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The post-discovery era

nature was kind, but not too generous:
we found a (?) resonance
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The post-discovery era

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

is it really the Standard Model Higgs boson?

How can we make the best out of the 2010-2012 data?
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Higgs boson Wiki in local dialect
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Precise predictions

to interpret “anomalies” in the data correctly, we need to
understand the effects of

higher order QCD corrections

( N(N)LO, resummation, parton shower, matching, . . . )

electroweak effects at high energies

quark mass effects

PDF uncertainties

phase space restrictions

non-perturbative effects

. . .
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Ingredients of an NLO Calculation

NLO amplitude requires

tree level amplitude,

real emission,

infrared subtraction terms
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Ingredients of an NLO Calculation

NLO amplitude requires

tree level amplitude,

real emission,

infrared subtraction terms

virtual corrections

GoSam collaboration focuses on
virtual corrections. Matching to
other parts via BLHA interface
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Binoth Les Houches Accord (BLHA) interface
(worked out at Les Houches 2009 workshop on TeV colliders)

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

initialisation:

process info

model parameters

fix scheme
. . .

-

order

�

contract

copy/confirm

runtime:

events A2,A1,A0, |Born|
2

�
-

standard interface

(extension in preparation)
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GoSam: NLO calculations made easy
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Golem-Samurai (GoSam)

General One-Loop Evaluator of Matrix elements &

Scattering Amplitudes from Unitarity based Reduction At
Integrand level

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

algebraic generation of D-dimensional integrands based on
Feynman diagrams

reduction by

D-dimensional extension of OPP method (Samurai),
or, alternatively
tensor reduction with golem95 tensor integral library

can do QCD, EW, BSM

interface with existing tools for real radiation, e.g.
Sherpa, MadGraph/MadEvent, Powheg, . . .
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GoSam flowchart
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List of other (more or less) automated NLO Tools
generate one-loop amplitude “on the fly”: (red means “public”)

FeynArts/FormCalc/LoopTools Thomas Hahn et al

GRACE Fujimoto et al.

BlackHat Bern, Dixon, FebresCordero, Hoeche, Ita, Kosower, Maitre, Ozeren

Helac-NLO Bevilacqua, Czakon, van Hameren, Papadopoulos, Pittau, Worek

MadLoop/ aMC@NLO Hirschi,Frederix,Frixione,Garzelli,Maltoni,Pittau

uses CutTools [Ossola, Papadopoulos, Pittau] and MadFKS
GoSam Cullen, Greiner, GH, Luisoni, Mastrolia, Ossola, Reiter, Tramontano, uses

Samurai [Mastrolia, Ossola, Reiter, Tramontano], golem95 [Binoth et al]

NJET Badger, Biedermann, Uwer, Yundin

OpenLoops Pozzorini, Maierhöfer, Cascioli

Recola Actis, Denner, Hofer, Scharf, Uccirati
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List of other (more or less) automated NLO Tools
generate one-loop amplitude “on the fly”: (red means “public”)

FeynArts/FormCalc/LoopTools Thomas Hahn et al

GRACE Fujimoto et al.

BlackHat Bern, Dixon, FebresCordero, Hoeche, Ita, Kosower, Maitre, Ozeren

Helac-NLO Bevilacqua, Czakon, van Hameren, Papadopoulos, Pittau, Worek

MadLoop/ aMC@NLO Hirschi,Frederix,Frixione,Garzelli,Maltoni,Pittau

uses CutTools [Ossola, Papadopoulos, Pittau] and MadFKS
GoSam Cullen, Greiner, GH, Luisoni, Mastrolia, Ossola, Reiter, Tramontano, uses

Samurai [Mastrolia, Ossola, Reiter, Tramontano], golem95 [Binoth et al]

NJET Badger, Biedermann, Uwer, Yundin

OpenLoops Pozzorini, Maierhöfer, Cascioli

Recola Actis, Denner, Hofer, Scharf, Uccirati

hard coded (library of) processes (also involve high level of automation)

POWHEG-Box Alioli, Nason, Oleari, Re et al

MCFM/Rocket Campbell, Ellis, Williams, Melnikov, Zanderighi et al

VBFNLO Zeppenfeld et al , . . .
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GoSam validation

some examples of amplitudes produced by GoSam

process process

e+e− → uu pp → W± jj

e+e− → tt pp → W± bb (massive b’s)

uu → dd e+e− → e+e−γ (QED)
gg → gg pp → ttH

gg → gZ pp → ttZ

pp → tt γγ → γγγγ (fermion loop)
bg → H b pp → W+W+jj

γγ → γγ (f and W loop) pp → bbbb

pp → W± j (QCD corr.) pp → W+W−bb

pp → W± j (EW corr.) pp → ttbb

pp → Z/γ∗ j pp → W+W− + 2 jets
pp → W± t pp → W− + 3 jets
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Interfacing GoSam

GoSam + MadGraph4

pp → bb̄bb̄

[Binoth, Greiner, Guffanti, Guillet, Reiter, Reuter ’10, ’11]

NLO QCD corrections to pp → W+W−+2 jets
including massive top loops

[Greiner, Heinrich, Mastrolia, Ossola, Reiter, Tramontano ’12]

SUSY QCD corrections to χ̃0
1χ̃

0
1+jet production

[Cullen, Greiner, Heinrich ’12]

GoSam + Powheg [Luisoni, Nason, Oleari, Tramontano]

working interface (BLHA standards), coming soon

GoSam + Sherpa

automated interface with Sherpa option –enable-lhole
pp → H+2 jets [van Deurzen, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro,

von Soden-Fraunhofen, Tramontano ’13]

pp → W+3 jets [unpublished]

ready-made process packages publicly available at
http://gosam.hepforge.org/proc/
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Precooked code ready to use

ready-made code for virtual amplitudes + Sherpa run cards,
scripts for interface and plotting available at

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

pp/pp̄ → W± (→ eνe)

pp/pp̄ → W± (→ eνe) + jet

pp/pp̄ → Z/γ∗ (→ e+e−)

pp/pp̄ → Z/γ∗ (→ e+e−) + jet

pp/pp̄ → W± (→ eνe) + 2 jets

pp/pp̄ → W± (→ eνe) + bb̄

pp/pp̄ → W+ (→ µ+νµ) +W− (→ e−ν̄e)

pp/pp̄ → W+ (→ µ+νµ) +W+ (→ e+νe) + 2 jets
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process packages

more process packages in preparation

e.g. t t̄, tt̄ jet, H+jets, W−+3 jets, . . .
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process packages

more process packages in preparation

e.g. t t̄, tt̄ jet, H+jets, W−+3 jets, . . .

G. Luisoni, F. Tramontano
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GoSam results: pp → bb̄bb̄

GoSam + MadGraph4 (+Whizard)

[Binoth, Greiner, Guffanti, Guillet, Reiter, Reuter ’10, ’11]

√
s = 14TeV , pT (bj ) > 30GeV , ∆R(bi , bj ) > 0.8
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GoSam results: W +W−+2 jets

GoSam + MadGraph4
[Greiner, Heinrich, Mastrolia, Ossola, Reiter, Tramontano ’12, massive top loops included]

[see also Melia, Melnikov, Rontsch, Zanderighi ’11]

√
s = 7 TeV, MW ≤ µ ≤ 4MW , ET ,miss ≥ 30 GeV

pT ,j ≥ 20 GeV , |ηj | ≤ 3.2, ∆Rjj ≥ 0.4, pT ,l ≥ 20 GeV , |ηj | ≤ 2.4
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GoSam & effective vertices: H+2 jets

L = −geff
4 H tr (GµνG

µν) (mt → ∞ limit)

GoSam + Sherpa

van Deurzen, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, von Soden-Fraunhofen, Tramontano ’13
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Towards pp → H+3 jets
van Deurzen, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, von Soden-Fraunhofen, Tramontano ’13

finite parts of virtual matrix elements for
gg → Hqq̄g , qq̄ → Hqq̄g , qq̄ → Hq ′q̄′g

-50

 0

 50

 100

 0  1  2  3  4  5  6

a 0

Angle θ around y-axis

g g -> H q  -q  g

-50

 0

 50

 100

 0  1  2  3  4  5  6

a 0

Angle θ around y-axis

g g -> H q  -q  g
q -q -> H q  -q  g

-50

 0

 50

 100

 0  1  2  3  4  5  6

a 0

Angle θ around y-axis

g g -> H q  -q  g
q -q -> H q  -q  g
q -q -> H q’ -q’ g

a0 =
2Re

{

Mtree-level∗Mone-loop
}

(4παs )
∣

∣

∣
Mtree-level

∣

∣

∣

2
−

a
−2

ε2
−

a
−1

ε

final state momenta rotated from θ = 0 to θ = 2π

Automated one-loop calculations with GoSam Gudrun Heinrich



GoSam goes BSM

import model file from FeynRules [Christensen, Duhr, Fuks et al.]

in UFO (Universal FeynRules Output) format
or LANHEP [Semenov et al] format (input in SLHA format also supported)

make sure renormalization is done correctly

apart from renormalization: fully automated, in particular
no need for additional Feynman rules for rational part

support for effective vertices/high tensor ranks/spin-two
particles
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GoSam & Susy

GoSam + MadGraph4

SUSY QCD corrections to χ̃0
1 χ̃

0
1 + jet (p19MSSM)

[Cullen, Greiner, Heinrich ’12]

signature: monojet plus missing ET

example pentagon diagrams
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GoSam & Susy

√
s = 8 TeV, NNPDF2.3 set

HT /4 ≤ µ ≤ 2HT , HT =
∑

i ET i , ET miss ≥ 85 GeV

pT (leading jet) ≥ 100GeV, pT (2nd jet) ≤ 30GeV, |ηj | ≤ 4.5

full off-shell effects included
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GoSam & Susy

q

q

χ0
1

χ0
1

q̃ t-channel squark exchange

q

q

χ0
1 χ0

1

q̃

s-channel squark exchange

q

q

g̃

q̃

q̃

χ0
1

χ0
1

appears at NLO, can also be
regarded as LO for squark pair
production
⇒ huge contribution
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GoSam & extra dimensions

NLO QCD corrections to diphoton + jet production through
graviton exchange within the ADD model [Arkani-Hamed, Dimopoulos, Dvali]

Dim = 4 + δ , M2
Planck = 8πRδ Mδ+2

S

for large compactification radius R: MS ∼ TeV
summation over Kaluza-Klein modes replaced by integral over a mass density

GoSam+ MadGraph4
[Greiner, Heinrich, Reichel, von Soden-Fraunhofen, to appear]

example diagrams
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GoSam & extra dimensions

J.F. von Soden-Fraunhofen

µ2 = 1
4

(

m2
γγ +

∑

jets p
2
T ,jet

)

CT10 pdf set
cuts:
140 GeV ≤ mγγ < MS = 4TeV

p
γ
T > 25 GeV, pjetT > 30 GeV

∆Rγγ ≥ 0.4,∆Rγ jet ≥ 0.4
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GoSam & extra dimensions

pp → graviton + jet → γγ + jet

J.F. von Soden-Fraunhofen
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Summary and Outlook

automation is necessary to have NLO predictions as a
standard at LHC
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Summary and Outlook

automation is necessary to have NLO predictions as a
standard at LHC

Golem/Samurai (GoSam) is a powerful and flexible

automated tool for one-loop multi-leg amplitudes

not limited to Standard Model

standard interface to real radiation programs (BLHA)

has been used to calculate various NLO QCD 2 → 4
processes, also 2 → 3 BSM processes

GoSam is publicly available at
http://projects.hepforge.org/gosam/
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additional slides
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golem95C integral library

Example: production of a
heavy neutral MSSM Higgs
and a bb̄ pair with unstable
particles (squarks, neutralinos)
in the loop
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contained in golem95C library: 1101.5595 [hep-ph]
Binoth, Cullen, Guillet, GH, Kleinschmidt, Pilon, Reiter, Rodgers, v. Soden-Fraunhofen

http://golem.hepforge.org/95/
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GoSam & extra dimensions

J.F. von Soden-Fraunhofen
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W+W++2 jets
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Rational Parts

A = C4 + C3 + C2 + C1 + R

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

N(q) = N̂(q̂) + Ñ(q, µ2, ε) , q2 =
(

q̂(4)
)2

− q̃2 = q̂2 − µ2

R2 =

∫

dDk

(2π)4
Ñ(q, µ2, ε)

D0 . . .Dn−1

Automated one-loop calculations with GoSam Gudrun Heinrich



Rational Parts

A = C4 + C3 + C2 + C1 + R

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

N(q) = N̂(q̂) + Ñ(q, µ2, ε) , q2 =
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∫
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Golem-Samurai offers different options for calculation of R2

implicit: µ2 terms kept in the numerator, reduced at runtime
explicit: µ2 terms are reduced analytically
only: only the R2 term is kept in the final result

(does not require any additional libraries)

off: all µ2 terms are set to zero
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