
Automatic Complete NLO 
Calculations with MadGraph

Johan Alwall
Fermilab 

Thanks to Rikkert Frederix and Valentin Hirschi for many slides!

Chung Yuan HEP Seminar
1 March 2012

For the MadGraph@NLO (MadFKS, MadLoop, aMC@NLO) team



Automatic Complete NLO Simulation with MadGraph                                                                     Johan Alwall

Exciting times!



Automatic Complete NLO Simulation with MadGraph                                                                     Johan Alwall

Exciting times!

fbA
-0.4 -0.2 -0 0.2 0.4 0.6 0.8
0

W. Hollik and D. Pagani, 
arXiv:1107.2606 (2011)

V. Ahrens et. al.,
arXiv:1106.6051v1 (2011)

D0 LJ**  0.060±     0.196 +0.018
 -0.026

)-1( 5.4 fb

CDF combined*  0.067±     0.201  0.018)±0.065 ±(
  syst)± stat  ±(

CDF DIL*
 0.158±     0.420  0.050)±0.150 ±(

)-1( 5.1 fb

CDF LJ  0.074±     0.158  0.017)±0.072 ±(

)-1( 5.3 fb

 of the Top QuarkfbA

(** submitted to a journal)

(* preliminary)

July 2011

The Tevatron has left a legacy of tantalizing hints



Automatic Complete NLO Simulation with MadGraph                                                                     Johan Alwall

Exciting times!

fbA
-0.4 -0.2 -0 0.2 0.4 0.6 0.8
0

W. Hollik and D. Pagani, 
arXiv:1107.2606 (2011)

V. Ahrens et. al.,
arXiv:1106.6051v1 (2011)

D0 LJ**  0.060±     0.196 +0.018
 -0.026

)-1( 5.4 fb

CDF combined*  0.067±     0.201  0.018)±0.065 ±(
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CDF LJ  0.074±     0.158  0.017)±0.072 ±(

)-1( 5.3 fb

 of the Top QuarkfbA

(** submitted to a journal)

(* preliminary)

July 2011

The Tevatron has left a legacy of tantalizing hints while the LHC is collecting 
luminocity at a spectacular rate!
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Example: CDF excess in W + 2 jets
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CDF collaboration, arXiv:1104.0699
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Example: CDF excess in W + 2 jets
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Example: CDF excess in W + 2 jets
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We certainly need to know our backgrounds well!
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How ensure sufficient precision in SM 
background simulations?

The answer is NLO!

• Leading order QCD has large dependence 
on the choice of renormalization and 
factorization scales

• At next-to-leading order, the dependence
on scales for the running coupling and 
PDFs is compensated by loop corrections

• First order where cross section is well-determined! Also shape 
predictions from leading order have to be validated with NLO.
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NLO wishlist for LHC (anno 2005)

Slide from Gudrun Heinrich
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“The NLO Revolution”

Wine and Cheese at  FNAL May 6 2011  Fabio Maltoni

Slide from L. Dixon

Saturday 7 May 2011

Slide from Lance Dixon
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“The NLO Revolution”

• The “loop revolution”: new techniques for computing 
one-loop matrix elements are now established:

➡ Generalized unitarity (e.g. BlackHat, Rocket, ...)
[Bern, Dixon, Dunbar, Kosower, 1994...; Ellis Giele Kunst 
2007 + Melnikov 2008;...]  

➡ Integrand reduction (e.g. CutTools, GoSam)
[Ossola, Papadopoulos, Pittau 2006; del Aguila, Pittau 2004; 
Mastrolia, Ossola, Reiter, Tramontano 2010;...]

➡ Tensor reduction (e.g. Golem)
[Passarino, Veltman 1979; Denner, Dittmaier 2005; Binoth 
Guillet, Heinrich, Pilon, Reiter 2008]
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“The NLO Revolution”

• Since many years, one of the (most) important jobs of 
HEP theorists have been to provide experiments with 
NLO predictions for observables

• Despite the exceptional development indicated on the 
last slides, there is still much manual work going into 
implementing a single new process

• Every process must be implemented by several groups 
independently to ensure that the code is correct

• Good for training PhD students, but bad when a 
background is needed urgently, or we need to know that 
the implementation is bug free!
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“The NLO Revolution”

• At leading order, we have access to powerful, 
completely automated process generation and 
event generation since many years!

• When will this be reality for NLO?



Automatic Complete NLO Simulation with MadGraph                                                                     Johan Alwall

LO
NLO



Automatic Complete NLO Simulation with MadGraph                                                                     Johan Alwall

LO
NLO



Automatic Complete NLO Simulation with MadGraph                                                                     Johan Alwall

LO
NLO

We are there!



Automatic Complete NLO Simulation with MadGraph                                                                     Johan Alwall

LO
NLO

We are there!
(but it’s not yet quite this public)
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Why automation?

• Save time

➡ Trade time spent on computing a process with time on 
studying the physics!

• Avoid bugs

➡ Having a trusted program extensively checked once and for 
all, eliminates bugs when running different processes!

• Use of the same framework for all processes

➡ It only requires to know how to efficiently use one single 
program to do all NLO phenomenology!
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NLO Basics

NLO contributions have two parts

�

m
d(4)σB

Virtual (loop) part

σNLO =

�

m
d(d)σV +

Real emission part

� �� �
�

m+1
d(d)σR+

Born

Individually divergent, but divergencies cancel
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NLO Basics

NLO contributions have two parts

�

m
d(4)σB

Virtual (loop) part

σNLO =

�

m
d(d)σV +

Real emission part

� �� �
�

m+1
d(d)σR+

Born

Used to be bottleneck of NLO 
computations

Algorithms for automation known in 
principle but not previously efficiently 
implemented

Automated for multiple methods

Challenge is the systematic 
extraction and cancellation of 
singularities
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Subtraction terms

σNLO ∼
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d4Φm B(Φm)
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Subtraction terms

• The soft and collinear divergencies of the real emissions must be 
subtracted out

• These terms are then integrated over the one-parton phase space 
(analytically) to get the explicit poles 1/ε and added to the virtual 
corrections so that these poles cancel

• These are process-independent terms proportional to the 
(color-linked) Borns

• In MadGraph, both CS and FKS terms are implemented - FKS is used here

σNLO ∼
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One-loop integral

• Consider this m-point 
loop diagram with n 
external momenta

• The integral to compute 
is

k1 k2

k3

k4

k5

k6

kn

D0 D1

D2

D3

Dm−1

l
l + k1 = l + p1

l + k1 + k2 + k3 = l + p2

l + k1 + . . . + k6 = l + p3

�
ddl

N(l)
D0D1D2 · · · Dm−1

Di = (l + pi)2 −m2
i
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Integrand reduction

M
1-loop =

�

i0<i1<i2<i3

di0i1i2i3Boxi0i1i2i3

+
�

i0<i1<i2

ci0i1i2Trianglei0i1i2

+
�

i0<i1

bi0i1Bubblei0i1

+
�

i0

ai0Tadpolei0

+R +O(�)
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Integrand reduction

• Express loop amplitude as sum of
scalar integrals at integrand level

• Allows to calculate integral for a given
phase space point by solving a system of
equations

• Can decompose the amplitude at
Feynman diagram level, at amplitude level
or in between

• The procedure is automated using the OPP 
[Ossola, Papadopoulos, Pittau 2006] reduction method in
the CutTools program [arXiv:0711.3596]

M
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into two contributions, generally called
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Rational terms

• In the OPP method, the rational terms are split 
into two contributions, generally called

• Both have their origin in the UV part of the model, 
but only R1 can be directly computed in the OPP 
reduction and is given by the CutTools program

R = R1 +R2
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R2 Feynman rules
• Given that the R2 contributions are of UV origin, only up to 4-point 

functions contribute to it (in a renormalizable theory)

• They can be computed using special Feynman rules, similarly to the UV 
counter term Feynman rules needed for the UV renormalization, e.g.

p

µ1,a1 µ2,a2
=

ig2Ncol

48π2
δa1a2

[ p2

2
gµ1µ2 + λHV

(

gµ1µ2p
2 − pµ1pµ2

)

+
Nf

Ncol
(p2 − 6m2

q) gµ1µ2

]

p2
p1

p3

µ2,a2

µ1,a1

µ3,a3

= −
g3Ncol

48π2

(

7

4
+ λHV + 2

Nf

Ncol

)

fa1a2a3 Vµ1µ2µ3(p1, p2, p3)

µ3,a3µ4,a4

µ2,a2µ1,a1

= −
ig4Ncol

96π2

∑

P (234)

{

[ δa1a2δa3a4 + δa1a3δa4a2 + δa1a4δa2a3

Ncol

+ 4Tr(ta1ta3ta2ta4 + ta1ta4ta2ta3) (3 + λHV )

−Tr({ta1ta2}{ta3ta4}) (5 + 2λHV )
]

gµ1µ2gµ3µ4

+12
Nf

Ncol
Tr(ta1ta2ta3ta4)

(

5

3
gµ1µ3gµ2µ4 − gµ1µ2gµ3µ4 − gµ2µ3gµ1µ4

)}

µ, a

k

l

=
ig3

16π2

N2
col − 1

2Ncol
taklγµ (1 + λHV )

p

l k
=

ig2

16π2

N2
col − 1

2Ncol
δkl(−/p + 2mq)λHV

Figure 2: Effective vertices contributing to R2 in pure QCD.
∑

P (234) stands for a summation over
the six permutations of the indices 2, 3 and 4, and {taitaj} ≡ taitaj + taj tai . λHV = 1 in the HV
scheme and λHV = 0 in the FDH scheme. Ncol is the number of colors and Nf is the number of
fermions running in the quark loop.

– 5 –

[Draggiotis, Garzelli, Papadopoulos, Pittau]
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R2 Feynman rules
• Given that the R2 contributions are of UV origin, only up to 4-point 

functions contribute to it (in a renormalizable theory)

• They can be computed using special Feynman rules, similarly to the UV 
counter term Feynman rules needed for the UV renormalization, e.g.

• Unfortunately these Feynman rules are model dependent. 
⇒ Work ongoing to use FeynRules+FeynArts to compute these terms, 
as well as the UV counter terms, for any model!

p

µ1,a1 µ2,a2
=

ig2Ncol

48π2
δa1a2

[ p2

2
gµ1µ2 + λHV

(

gµ1µ2p
2 − pµ1pµ2

)

+
Nf

Ncol
(p2 − 6m2

q) gµ1µ2

]

p2
p1

p3

µ2,a2

µ1,a1

µ3,a3

= −
g3Ncol

48π2

(

7

4
+ λHV + 2

Nf

Ncol

)

fa1a2a3 Vµ1µ2µ3(p1, p2, p3)

µ3,a3µ4,a4

µ2,a2µ1,a1

= −
ig4Ncol

96π2

∑

P (234)

{

[ δa1a2δa3a4 + δa1a3δa4a2 + δa1a4δa2a3

Ncol

+ 4Tr(ta1ta3ta2ta4 + ta1ta4ta2ta3) (3 + λHV )

−Tr({ta1ta2}{ta3ta4}) (5 + 2λHV )
]

gµ1µ2gµ3µ4

+12
Nf

Ncol
Tr(ta1ta2ta3ta4)

(

5

3
gµ1µ3gµ2µ4 − gµ1µ2gµ3µ4 − gµ2µ3gµ1µ4

)}

µ, a

k

l

=
ig3

16π2

N2
col − 1

2Ncol
taklγµ (1 + λHV )

p

l k
=

ig2

16π2

N2
col − 1

2Ncol
δkl(−/p + 2mq)λHV

Figure 2: Effective vertices contributing to R2 in pure QCD.
∑

P (234) stands for a summation over
the six permutations of the indices 2, 3 and 4, and {taitaj} ≡ taitaj + taj tai . λHV = 1 in the HV
scheme and λHV = 0 in the FDH scheme. Ncol is the number of colors and Nf is the number of
fermions running in the quark loop.

– 5 –

[Draggiotis, Garzelli, Papadopoulos, Pittau]
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Background: MadGraph

➡ MadGraph is an automated leading order matrix element 
generator and event generator

➡ Specify a collider or decay process in a simple syntax 
(download code locally or run online!)

✓ p p > l+ l- j j j j

✓ p p > go go, (go > sq q, sq > q n1) \
             (go > sq q, sq > l+ l- q n1)

➡ MadGraph automatically generates Feynman diagrams for all 
subprocesses, creates the source code to calculate cross 
sections and generate events, and performs optimized event 
generation (locally or online, in serial, multiprocessor or 
cluster parallelized mode)

[Stelzer, Long, 1994; Maltoni, Stelzer, 2002; Alwall et al, 2007; Alwall et al, 2011]
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Loop amplitudes in MadGraph
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Loop amplitudes in MadGraph
• Instead of writing a new code to generate loop diagrams, we use the existing, well-

tested MadGraph code to generate tree-level diagrams with the loop cut open
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Loop amplitudes in MadGraph
• Instead of writing a new code to generate loop diagrams, we use the existing, well-

tested MadGraph code to generate tree-level diagrams with the loop cut open

• A loop diagrams with the loop cut open has to extra external particles. Consider 
e+e- ➞ u* ubar* u ubar (loop particles are denoted with a star). MadGraph will 
generate 8 L-cut diagrams. Here are two of them:

≡

≡

Diag 1 = [u∗(6)g∗(5)u∗(A)]

Diag 3 = [u∗(A)u∗(6)g∗(5)]
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Loop amplitudes in MadGraph
• Instead of writing a new code to generate loop diagrams, we use the existing, well-

tested MadGraph code to generate tree-level diagrams with the loop cut open

• A loop diagrams with the loop cut open has to extra external particles. Consider 
e+e- ➞ u* ubar* u ubar (loop particles are denoted with a star). MadGraph will 
generate 8 L-cut diagrams. Here are two of them:

All diagrams with two extra 
particles are generated and the 
ones that are needed are 
filtered out

Each diagram gets an unique 
tag: any mirror and/or cyclic 
permutations of tags of 
diagrams already in the set are 
taken out

Additional filter to eliminate 
tadpoles and bubbles attached 
to external lines

≡

≡

Diag 1 = [u∗(6)g∗(5)u∗(A)]

Diag 3 = [u∗(A)u∗(6)g∗(5)]
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Local checks

Ref. [33] : A. van Hameren et al. arXiv:0903.4665

The numerics are pin-point on analytical 
calculations, even with several mass scales.

The code is very robust - e.g., MadLoop helped 
spot mistakes in published loop computations 
 (      ,               )W+W+jjZjj

Analytic computations from an independent 
implementation of the helicity amplitudes by 
J.J van der Bij et al.
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Integrated Results

Running time: Two weeks 
on a 150+ node cluster

Proof of efficient EPS 
handling with Ztt̄

Successful cross-check 
against known results

Sometimes large K-factors

No cuts on b, robust 
numerics with small PT
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Need for parton shower

• Consider Drell-Yan 
production

• What happens if we plot the 
transverse momentum of the 
vector boson?

• Both the LO and the NLO 
distributions are non-physical

• We need resummation of any 
number of parton emissions 
via a parton shower

LO

NLO

transverse momentum [GeV]
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At NLO

• We have to integrate the real emission over the complete 
phase-space of the one particle that can go soft or collinear 
to obtain the infra-red poles that will cancel against the 
virtual corrections

• We cannot use a LO matching procedure: requiring that all 
partons should produce separate jets is not infrared safe

• We have to invent a new procedure to match NLO matrix 
elements with parton showers

2

gs + ...
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Sources of double counting

Parton shower

Born+Virtual:

Real emission:



Automatic Complete NLO Simulation with MadGraph                                                                     Johan Alwall

Sources of double counting

Parton shower

Born+Virtual:

Real emission:



Automatic Complete NLO Simulation with MadGraph                                                                     Johan Alwall

Sources of double counting

Parton shower

...

...Born+Virtual:
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Sources of double counting

Parton shower

...

...Born+Virtual:

Real emission:
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Sources of double counting

• There is double counting between the real emission matrix 
elements and the parton shower: the extra radiation can come 
from the matrix elements or the parton shower

• There is also an overlap between the virtual corrections and 
the Sudakov suppression in the zero-emission probability

Parton shower

...

...Born+Virtual:

Real emission:
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MC@NLO procedure

• To remove the double counting, we can add and subtract the 
same term to the m and m+1 body configurations

Where the MC are defined to be the contribution of the 
parton shower to get from the m body Born final state to 
the m+1 body real emission final state

[Frixione, Webber]

dσNLOwPS

dO
=

�
dΦm(B +

�

loop

V +

�
dΦ1MC)

�
I
(m)

MC
(O)

+

�
dΦm+1(R−MC)

�
I
(m+1)

MC
(O)
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MC@NLO properties

• Good features of including the subtraction counter terms

1. Double counting avoided: The rate expanded at NLO coincides 
with the total NLO cross section

2. Smooth matching: MC@NLO coincides (in shape) with the 
parton shower in the soft/collinear region, while it agrees with the 
NLO in the hard region

3. Stability: weights associated to different multiplicities are separately 
finite. The MC term has the same infrared behavior as the real 
emission (there is a subtlety for the soft divergence)

• Not so nice feature:

1. Parton shower dependence: the form of the MC terms depends 
on what the parton shower does exactly. Need special subtraction 
terms for each parton shower to which we want to match
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Workflow for NLO in MadGraph
R. Frederix, S. Frixione,  V. Hirschi, F. Maltoni, R. Pittau, P.  Torrielli [arXiv:1104.5613]

• MadFKS computes all contributions to the NLO computation, except 
for the finite part of the virtual amplitude

• MadLoop computes the virtual corrections to any process in the SM 
using the OPP method as implemented in CutTools

• Combine MadFKS and MadLoop to get any distribution/cross section 
at (parton-level) NLO accuracy

• Add terms to remove double counting when matching to the parton 
shower: a(utomatic)MC@NLO

• Shower the generated events using Herwig or Pythia to get fully 
exclusive predictions at NLO accuracy (for IR-safe observables).

http://inspirehep.net/author/Frederix%2C%20Rikkert?recid=897698&ln=en
http://inspirehep.net/author/Frederix%2C%20Rikkert?recid=897698&ln=en
http://inspirehep.net/author/Frixione%2C%20Stefano?recid=897698&ln=en
http://inspirehep.net/author/Frixione%2C%20Stefano?recid=897698&ln=en
http://inspirehep.net/author/Hirschi%2C%20Valentin?recid=897698&ln=en
http://inspirehep.net/author/Hirschi%2C%20Valentin?recid=897698&ln=en
http://inspirehep.net/author/Maltoni%2C%20Fabio?recid=897698&ln=en
http://inspirehep.net/author/Maltoni%2C%20Fabio?recid=897698&ln=en
http://inspirehep.net/author/Pittau%2C%20Roberto?recid=897698&ln=en
http://inspirehep.net/author/Pittau%2C%20Roberto?recid=897698&ln=en
http://inspirehep.net/author/Torrielli%2C%20Paolo?recid=897698&ln=en
http://inspirehep.net/author/Torrielli%2C%20Paolo?recid=897698&ln=en
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Results using aMC@NLO

• Recently published results (all within ~6 months) using aMC@NLO:

(Pseudo-)scalar Higgs production in association with a top-antitop pair
[Frederix, Frixione, Hirschi, Maltoni, Pittau & Torrielli, arXiv:1104.5613]

Vector boson production in association with a bottom-antibottom pair
[Frederix, Frixione, Hirschi, Maltoni, Pittau & Torrielli, arXiv:1106.6019]

Four charged lepton production at hadron colliders
[Frederix, Frixione, Hirschi, Maltoni, Pittau & Torrielli, arXiv:1110.4738]

Wjj at the Tevatron
[Frederix, Frixione, Hirschi, Maltoni, Pittau & Torrielli, arXiv:1110.5502]
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Wjj at CDF

• In April CDF reported an excess of events with 3.2 standard deviation 
significance in the dijet invariant mass distribution (with invariant mass 
130-160 GeV) for Wjj events

• The update in June (using 7.3 fb-1 of data) increased significance of the 
excess to 4.1 standard deviations

6
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FIG. 1: The dijet invariant mass distribution. The sum of electron and muon events is plotted. In the left plots we show the

fits for known processes only (a) and with the addition of a hypothetical Gaussian component (c). On the right plots we show,

by subtraction, only the resonant contribution to Mjj including WW and WZ production (b) and the hypothesized narrow

Gaussian contribution (d). In plot (b) and (d) data points differ because the normalization of the background changes between

the two fits. The band in the subtracted plots represents the sum of all background shape systematic uncertainties described

in the text. The distributions are shown with a 8 GeV/c
2
binning while the actual fit is performed using a 4 GeV/c

2
bin size.

against 5 GeV variations of the thresholds used for all of

the kinematic selection variables, including variations of

the jet ET > 30 GeV threshold. This analysis employs

requirements on jets of ET > 30 GeV and pT > 40 GeV/c

for the dijet system, which improves the overall modeling

of many kinematic distributions. We also test a selection

only requiring jet ET > 20 GeV as in Ref. [19]. This se-

lection, which increases the background by a factor of 4,

reduces the statistical significance of the excess to about

1σ.

We study the ∆Rjj distribution to investigate possi-

ble effects that could result in a mismodeling of the dijet

invariant mass distribution. We consider two control re-

gions, the first defined by events with Mjj < 115 and

Mjj > 175 GeV/c
2
and the second defined by events

with pT < 40 GeV/c. We use these regions to de-

rive a correction as a function of ∆Rjj to reweight the

events in the excess region. We find that the reweight-

ings change the statistical significance of the result by

plus or minus one sigma. However, the ∆Rjj distribu-
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NLO effects

• Both CDF and DØ estimate their backgrounds using LO SMC 
programs (Alpgen+Pythia & Sherpa) normalized to (N)NLO or to 
the data

• J. Campbell, A. Martin
& C. Williams have looked
at the same distribution at
parton level to study the
impact of NLO corrections
on differential distributions

• Using aMC@NLO, we could
address the main background, 
W+2j, at the NLOwPS level to see how well LOwPS or fixed order 
NLO describe this distribution

3

Figure 2: NLO predictions for mjj using the “inclusive” CDF cuts

(two or more jets). The labelling is as in Fig. 1.

Process σLO [fb] σNLO [fb] Ratio (NLO/LO)

W + 2j 4984(8)+41%
−27%

5704(24)+9%
−13%

1.14

Z + 2j 213(1)+42%
−27%

236(2)+8%
−12%

1.11

WW (→ qq) 142.2(4)+8%
−7%

252.3(8)+8%
−6%

1.75

WZ(→ qq) 27.24(8)+9%
−8%

47.76(12)+8%
−7%

1.75

ZW (→ qq) 5.11(2)+10%
−9%

9.02(2)+9%
−7%

1.77

tt (fully-") 48.5(4)+46%
−28%

67.1(1)+4%
−11%

1.38

tt (semi-") 686.9(1)+45%
−29%

674.2(1)+3%
−11%

0.98

Single t (s) 25.92(4)+10%
−8%

41.68(4) +7%
−5%

1.61

Single t (t) 61.0(1)0%
−2% 59.8(1)+1%

−0%
0.98

Table II: LO and NLO predictions for cross sections using the “in-

clusive” CDF cuts (two or more jets). Uncertainties are calculated

and indicated in the same fashion as for Table I.

use a matched set of events, while the top backgrounds sim-

ply apply the parton shower to a single set of tree-level matrix

elements. For the parton shower, particles are formed into jets

using the midpoint cone algorithm (R = 0.4) via FastJet [27]
and we use the CTEQ6L PDF set [28].

We first compare the top distribution under the exclusive

and inclusive cuts (with pjT > 30 GeV) in Fig. 4. To best

compare the shapes we have adjusted the distribution obtained

from the parton shower such that theW peak is aligned with

the parton-level calculation, thus partially correcting for frag-

mentation and hadronisation effects. As expected from the

small corrections to the top processes at NLO, the normalisa-

tion of this background is in approximate agreement between

the two approaches. However the parton shower gives rise to

a somewhat different shape, particularly in the inclusive case

where the peak around 140 GeV is broadened.

The other crucial background process is W+ jets, for which

we compare the results fromMCFM and the parton shower in

Figure 3: NLO predictions for mjj using the “inclusive” CDF cuts

(two or more jets), with an increased jet threshold, pjT > 40 GeV.
The labeling is as in Fig. 1.

Process σLO [fb] σNLO [fb] Ratio (NLO/LO)

W + 2j 2568(4) 2784(16) 1.08

Z + 2j 104.6(8) 112(1) 1.07

WW (→ qq) 66.6(1) 131.4(4) 1.98

WZ(→ qq) 14.56(4) 27.96(8) 1.92

ZW (→ qq) 2.28(1) 4.56(2) 2.00

tt (fully-") 38.2(8) 53.92(8) 1.41

tt (semi-") 655.0(7) 642.2(7) 0.98

Single t (s) 19.44(4) 30.96(4) 1.59

Single t (t) 43.36(8) 42.20(8) 0.97

Table III: LO and NLO cross sections for the pjT > 40 inclusive final
state. Scales are set at µF = µR = 2mW .

Fig. 5. We present the NLO and showered results normalised

to their own cross sections so that we can compare the rel-

ative shapes. We observe that the change in the shape of the

NLO calculation as the scale is varied is small. The prediction

from the parton shower has a similar shape as the parton-level

results in the tail but differences appear at lower mjj . How-

ever this is precisely the region in which we would expect the

fixed order calculation to begin to break down and the parton

shower to be more reliable.

CONCLUSIONS

We have presented NLO predictions for cross sections and

dijet invariant mass distributions for one lepton, missing ET

and two jets at the Tevatron. We have used a variety of cuts,

including those used by the CDF collaboration who have re-

cently reported an excess in this distribution around 150 GeV.

By calculating the distribution of the invariant mass of the

dijets at NLO we have ruled out large NLO K-factors as a
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pp ➞ Wjj: Dijet invariant mass

• Dijet invariant mass with/without jet veto

• This is the distribution in which CDF found 
an excess of events around 130-160 GeV

• No differences in shape between the 5 and 
10 GeV generation level cuts

• No sign of enhancement over (N)LO or 
LOwPS in the mass range 130-160 GeV

Figure 2: Invariant mass of the pair of the two hardest jets, with CDF/D0 exclusive cuts. See the
text for details.

In addition to the aMC@NLO predictions, we have performed parton-level LO and

NLO computations. Finally, we have showered events obtained by unweighting LO matrix

elements as well. As is well known, the latter case is potentially plagued by severe double-

counting effects which, although formally affecting perturbative coefficients of order higher

than leading, can be numerically dominant. We have indeed found that this is the case

for the cuts considered here: predictions obtained with generation cuts pT = 5 GeV and

pT =10 GeV differ by 30% or larger for total rates (shapes are in general better agreement),

even for the analysis cut of pT = 50 GeV. We have therefore opted for using a matched

LO sample, which we have obtained with Alpgen [33] interfaced to HERWIG through the

MLM prescription [5]. In order to do this, we have generated W + n parton events, with

n = 1, 2, 3. The dominant contribution to Wjj observables is due to the n = 2 sample,

but that of n = 3 is not negligible. The size of the n = 1 contribution is always small,

and rapidly decreasing with dijet invariant masses; it is thus fully safe not to consider

W + 0 parton events.

In figs. 2 and 3 we present our predictions for the invariant mass of the pair of the

two hardest jets with exclusive and inclusive cuts, respectively. The three histograms in

the main frames are the aMC@NLO (solid red), Alpgen+MLM (dashed blue), and NLO

parton level (green symbols) predictions. The two NLO-based results are obtained with

the pT =10 GeV generation cuts. The Alpgen+MLM curves have been rescaled to be as

close as possible to the NLO ones, since their role is that of providing a prediction for the

– 8 –

Figure 3: Invariant mass of the pair of the two hardest jets, with CDF/D0 inclusive cuts. See the
text for details.

shapes, but not for the rates (incidentally, this is also what is done in the experimental

analyses when control samples are not available). The upper insets show the ratios of the

Alpgen+MLM and NLO results over the aMC@NLO ones. The middle insets display the

fractional scale (dashed red) and PDF (solid black) uncertainties given by aMC@NLO,

computed with the reweighting technique described in ref. [34]. The lower insets show the

ratios of the aMC@NLO results obtained with the two generation cuts, and imply that

indeed there is no bias due to generation cuts. We have also checked that removing the

lepton isolation cut does not change the pattern of the plots, all results moving consistently

upwards by a very small amount.

By inspection of figs. 2 and 3, we can conclude that the three predictions agree

rather well, and are actually strictly equivalent, when the theoretical uncertainties af-

fecting aMC@NLO are taken into account (i.e., it is not even necessary to consider those

relevant to Alpgen+MLM and parton-level NLO). This is quite remarkable, also in view of

the fact that the dominant contribution to the latter, the scale dependence, amounts to a

mere (+10%,−15%) effect. We have verified that such a dependence is in agreement with

that predicted by MCFM [35].

In spite of their being not significant for the comparison with data, it is perhaps inter-

esting to speculate on the tiny differences between the central aMC@NLO, Alpgen+MLM,

and NLO predictions. The total rates given by aMC@NLO and NLO are close but not

identical; this is normal, and is a consequence of the fact that the kinematical distribu-

– 9 –
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Going ahead - Towards a fast, public version
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MadGraph 5

• Complete rewrite of the old (leading order) MadGraph using 
the Python programming language

• Order of magnitude improvements of

• Process generation speed

• Event generation speed

• Stability of results

• Modularity and extensibility

• Any process from ANY Lagrangian-based model (by FeynRules
+UFO/ALOHA)

• Fast and reliable simulation of completely new classes of 
processes including unlimited-length decay chains, multiparton 
processes, etc.

J.A., Herquet, Maltoni, Mattelaer, Stelzer [arXiv:1106.0522]
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MadFKS: From v4 to v5

• By rewriting MadFKS in MadGraph 5, we will greatly 
improve speed, efficiency and flexibility:

Faster matrix elements thanks to more efficient diagram 
generation

Group processes with similar pole structure to reduce 
number of integration channels

Faster and more flexible color algebra

Allow any model (that can be written as a Lagrangian) from 
FeynRules

Take advantage of ongoing implementation of color-ordered 
recursion relations for fast matrix element calculation

J.A., Frederix, Zaro
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MadLoop: From v4 to v5

• Limitations on the MadGraph 4 MadLoop code:

➡ No four-gluon vertex at the Born level: the special vertex to compute 
the remainder is too complicated to implement in MadGraph v4

➡ For EW bosons in the loops, the reduction by CutTools might not 
work because of gauge choice (rank of diagrams can become too large) 

➡ No finite-width effects for massive particles also appearing in the loops

➡ All Born contributions must factorize the same power of all coupling 
orders

p

µ1,a1 µ2,a2
=

ig2Ncol

48π2
δa1a2

[ p2

2
gµ1µ2 + λHV

(

gµ1µ2p
2 − pµ1pµ2

)

+
Nf

Ncol
(p2 − 6m2

q) gµ1µ2

]

p2
p1

p3

µ2,a2

µ1,a1

µ3,a3

= −
g3Ncol

48π2

(

7

4
+ λHV + 2

Nf

Ncol

)

fa1a2a3 Vµ1µ2µ3(p1, p2, p3)

µ3,a3µ4,a4

µ2,a2µ1,a1

= −
ig4Ncol

96π2

∑

P (234)

{

[ δa1a2δa3a4 + δa1a3δa4a2 + δa1a4δa2a3

Ncol

+ 4Tr(ta1ta3ta2ta4 + ta1ta4ta2ta3) (3 + λHV )

−Tr({ta1ta2}{ta3ta4}) (5 + 2λHV )
]

gµ1µ2gµ3µ4

+12
Nf

Ncol
Tr(ta1ta2ta3ta4)

(

5

3
gµ1µ3gµ2µ4 − gµ1µ2gµ3µ4 − gµ2µ3gµ1µ4

)}

µ, a

k

l

=
ig3

16π2

N2
col − 1

2Ncol
taklγµ (1 + λHV )

p

l k
=

ig2

16π2

N2
col − 1

2Ncol
δkl(−/p + 2mq)λHV

Figure 2: Effective vertices contributing to R2 in pure QCD.
∑

P (234) stands for a summation over
the six permutations of the indices 2, 3 and 4, and {taitaj} ≡ taitaj + taj tai . λHV = 1 in the HV
scheme and λHV = 0 in the FDH scheme. Ncol is the number of colors and Nf is the number of
fermions running in the quark loop.

– 5 –

J.A., Hirschi
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• The MadGraph 5 implementation: 
➡ removing all present limitations of the code
➡ making it faster:

Recycling of tree-structures attached to the loops

Identify identical contributions (e.g. massless fermion loops of 
different flavors)

Call CutTools not per diagram, but per set of diagrams with the 
same loop kinematics

Use recursion relations for multi-parton amplitudes
➡ Allowing for the automatic generation of UV renormalization and R2 

vertices using FeynRules [Christensen, Duhr et al.] for BSM physics

J.A., Hirschi
MadLoop: From v4 to v5
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Final words

aMC@NLO shows that an experimental analysis fully at NLO done 
without theory support is no longer science fiction!

Fully automated parton-level NLO calculation with MadLoop+MadFKS 
has been tested against literature for over 30 (very) complex 
processes

Several (fully automated) completely new physics results already 
published using MadLoop+MadFKS+aMC@NLO

Expect fast, public version (in MG5) within a few months!

Find us at:

http://amcatnlo.cern.ch/

http://madgraph.hep.uiuc.edu/

http://amcatnlo.cern.ch
http://amcatnlo.cern.ch
http://amcatnlo.cern.ch
http://amcatnlo.cern.ch
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Additional Slides
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FKS subtraction

            diverges as                  with  |Mn+1|2 1

χ2
i

1

1− yij

χi =
Ei√
ŝ

yij = cos θij

Real emission part : dσR = |Mn+1|2dφn+1

Divide phase-space so that each partition has at most one 
soft and one collinear singularity

dσR =
�

ij

Sij |Mn+1|2dφn+1

�

ij

Sij = 1

Use plus distribution to 
regulate the singularities

�
dχ

�
1

χ

�

+

f(χ) =

�
dχ

f(χ)− f(0)

χ

dσ̃R =
�

ij

�
1

χi

�

+

�
1

1− yij

�

+

χ2
i (1− yij)Sij |Mn+1|2dφn+1

Frixione, Kunszt & Signer 1996
Frederix, Frixione, Maltoni, 
Stelzer arXiv:0908.4272
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FKS vs CS dipoles
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FKS vs CS dipoles

CS uses soft singularities to organize the subtractions :

➔ Three-body kernels, so naive n3 scaling
➔ Each subtraction term has a different kinematics
➔ All subtraction terms must be subtracted from M(r)
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FKS vs CS dipoles

CS uses soft singularities to organize the subtractions :

➔ Three-body kernels, so naive n3 scaling
➔ Each subtraction term has a different kinematics
➔ All subtraction terms must be subtracted from M(r)

➔ Soft and collinear counter-terms can be defined to have    
the same kinematics so that the subtraction term is unique.

FKS, based on the collinear structures :

➔ The majority of the subtractions can be grouped together.
    Ex: The 2 ➞ N gluons  process as 3 subtractions ∀N  

➔ The collinear structure is better suited to existing 
formalisms for parton shower matching @NLO.

Model- and process-independent implementation: MadFKS [0908.4247]
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Existing public tools

Public, flexible tools for NLO predictions do not exist:

MCFM [Campbell & Ellis & ...] has it available almost all relevant process for 
background studies at the Tevatron and LHC, but gives only fixed-order, 
parton-level results

MC@NLO [Frixione & Webber & ...] has matching to the parton shower to describe 
fully exclusive final states, but the list of available processes is relatively short

POWHEG BOX [Nason et al.] provides a framework to match any existing 
parton level NLO computation to a parton shower. However, the NLO 
computation is not automated and some work by the user is needed to 
implement a new process

Idea: write an automatic tool that is flexible and allows for any process to be 
computed at NLO accuracy, including matching to the parton shower to 
deliver events ready for experimentalists       ➔       aMC@NLO
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OPP decomposition

• For the numerator of any integrand of a one-
loop computation we can write

N(l) =
m−1�

i0<i1<i2<i3

�
di0i1i2i3 + d̃i0i1i2i3(l)

� m−1�

i �=i0,i1,i2,i3

Di

+
m−1�

i0<i1<i2

�
ci0i1i2 + c̃i0i1i2(l)

� m−1�

i �=i0,i1,i2

Di

+
m−1�

i0<i1

�
bi0i1 + b̃i0i1(l)

� m−1�

i �=i0,i1

Di

+
m−1�

i0

�
ai0 + ãi0(l)

� m−1�

i �=i0

Di

+P̃ (l)
m−1�

i

Di

�
ddl

N(l)
D0D1D2 · · · Dm−1

Di = (l + pi)2 −m2
i

with the “~” coefficients being “spurious” 
terms of known functional form, that 
integrate to 0 [del Aguila, Pittau 2004]
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How it works...

• For each phase-space point we have to solve a system of 
equations.  This is done automatically by the CutTools 
program [arXiv:0711.3596]

• The system greatly reduces when picking special values for 
the loop momentum (where some D terms are 0)

• We can decompose the system at the level of the amplitude, 
diagram or in between, as long as we provide the 
corresponding numerator function. In MadGraph 4 we 
decompose diagram by diagram

• For a given phase-space point, CutTools will call the 
numerator function several times (~50 or so for a 2 → 3 
process)
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Comparison with Passarino-Veltman
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Comparison with Passarino-Veltman

• In PV reduction, we need analytic expressions for all the integrals. Possible 
to automate, but in practice too many terms which are difficult to simplify ☹☺
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• In PV reduction, we need analytic expressions for all the integrals. Possible 
to automate, but in practice too many terms which are difficult to simplify

• In OPP reduction we reduce the system at the integrand level.
☹☺
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• In PV reduction, we need analytic expressions for all the integrals. Possible 
to automate, but in practice too many terms which are difficult to simplify

• In OPP reduction we reduce the system at the integrand level.

• We can solve the system numerically: we only need a numerical function 
of the (numerator of) integrand. We can set-up a system of linear 
equations by choosing specific values for the loop momentum l, 
depending on the kinematics of the event
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• In PV reduction, we need analytic expressions for all the integrals. Possible 
to automate, but in practice too many terms which are difficult to simplify

• In OPP reduction we reduce the system at the integrand level.

• We can solve the system numerically: we only need a numerical function 
of the (numerator of) integrand. We can set-up a system of linear 
equations by choosing specific values for the loop momentum l, 
depending on the kinematics of the event

• Choosing l such that internal propagators go on-shell enormously 
simplifies the resulting system

☺

☹☺

☺
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Comparison with Passarino-Veltman

• In PV reduction, we need analytic expressions for all the integrals. Possible 
to automate, but in practice too many terms which are difficult to simplify

• In OPP reduction we reduce the system at the integrand level.

• We can solve the system numerically: we only need a numerical function 
of the (numerator of) integrand. We can set-up a system of linear 
equations by choosing specific values for the loop momentum l, 
depending on the kinematics of the event

• Choosing l such that internal propagators go on-shell enormously 
simplifies the resulting system

• OPP reduction is implemented in CutTools (publicly available). Given the 
integrand, CutTools provides all the coefficients in front of the scalar 
integrals and the R1 term

☺

☺

☹☺

☺
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Comparison with Passarino-Veltman

• In PV reduction, we need analytic expressions for all the integrals. Possible 
to automate, but in practice too many terms which are difficult to simplify

• In OPP reduction we reduce the system at the integrand level.

• We can solve the system numerically: we only need a numerical function 
of the (numerator of) integrand. We can set-up a system of linear 
equations by choosing specific values for the loop momentum l, 
depending on the kinematics of the event

• Choosing l such that internal propagators go on-shell enormously 
simplifies the resulting system

• OPP reduction is implemented in CutTools (publicly available). Given the 
integrand, CutTools provides all the coefficients in front of the scalar 
integrals and the R1 term

• Analytic information is needed for the R2 term, but can be computed 
once and for all for a given model

☺

☺

☹☺

☹☺

☺
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MadLoop

• Several new features needed to be implemented in MadGraph (v4)

Recognition of the loop topologies in order to filter L-cut diagrams

Structure to deal with two MadGraph processes simultaneously (L-cut 
and Born-like)

Treat the color to obtain the correct interference between the Born and 
the loop diagrams

Special form of the integrand for CutTools: no propagator denominators, 
complex momenta and reconstruction of the missing propagator for 
sewed particles (e.g., when L-cut particle is a gluon, ∑ϵμ(p)ϵν(p) ➞ gμν )

Implementation of QCD ghosts

Implementation of the special vertices for the rational part R1 and the UV 
renormalization
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Exceptional phase-space points

CutTools can asses the numerical stability of the computation of a loop by

When an EPS occurs, MadLoop tries to cure it:

m2
i → m2

i +M2➥ By sending                        , CT has an independent reconstruction of the 
numerator and can check if both match.
➥ CT ask MadLoop to evaluate the integrand at a given loop momentum and check 
if the result is close enough to the one from the reconstructed integrand.

➥ Check if Ward Identities hold at a satisfactory level

➥ Shift the PS point by rescaling momenta : k3i = (1 + λ±)k
3
i

➥ Provide an estimate of the virtual for the original PS point with uncertainty:

vFIN
λ± =

V FIN
λ±

|Aborn
λ=0 |2

c =
1

2

�
vFIN
λ+

+ vFIN
λ−

�
∆ =

���vFIN
λ+

− vFIN
λ−

��� V FIN
λ=0 =

��Aborn
λ=0

��2 (c±∆)

➥ If nothing works, then use the median of the results of the last 100 stable points
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MadLoop V4 to V5 (present status)

Task MadLoop V4 MadLoop V5
Generation of L-Cut diagrams, loop-basis selection ✓- ✓++

Drawing of Loop diagrams ✕ ✓
Full SM implementation ✓ ✕

Counter-term (UV/R2) diagrams generation ✓- ✓
Complex mass scheme and massive bosons in the loop ✕ ✕

Color Factor computation ✓- ✓
File output ✓-- ✓

4-gluon R2 computation ✕ ✓(checks still needed)

Virtual squared ✓- ✕

Decay Chains ✕ ✕

EPS handling ✓ (no mp) ✕

Sanity checks (Ward, ε-2) ✓ ✕

Mixed order perturbation (generation level) ✕ ✓
Automatic loop-model creation ✕ ✕

Symmetry factor automatic computation ✕ ✕

✓ = non-optimal | ✓ = done optimally | ✕ = not done | ✕ = not done YET   
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Loop-Cut diagrams
How much faster are they generated?

Process Generation time1Generation time1 Output size2Output size2 Compilation time3Compilation time3 Running time4Running time4

d d~ > u u~ 8.750 s 5.378 s 200 Kb 268 Kb 0.931 s 2.996 s 0.0088 s 0.0094 s

d d~ > d d~ g 17.04 s 104.8 s 124 Kb 1.7 Mb 4.799 s 19.181 s 0.64 s 0.74 s

d d~ > d d~ u u~ 22.50 s 2094 s 232 Kb 3.3 Mb 37.75 s 45.02 s 1.93 s 2.34 s

g g > g g g g 2277 s ✕ 25 Mb ✕ NOT COMPILING 
YET ✕ NOT COMPILING 

YET ✕

2 : Of the equivalent matrix.f file.
3 : In MG5, no smart line-breaks for the JAMP definition.

4 : Per PS points, computed over 1000 PS points.
MG5@NLO = ♦, MadLoop = ♦

1 : Process generated in a massless nf=2 QCD model with reduced particle content.

Preliminary
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Loop-Cut diagrams
How much faster are they generated?

Process Generation time1Generation time1 Output size2Output size2 Compilation time3Compilation time3 Running time4Running time4

d d~ > u u~ 8.750 s 5.378 s 200 Kb 268 Kb 0.931 s 2.996 s 0.0088 s 0.0094 s

d d~ > d d~ g 17.04 s 104.8 s 124 Kb 1.7 Mb 4.799 s 19.181 s 0.64 s 0.74 s

d d~ > d d~ u u~ 22.50 s 2094 s 232 Kb 3.3 Mb 37.75 s 45.02 s 1.93 s 2.34 s

g g > g g g g 2277 s ✕ 25 Mb ✕ NOT COMPILING 
YET ✕ NOT COMPILING 

YET ✕

2 : Of the equivalent matrix.f file.
3 : In MG5, no smart line-breaks for the JAMP definition.

4 : Per PS points, computed over 1000 PS points.
MG5@NLO = ♦, MadLoop = ♦

1 : Process generated in a massless nf=2 QCD model with reduced particle content.

Why?

The MG5 diagram generation is already much faster for tree-level diagrams.

It is modified so that external bubbles and tadpoles are not generated.

When generating diagrams for a given L-Cut particle, all previously considered L-
Cut particles are vetoed from being loop-lines.

Preliminary
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MC@NLO procedure
Frixione & Webber

Parton shower

...

...Born+Virtual:

Real emission:

• Double counting is explicitly removed by including the 
“shower subtraction terms”

dσNLOwPS

dO
=

�
dΦm(B +

�

loop

V +

�
dΦ1MC)

�
I
(m)

MC
(O)

+

�
dΦm+1(R−MC)

�
I
(m+1)

MC
(O)
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NLO parton shower matching

FKS subtraction is based on a collinear picture, and so are the MC 
counter terms: branching structure is for free

Automatic determination of color partners

Works also when MC-ing over helicities

Automation of MC@NLO

dσ(H)
MC@NLO = dφn+1

(
M(r)(φn+1) −M(MC)(φn+1)

)

dσ(S)
MC@NLO =

∫

+1
dφn+1

(
M(b+v+rem)(φn) −M(c.t.)(φn+1) + M(MC)(φn+1)

)

! Black stuff: pure NLO, fully tested in MadFKS

! Red stuff: now available in MadFKS, being tested

In black: pure NLO (fully tested in MadFKS)

In red: MC counter terms (implemented for Herwig6, Pythia and 
Herwig++, but only fully tested for Herwig)

[Torrielli, Frederix & Frixione ]
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Negative weights

• We generate events for the two terms between the square brackets (“S”- 
and “H”-events) separately

• There is no guarantee that these contributions are separately positive 
(even though predictions for infra-red safe observables should always be 
positive!)

• Therefore, when we do event unweighting we can only unweight the events 
up to a sign. These signs should be taken into account when doing a 
physics analysis (i.e. making plots etc.)

• The events are only physical when they are showered

dσNLOwPS

dO
=

�
dΦm(B +

�

loop

V +

�
dΦ1MC)

�
I
(m)

MC
(O)

+

�
dΦm+1(R−MC)

�
I
(m+1)

MC
(O)
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pp ➞ Htt/Att 

• Top pair production in association with a (pseudo-)scalar Higgs 
boson

• Three scenarios

I)  scalar Higgs H, with mH = 120 GeV

II)  pseudo-scalar Higgs A, with mA = 120 GeV

III)  pseudo-scalar Higgs A, with mA = 40 GeV

• SM-like Yukawa coupling, yt/√2=mt/v

• Renormalization and factorization scales 
with

• Note: first time that pp ➞ ttA has been computed beyond LO

are integrated and unweighted by MINT [27], or by BASES/SPRING [28]1.
aMC@NLO finally writes a Les Houches file with MC-readable hard events
(which thus includes information on particles identities and their colour con-
nections).

2. Results at the LHC

We present selected results for total cross sections and distributions rel-
evant to tt̄H/tt̄A production at the LHC in three scenarios:

I. Scalar H , with mH = 120 GeV;

II. Pseudoscalar A, with mA = 120 GeV;

III. Pseudoscalar A, with mA = 40 GeV;

where the Yukawa coupling to the top is always assumed SM-like, yt/
√

2 =
mt/v.

The three scenarios above allow one to compare the effects due the dif-
ferent parity of the Higgs couplings on total rates as well as on differential
distributions. In this respect, it is particularly interesting to consider the
situation in which the Higgs boson is light and pseudoscalar, as is predicted
in several beyond-the-standard-model theories (see e.g. Refs. [29, 30, 31]).
The main purpose of this section is that of studying the impact of QCD
NLO corrections at both the parton level and after shower and hadronisa-

tion. For the numerical analysis we choose µF = µR =
(

mt
T mt̄

T mH/A
T

)
1

3

,

where mT =
√

m2 + p2
T and mpole

t = mMS
t = 172.5 GeV. We have used LO

and NLO MSTW2008 parton distribution functions for the corresponding
cross sections. The parton shower in aMC@NLO has been performed with
fortran Herwig [32, 33, 34], version 6.520 2.

The predicted production rates at the LHC running at
√

s = 7 and 14
TeV are given in Table 1 where, for ease of reading, we also show the fully
inclusive K-factor. As far as differential distributions are concerned, we

1These integrators have been modified by us, in order to give them the possibility of
dealing with both positive- and negative-weighted events.

2We remind the reader that the MC@NLO formalism has been employed to match
NLO results with Herwig++ [35] and, to a lesser extent, with Pythia [36] (see Ref. [37]
and Ref. [38] respectively). The automation of the matching to these event generators is
currently under way.

4
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Impact of the shower

• Three particle transverse 
momentum, pT(H/A t tbar), is 
sensitive to the impact of the 
parton shower

• Infrared sensitive observable at 
the pure-NLO level for 
pT ➞ 0

• aMC@NLO displays Sudakov 
suppression for small pT

• At large pT the MC@NLO and 
parton-level NLO descriptions 
coincide in shape and rate Figure 4: Transverse momentum of the tt̄H or tt̄A system. The same colour patterns as

in Fig. 1 have been used. Solid histograms are aMC@NLO, dashed ones are NLO.
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Higgs pT

• Transverse momentum of the 
Higgs boson

• Lower panels show the ratio 
of aMC@NLO with LO 
(dotted), NLO (solid) and 
LO MC (crosses)

• Corrections are small and 
fairly constant

• At large pT, scalar and pseudo-
scalar production coincide: 
boosted Higgs scenario 
[Butterworth et al., Plehn et al.] should 
work equally well for pseudo-
scalar Higgs

100% tagging efficiency), but this is sufficient to study the basic features of
final-state B hadrons.

In Figs. 7 and 8 we plot the pair invariant mass (mBB) and the η−ϕ dis-
tance (∆RBB) correlations between the B-hadron pairs defined as explained
above. The effects of the NLO corrections to tt̄H/tt̄A are, in general, mod-
erate. A cut of 200 GeV on the pT of the Higgs is seen to help discriminate
the B hadrons arising from the Higgs from those coming either from top
decays, or from the shower. The shapes of the distributions are similar be-
tween scenarios I and II while, due to the lower Higgs mass, the mBB and
∆RBB histograms peak at lower values in the case of a pseudoscalar A with
mA = 40 GeV.

Figure 1: Higgs transverse momentum distributions in tt̄H/tt̄A events at the LHC (
√
s=7

TeV), with aMC@NLO in the three scenarios described in the text: Scalar (blue) and
pseudoscalar (magenta) Higgs with mH/A = 120 GeV and pseudoscalar (green) with
mA = 40 GeV. In the lower panels, the ratios of aMC@NLO over LO (dashed), NLO
(solid), and aMC@LO (crosses) are shown for each scenario.
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Boosted Higgs

• Boosted Higgs:
pTH/A > 200 GeV

• Transverse momentum of 
the top quark

• Corrections compared to 
LO are significant and 
cannot be approximated by 
a constant K-factor

Figure 5: Same as in Fig. 1, for pT of top quark when pH/A
T > 200 GeV.
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Computational challenge

• This is the first time that such a process with so many 
scales and possible (IR) divergences is matched to a 
parton shower at NLO accuracy

• Start with W+1j production to validate processes 
which need cuts at the matrix-element level

• To check the insensitivity to this cut:

• generate a couple of event samples with different 
cuts and show that the distributions after analysis 
cuts are statistically equivalent
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pp ➞ Wj

• For W+1j the easiest cut would 
be in on the pT of the W boson

• However, for validation purposes 
it is more appropriate to apply 
this cut on the jet instead 
(because that is what we’ll be 
doing in W+2j ). Same at LO, but 
different at NLO

• Different cuts at generation level 
yield the same distributions at 
analysis level if the analysis level 
cut is 3-4 times larger

p

p
j

W l

ν
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pp ➞ Wjj
Setup

• Two event samples with 5 GeV and 10 GeV pT cuts on the jets at 
generation level, respectively, each with 10 million unweighted events

• Renormalization and factorization scales equal to μR = μF = HT/2
               2μR = 2μF = HT = √( pT,lν2 + mlν2 ) + ∑ |pT,i|
where sum is over the 2 or 3 partons (and the matrix element level)

• Jets are defined with anti-kT and R=0.4

• MSTW2008(N)LO PDF set for the (N)LO predictions (with αs(mZ) from 
PDF set using (2)1-loop running)

• mW = 80.419 GeV,
GF = 1.16639·10-5 GeV-2,
α-1 = 132.507,
ΓW = 2.0476 GeV
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pp ➞ Wjj
CDF/DØ analysis cuts

• To slightly simplify the 
analysis, the MC truth 
is used to assign the 
lepton to the W-boson 
decay

• Only W+ events (simply 
a factor 2)

• No underlying event

towards large pT ’s, one expects the bias due to generation cuts to decrease, regardless of

values of the pT cut used at the analysis level. This is in fact what we see. Still, a residual

dependence on generation cuts can be observed at relatively large pT ’s for looser analysis

cuts; this could in fact be anticipated, since the events used here are Wjj ones – hence,

the next-to-hardest jet will tend to have a transverse momentum as close as possible to

the analysis pT cut, and thus to the region affected by the generation bias in the case of

the looser analysis cuts. The dijet invariant mass, shown in the upper-right plot of fig. 1,

tells a slightly different story. Namely, the hard scale associated with this observable is not

in one-to-one correspondence with that used for imposing the analysis cuts, at variance

with the pT of the hardest jet discussed previously. Hence, the effects of the generation-

level cuts are more evenly distributed across the whole kinematical range considered, as

can be best seen from the lower inset. Essentially, the bias here amounts largely to a

normalization mismatch, which disappears when tightening the analysis cuts. Finally, the

∆R distribution, presented in the lower part of fig. 1, is representative of a case where both

shapes and normalization are biased. There is a trend towards larger biases at large ∆R,

which is understandable since this region receives the most significant contributions from

large-rapidity regions, where the transverse momenta tend to be relatively small and hence

closer to the bias region.

We conclude this section with some further comments on validation exercises. Firstly,

we started by testing the whole machinery in the simpler case of Wj production. Although,

as was discussed before, for this process generation cuts may be imposed on pT (W ), we

have chosen to require the presence of at least one jet with a transverse momentum larger

than a given value, so as to mimic the strategy followed in the Wjj case. Secondly, we have

checked that we obtain unbiased results by suitably changing the jet-cone size. Thirdly,

OPTIONAL we can exploit the fact that the starting scale of the shower is to some

extent arbitrary, and the dependence upon its value is very much reduced in the context

of an NLO-PSMC matched computation. As was discussed in ref. [29], in MC@NLO the

information on the starting scale is included in the MC counterterms, and the independence

of the physical results of its value constitutes a powerful check of a correct implementation.

We have verified that this is indeed the case.

3. Wjj production at the Tevatron

The hard events obtained with the generation cuts described above can be used to impose

the selection cuts used by the CDF collaboration [1]. The latter are as follows:

• minimal transverse energy for the lepton: ET (l) > 20 GeV;

• maximal pseudo rapidity for the lepton: |η(l)| < 1;

• minimal missing transverse energy: E/T > 25 GeV;

• minimal transverse W -boson mass: MT (lνl) > 30 GeV;

• jet definition: JetClu algorithm with 0.75 overlap and R = 0.4;

– 6 –

• minimal transverse jet energy: ET (j) > 30 GeV;

• maximal jet pseudo rapidity: |η(j)| < 2.4;

• minimal jet pair transverse momentum: pT (j1j2) > 40 GeV;

• minimal jet-lepton separation: ∆R(lj) > 0.52;

• minimal jet-missing energy separation: ∆φ(E/T j) > 0.4;

• hardest jets close in pseudorapidity: |∆η(j1j2)| < 2.5;

• jet veto: no third jet with ET (j) > 30 GeV and |η(j)| < 2.4;

• lepton isolation: transverse hadronic energy smaller than 10% of the lepton transverse

energy in a cone of R = 0.4 around the lepton.

These cuts (and their analogues in the D0 analysis [2]) are tighter than the pT = 25 GeV

analysis cut previously discussed. Since the latter was seen to give unbiased results in

the central rapidity regions relevant here, we deem our approach safe. To simplify the

analysis slightly, we have used the MC truth to determine which charged lepton (if more

than one) emerges from the hard subprocess (i.e., can be interpreted as due to the decay

of a W boson); in the case of present process (i.e., without the contamination of the Zjj

background) this is essentially what one would have obtained anyhow by demanding the

charged lepton to be hard, central, and isolated. We have not included the simulation of the

underlying event in our predictions. The cuts reported above (which we dub “exclusive”)

have also been slightly relaxed by CDF (see [30]), by accepting events with three jets or

more in the central and hard region – we call these cuts “inclusive”.

Figure 2: Invariant mass of the pair of the two hardest jets, with CDF/D0 exclusive (left panel)
and inclusive (right panel) cuts. See the text for details.

In addition to the aMC@NLO predictions, we have also performed parton-level LO and

NLO computations, and showered events obtained by unweighting LO matrix elements as

well (we call the corresponding result aMC@LO). As is well known, the latter case requires
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