeV colliders,
extensionin prepaation

‘ Monte Calo program (MC) ‘ ‘One-Lch-Provider(OLP) ‘

initialisation:
processinfo order
model parameters
X scheme

copy/con rm

contract

runtime:
events — Az; Ag; Ag; jBornj?

| standad interface |




OLP GoSam: NLO calculationgnadeeasy
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The GoSamcollaloration
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Golem-SamurgiGoSam)

GeneralOne4d.oop Evaluata of Matrix elements&

Scattering Amplitudesfrom Unitarity basedReduction At
Integrandlevel

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

H. van Deurzen,T. Perao, J. Reichel,J. Schlenk,
J. F. von Saden-Faunhofen

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

http://gosam.hepfge.og ]
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GoSam metha

o user: Il out runcad

o code generation:algebraic generationof D-dimensional
integrandsbasedon Feynmandiagrams,uses
QG RAF[Noguelra], FORM (vermaserenet all, Spinney[Cullen et al]

Automated NLO calculations with GoSam Gudrun Heinrich



GoSam metha

e user: Il out runcad

o code generation:algebraic generationof D-dimensional
integrandsbasedon Feynmandiagrams,uses
QG RAF[Noguelra], FORM (vermaserenet all, Spinney[Cullen et al]

e at runtime: D-dimensionalextensionof OPP methad:
Samurai[Maslroha, Ossola, Reiter, Tramontano] OF, alternatively tensao
reductionwith golem95einon « a1 tensa integral library

Automated NLO calculations with GoSam Gudrun Heinrich



GoSam metha

o user: Il out runcad

o code generation:algebraic generationof D-dimensional
integrandsbasedon Feynmandiagrams,uses
QG RAF[Noguelra], FORM (vermaserenet all, Spinney[Cullen et al]

@ at runtime: D-dimensionakxtensionof OPP methaod:
Samurai[rvlaslroha, Ossola, Reiter, Tramontano] OF, alternatively tensao
reductionwith golem95einon « a1 tensa integral library

e cando QCD, EW, BSM
(renormalisation fully automated for QCD caseonly)

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

someexamplesof amplitudesproducedby GoSam

process process
ete | uu pp! W jj

ete | tt pp! W bb (massiveb's)
ua! dd ete | e'e (QED)
09! gg pp! tfH

pp! pp! ttZ

pp! ] pp! ttj

pp! tt ! (fermion loop)
bg! Hb pp! W*WHjj

! (fandW loop) pp! bbbb
pp! W j(QCDcar) pp! W*W bb
pp! W j (EW cor.) pp! ttbb

pp! Z= | pp! W*W + 2jets
pp! W t pp! H+ 2
pp! W + 3jets pp! H+ 3
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InterfacingGoSam

& GOSam + MadD|pO|e [Frederix, Gehrmann,Greiner]
+ MadGraph/Madevent{Malluni, Stelzer]

e pp! bbbb
[Binoth, Greiner, Gu anti, Guillet, Reiter, Reuter '10, '11]

s NLO QCD carrectionsto pp! W*W +2 jets
including massivetop loops
[Greiner, GH, Mastrolia, Ossola, Reiter, Tramontano '12]

» SUSYQCD carectionsto ~9~2+jet production
[Cullen, Greiner, GH '12]

s QCDcarectionsto  +jet production
[Gehrmann, Greiner, GH '13]

@ GoSam + Sherpa
automatedinterfacewith Sherpaoption {enable-lhole
@ pp I H+2 jets (gluon fUSion) [van Deurzen, Greiner, Luisoni, Mastrolia,
Mirabella, Ossola, Peraro, von Soden-Fraunhofen, Tramontano '13]
® pPp I W*W bb [GH, Schlenk, Winter, to appear]
o pp! W3 jets unpublished
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Precamked code readyto use

ready-madecode for virtual amplitudes+ Sherparun cards J

http://gosam.hepfage.ag/ proc/

pp=pp ! W (! e )+ 0,1 2jets
pp=pp ! Z= (! e"e )+ 0;ljets
pp=pp ! W (! e ¢)+ bb (massieb%)
pp=pp ! WT( T )+ W (I e
pp=pp ! WT( T )+ WT (I e o)+ 2jets
comingsaoon:
W*'W bb;W* W + 1;2jets;
W + 3jets;Z + 2jets; + 0;1;2;jets
H+ 0;12jets;tt + 0; ljets;tt H + O; 1jets



GoSam results:W* W +2 jets

GoSam + MadDipole + MadGraph4

[Greiner, GH, Mastrolia, Ossola, Reiter, Tramontano '12, massivetop loops included]

[see also Melia, Melnikov, Rontsch, Zanderighi '11]
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GoSam results:W*W bb

GoSam + Sherpa cH. 3. schienk, 3. winter]
seealso [Denner, Dittmaier, Kallweit, Pozzarini '11, '12],
[Bevilacqua, Czakon, van Hameren, Papadopoulos, Worek '11]
Po_ cHez2 He = P
§=7TeV, o=Hr=2;Hr = ;p;,

P2 30Gev, pS  20Gev,pl 20Gev, i 25 Rj 05 25

gures by JohannesSchlenk
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Diphotons+ jet

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

hard photonscan haveseveralorigins:
@ direct production in hard subpocess

o fragmentationof largept partons into a photon and hadrons:
non-perturbative, descriled by fragmentationfunction

needisolation from hadronicbackground

standad coneisolation:
smaoth isolation (Frixione):
Enad cone Pt

had 1 cosr "

ipe Enaq- = - -
Ze = 18T ;cone Zeut had:;max (' ) Pt 1 cosR

ipr * B
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Diphotons+ jet

public codes:

*] N LOJ ET+'[beIDuca.MaItom,Nagy,Trucsany\ '03]
Frixione isolation only

o GoSam+MadDip ole/MadGraph/MadEvent
[Gehrmann, Greiner, GH '13]
fragmentationpart included(frag functionsO( )) ) allows
compaison of standad coneisolationand Frixione isolation

availableat

http://gosam.hepforge.ag/diphoton )
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Diphotons+ jet

[ iati 2= 1 2 P 2 V. = — oy — —
scalevariations: §= z(m* + | P .j), = = E;X= =9
cuts: pJ'Te' > 40GeV,p; > 20,j ' j 25R ;> 0:4 R > 0:8,100GeV m 140GeV

1-jet inclusive:

T E| = °F T
Cone isolation ’; % 45;’ Frixione Isolation
—Lo —2:=01 o — o
—2,=0.05 --2,=0.02 a5k — NLO 3
E 3 E
E asE E
15~ R 15F-
e £ T
05; —i o&i—
E L 3 E L
% %

Automated NLO calculations with GoSam Gudrun Heinrich



Diphotons+ jet

exclusivecuts: veto on secondjet

2 e

=
=) . .
> Cone isolation
r —LO —2.=0.1
E —2,=0.05 ---2,=0.02
151
1= \f
05;
|
%

P2

s [pb]

~

30GeV

T
Frixione Isolation
— LO |
— NLO

e strongreductionof K-factor compaed to inclusivecuts

@ scaleuncertainy smallerwith coneisolation
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Diphotons+jet

compaison of isolation parametersfor

exclusivecuts

invariant massM .

0.07

5

E = < 007E =
g E | K] j 3
35 0.06— —LO — 2 oos— — 10 -
= £ —— NLO, Frixione isol. B E NLo, E
3 0.05F — NLO,z,=0.1 3 El=S JR—TS E
= 0.05— s — = o005 —— nLO, =10 5
H E NLO, z,=0.02 E K E ——— NLO, Frixione 1=0.05 B
8 004= = 004 = =
0.03— — 003— -
0.02F = 002/ =
001 = 001 -

s of 3 = E

8 = =
w & E E|
X E 3 X e =
foo 105 To 15 120 135 130 1% 140 E 3
{00050 WS T0 15130 T

My [GeV] My [GeV]

di erencesbetweenstandad coneisolation and Frixioneisolation

decreasdor decreasing, resp.
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GoSam & e ective vertices:H+2 jets

L= & Ht(G G ) (m! 1 limit)
GoSam + Sherpa

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

van Deurzen, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, von Soden-Fraunhofen, Tramontano '13

nite parts of virtual matrix elementsfor

qq! Haggg, gg! Haggqg, gg! Hggg, qq! Hg%%

150
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100 | oo .
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Angle g around y-axis

n o
JRe M tree-level M one-loop

ag =

4

nal state momenta rotated from
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GoSam goesBSM

o import model le from FeynR ules (aiou, christensen, Degrande, bunr, Fuks]
in UFQ(UniversalFeynRuleDutput) format
or LANHEBemenovel al] fOI’mat (input in SLHA format also supported)

o make surerenamalizationis donecarectly

e apat from renamalization: fully automated in particular
no needfor additional Feynmanrulesfor rational part

o support for e ective vertices/hightensa ranks/spin-ivo
paticles
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GoSam & Susy

GoSam + MadGraph4

SUSYQCD carectionsto ~9 ~+ jet (p19MSSM)
[Cullen, Greiner,GH '12]

signature: monojet plus missingEr

example pentagon diagrams
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GoSam & Susy

P s= 8 TeV, NNPDF2.3 set
P
Hr=4 2Hr,Hr = Eri, Ermss 85GeV
pr (leading jet) 100 GeV, pr(2nd jet) 30GeV, | jj 4.5
full o -shell e ects included
= 10 T T T T T T T T T T T L e e B o
§ F 3 %10
O 102l 1 3 F — 0
mloQE — Lo E| oF r ]
£ E E r —— NLO subtracted ]
uJF S — —— NLO subtracted 7 w
107 g | = S 10 ~—— NLO + resonant
R E —— NLO + resonant E 7} E
g F i F
2 10% = 35 :
S F El r 7
10° E 1?
10°F i 1
E 3 lote
107 E F 7
-8 T T N D S S B S N L1 P A B S BN R I ]
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Er miss [GeV] F (P, s 0ie0)
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GoSam & Susy

q 9

o

0
1

Automated NLO calculations with GoSam

ro

t-channelsquak exchange

s-channekquak exchange

appeas at NLO, canalsobe
regaded as LO for squak pair
production

) hugecontribution
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GoSam & extradimensions

NLO QCD carectionsto diphoton+ jet production through
graViton eXChangeNithin the ADD mOdeI [Arkani-Hamed, Dimopoulos, Dvali]

P — . 2 — +2
Dim= 4+ ;M2 =8 R Mg
for large compacti cation radius R: MS TeV

summation over Kaluza-Klein modes replaced by integral over a mass density

GoSam + MadDipole+MadGraph4and GoSam+ Sherpa

[Greiner, GH, Reichel, von Soden-Fraunhofen, to appear]

example diagrams
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GoSam & extradimensions

-1
2 _ : m2 +
CT10 pdf set
cuts:

140GeV m < Mg = 4TeV
p; > 25GeV,p > 30GeV
R 04, Rjt 04

leading order

2
jets PT sjet

gure by JoschaReichel
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GoSam & extradimensions

gure by JoschaReichel

P
2= A_Ji m? + jets p_|2_ sjet
CT10 pdf set
cuts:

140GeV m < Mg = 4TeV
p; > 25GeV,p > 30GeV
R 04, Rjt 04
= 4 extradims

BVI: Born+Virtual+Iintegrated subtraction terms

Automated NLO calculations with GoSam Gudrun Heinrich



Towards GoSam 2.0

@ code generation

¢ newstrategyto produceoptimizedfortran95 code basedon
new featuresin FORMersion4 (vermaseren,Uedaet al]
) fastercode generation,more compactcode

e parallelizationat diagramlevelpossible
) enamousgainin code generationtime

¢ option to havenumericalpolarisation vectas
) reducescode size

s option to sumdiagramsshaing the samepropagatas
algelraicallyat FORNevel
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Towards GoSam 2.0

@ code generation
¢ newstrategyto produceoptimizedfortran95 code basedon
new featuresin FORMersion4 (vermaseren,Uedaet al]
) fastercode generation,more compactcode
e parallelizationat diagramlevelpossible
) enamousgainin code generationtime
¢ option to havenumericalpolarisation vectas
) reducescode size
s option to sumdiagramsshaing the samepropagatas
algelraicallyat FORNevel
e reduction
s implementationof integralswhererank exceedsiumber of
propagatas in Samuraian beurzen, Mastrolia] and golem95icuilket, GH,
von Soden-Fraunhofen]
o alternativereductionwith Ninja [Mastrolia, Mirabella, Peraro]

(C++ code, basedon Laurent expansionof numerator)
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Towards GoSam 2.0

e code generation
¢ newstrategyto produceoptimizedfortran95 code basedon
new featuresin FORMersion4 [vermaseren,Uedaet al]
) fastercode generation,more compactcode
s parallelizationat diagramlevelpossible
) enamousgainin code generationtime
s option to havenumericalpolarisation vectas
) reducescode size
@ option to sumdiagramsshaing the samepropagatas
algelraicallyat FORNevel
e reduction
s implementationof integralswhererank exceedsiumber of
propagatcrs in Samuraijvan beurzen, Mastrolia) @and gOlemgs[Guillel, GH
von Soden-Fraunhofen]
o alternativereductionwith Ninja [Mastrolia, Mirabella, Peraro]

(C++ code, basedon Laurent expansionof numerator)

will be public as GoSam 2.0 later this yea J

Automated NLO calculations with GoSam Gudrun Heinrich




Summay and Outlook

@ automationis necessy to haveNLO predictionsasa
standad at LHC
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Summay and Outlook

automationis necessy to haveNLO predictionsasa
standad at LHC

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

not limited to Standad Model

standad interfaceto real radiation programs(BLHA)

hasbeenusedto calculatevariousNLO QCD 2! 4
processesalso2! 3 BSM processes

GoSam is publicly availableat
http://p rojects.hepfoge.ag/ gosam/
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additionalslides
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golem95dntegrallibrary

Example:production of a
heavyneutral MSSM Higgs
and a bb pair with unstable
particles (squaks, neutralinos)

in the loop
- —
N Ve
\/
real masses complexmasses

containedin golem95Clibrary: 1101.5595hep-ph]

Binoth, Cullen, Guillet, GH, Kleinschmidt, Pilon, Reiter, Rodgers, v. Soden-Fraunhofen

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

A=C4j:( +c:3<[+c2 {}+le + R
two categaies: R = Ry + Ry [Ossola,Papadomulos, Pittau]

2
N(@) = N(@) + N(a; % );9?= ¥ ° ¢=6¢> 2

dPk N(g; ?)

Rs> =
2 (2 )*Dg:::Dp 1
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RationalParts

A=C4j:(+C3 +C2{}+C19+R

two categaies: R = Ry + Ry [Ossola,Papadomulos, Pittau]
N(a) = (@) + N(a; %); 2= g9 ° =62 2

dPk N(g; ?)

Rs> =
2 (2 )*Dg:::Dp 1

Golem-Samurao ers di erent optionsfor calculationof Ry

e implicit: 2 termskept in the numerata, reducedat runtime
e explicit: 2 terms are reducedanalytically
o only: only the R, term is kept in the nal result

(does not require any additional libraries)

e 0: all 2termsare setto zero
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