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Why NLO?

NLO corrections are large in QCD

NLO corrections significantly affect the shape of 
distributions

It reduces the scale dependence inherent to 
tree-level cross-sections

New production channels open at NLO

NLO is important because

Accurate theoretical prediction are necessary for the search of signals events in   
large background samples.

Automation would help!

RADCOR 2011 3
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Why automation?

Save time

4

Trade time spent on computing a process with time on 
studying the physics behind it. 

Wednesday, September 28, 2011



  Valentin Hirschi, 28 septembre 2011 RADCOR 2011

Motivations  -  aMC@NLO  -  MadLoop  -  Results - Final word

Why automation?

Save time

4

Trade time spent on computing a process with time on 
studying the physics behind it. 

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

Avoid bugs
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Why automation?

Save time

4

Trade time spent on computing a process with time on 
studying the physics behind it. 

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

Avoid bugs

It only requires to know how to efficiently use one single 
program to do all NLO phenomenology.

Use of the same framework for all processes
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Existing tools

5

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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  at Tevatron

6

Wjj

CDF observes 3-σ deviation to the SM signal.

arXiv:1104.0699v1

arXiv:1104.0699v1

New Physics, stat. fluctuations?

Unreliable prediction?

➥ W+jets treated at LO ! 
➥ Mistreatment of background? 

Having NLO computations by default 
lead to more conclusive observations.
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aMC@NLO in a nutshell

7

arXiv:1104.0699v1

MadFKS, build on MadGraph, computes all contributions to a 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: aMC@NLO

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

8

NLO contributions have two parts
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NLO Basics

8

NLO contributions have two parts

Virtual part
Used to be bottleneck of NLO computations

Algorithms for automation known in principle 
but not yet efficiently implemented

This work brings automation using MadGraph 
and CutTools interfaced through MadLoop.

σNLO =

�

m
d(d)σV +
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NLO Basics

8

NLO contributions have two parts

Virtual part
Used to be bottleneck of NLO computations

Algorithms for automation known in principle 
but not yet efficiently implemented

This work brings automation using MadGraph 
and CutTools interfaced through MadLoop.

σNLO =

�

m
d(d)σV +

Real emission part
Automated for different methods

Challenge is the systematic 
extraction of singularities

MadFKS using the FKS 
subtraction method successfully 
implemented on MGv4

� �� �
�

m+1
d(d)σR+
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NLO Basics

8

NLO contributions have two parts

�

m
d(4)σB

Virtual part
Used to be bottleneck of NLO computations

Algorithms for automation known in principle 
but not yet efficiently implemented

This work brings automation using MadGraph 
and CutTools interfaced through MadLoop.

σNLO =

�

m
d(d)σV +

Real emission part
Automated for different methods

Challenge is the systematic 
extraction of singularities

MadFKS using the FKS 
subtraction method successfully 
implemented on MGv4

� �� �
�

m+1
d(d)σR+
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Subtraction terms

9

IR divergences are dealt with using subtraction terms

σNLO
=

�

m
d(d)σV

+

�

m+1
d(d)σR

+

�

m
d(4)σB

➧

σNLO
=

�

m

�
d(4)σB

+

�

l
d(d)σV

+

�

1
d(d)σA

�
+

�

m+1

�
d(4)σR − d(4)σA

�

Each integral is finite.

The only missing input required from MadFKS is the finite 
part of the virtual amplitude.

This is the part MadLoop provides!
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10

MadFKS
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MadFKS

                diverges as                   with  

11

Phase-space: Divide and Conquer

|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
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FKS vs CS dipoles

12

n2 vs n3 

CS uses soft singularities to organize the subtractions :

➔ Three-body kernels, so naive n3 scaling
➔ Each subtraction term has a different kinematics

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

➔ All subtraction terms must be subtracted to M(r)

MadFKS, 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 NLO parton shower matching.
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13

MadLoop
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MadGraph
First generates all tree-level Feynman Diagrams

Compute the amplitude of each diagram using a 
chain of calls to HELAS subroutines

14

The evolutive way of computing tree-diagrams

Finally square all the related amplitude with their 
right color factors to construct the full LO amplitude
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Cut-Loop diagrams

15

With a specific example

Consider                         :                         e+e− → γ → uū

Loop particles are denoted with a star. When MG is asked               
for                              it gives back eight diagrams. Two of them are:                                          e+e− → u∗ū∗uū
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Cut-Loop diagrams

15

With a specific example

Consider                         :                         e+e− → γ → uū

Loop particles are denoted with a star. When MG is asked               
for                              it gives back eight diagrams. Two of them are:                                          e+e− → u∗ū∗uū

Selection is performed to keep 
only one cut-diagram per loop 
contributing in the process                                    ≡

≡
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Cut-Loop diagrams

15

With a specific example

Consider                         :                         e+e− → γ → uū

Loop particles are denoted with a star. When MG is asked               
for                              it gives back eight diagrams. Two of them are:                                          e+e− → u∗ū∗uū

Selection is performed to keep 
only one cut-diagram per loop 
contributing in the process                                    ≡

≡

Diag 1 = [u∗(6)g∗(5)u∗(A)]

Diag 3 = [u∗(A)u∗(6)g∗(5)]

Tags are associated to each       
cut-diagram. Those whose tags 
are mirror and/or cyc l ic 
permutations of tags of diagram 
already in the loop-basis are 
taken out.                  
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Cut-Loop diagrams

15

With a specific example

Consider                         :                         e+e− → γ → uū

Loop particles are denoted with a star. When MG is asked               
for                              it gives back eight diagrams. Two of them are:                                          e+e− → u∗ū∗uū

Selection is performed to keep 
only one cut-diagram per loop 
contributing in the process                                    ≡

≡

Diag 1 = [u∗(6)g∗(5)u∗(A)]

Diag 3 = [u∗(A)u∗(6)g∗(5)]

Tags are associated to each       
cut-diagram. Those whose tags 
are mirror and/or cyc l ic 
permutations of tags of diagram 
already in the loop-basis are 
taken out.                  

Additional custom filter to 
eliminate tadpoles and bubbles 
attached to external legs. 
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CutTools

CutTools uses the OPP method for loop reduction at the integrand level

16

Or how to compute loops without doing so

N(q) =
m−1�

i0<i1<i2<i3

�
d(i0i1i2i3) + d̃(q; i0i1i2i3)

� m−1�

i �=i0,i1,i2,i3

Di

+
m−1�

i0<i1<i2

[c(i0i1i2) + c̃(q; i0i1i2)]
m−1�

i �=i0,i1,i2

Di

+
m−1�

i0<i1

�
b(i0i1) + b̃(q; i0i1)

� m−1�

i �=i0,i1

Di

+
m−1�

i0

[a(i0) + ã(q; i0)]
m−1�

i �=i0

Di

+ P̃ (q)
m−1�

i

Di

A(q̄) =
N(q)

D̄0D̄1 · · · D̄m−1

D̄i = (q̄ + pi)
2 −m2

i , p0 �= 0 .

q̄2 = q2 + q̃2 (q · q̃) = 0

�
d(d)σV =

�
d(4+�)

�
A(q̄) + Ã(q̄)

�

R2 can be obtained with a tree-level-like 
computation with special Feynman-Rules.

Evaluation of N(q) for different specific q’s allows 
to algebraically obtain the coefficients a, b, c and d

Reconstruction of the   dependance of the 
numerator gives the cut-constructible part R1 of 
the finite part of the virtual amplitude

q̃

�
Ã(q̄) → R2

�

Finite part = R1 + R2
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MadLoop

17

Fighting 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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Local checks

18

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

You don’t want the exhaustive list...

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

We believe 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

19

Running time: Two weeks 
on a 150+ node cluster

Proof of efficient EPS 
handling withZtt̄

Successful cross-check 
against known results

Large K-factors sometimes

No cuts on b, robust 
numerics with small PT
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NLO parton shower matching

20

a la MC@NLO 

FKS subtraction is based on a collinear picture, 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 have been implemented for Herwig6, 
Pythia and Herwig++ (but only fully tested for Herwig)

[Torrielli, RF & Frixione ]
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Case study of                with starring actors: ( but also                    and          to come)

Distributions
Full machinery at work

RADCOR 2011
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21

[H/A]tt̄

MGv4, CT, MadFKS, MadLoop and aMC@NLO interfaced to Herwig6 !

[W/Z/γ]bb̄ Wjj
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MadLoop
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aMC@NLO

22

Towards full automation

OPP - CutTools

Simple Call

LesHouches

interface

MC counter-terms

MadFKS

MG4

architecture: MG V4 

processindependent

 Pythia   

 Herwig 
or

SM

MG4 SM
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aMC@NLO

23

full automation

architecture: MG V5 

CutTools

any OLP
or

 Pythia   

 Herwig 

FeynRules

LesH
ouch

es

inter
fac

e

UFO format

or
Process

independent

Ready for

Experimentalists !
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MadLoop V4 to V5

24

Great improvements

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   

Motivations  -  aMC@NLO  -  MadLoop  -  Results - Final word
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Loop-Cut diagrams

25

How faster are they generated?
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Loop-Cut diagrams

25

How 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.

Motivations  -  aMC@NLO  -  MadLoop  -  Results - Final word

Wednesday, September 28, 2011



  Valentin Hirschi, 19 September 2011 MadGraph Workshop 2011 @ Academia Belgica, Rome

Loop-Cut diagrams

25

How 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 from_group algorithm is already much faster for tree-level diagrams.

It is modified so that 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.

Motivations  -  aMC@NLO  -  MadLoop  -  Results - Final word
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Have a look at our website! http://amcatnlo.cern.ch/, where you will find :

NLO event samples to be showered by the user

On-line running of validated aMC@NLO code for specific proc. (soon)

On-line running of MadLoop for a single phase-space point check.

RADCOR 2011
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Final Word

26

Full Automation is at the door

First fully working loop model in MG5: Nf = 2 massless QCD

aMC@NLO shows that an experimental analysis fully at NLO 
done without theory support is not science fiction any more !

Wednesday, September 28, 2011
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Thanks

27
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Additional Slides

28
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Higgs Production
Gluon fusion exclusively loop induce!

29

From CMS collaboration

Still very relevant compared to other 
production channels.

But consider               and 
compare to                             !

H → bb̄

So accurate estimation of 
background process is crucial.

σLHC(bb̄) = O(108 [pb])
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MadLoop in MG4

30

What it could not do

✓No four-gluon vertex at born level :

✓All born contribution must factorize the same power of all coupling orders.

✓No finite-width effects of unstable massive particles also appearing in the loop.
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Rikkert Frederix, May 5, 2011

Set-up

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

31

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-
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Impact of the shower

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

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

aMC@NLO displays the usual 
Sudakov suppression

At large pT’s the two 
descriptions coincide in shape 
and rate
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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 
with LO (dashed), NLO 
(solid) and aMC@LO (dotted)

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
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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 (dotted) are shown for each scenario.

3. Conclusions

Accurate and flexible predictions for Higgs physics will play an impor-
tant role in understanding the nature of the EWSB sector in the standard
model and beyond. In this Letter we have presented the results at NLO
in QCD for (scalar and pseudoscalar) Higgs production in association with
a top-antitop quark pair, both with and without the matching to parton
showers. Our approach is fully general and completely automated. A sim-
ple study performed on key observables involving the Higgs, the top quarks,
and their decay products shows that while changes in the overall rates can
be up to almost +20% (for the pseudoscalar states) with respect to LO
predictions, in general the shapes of distributions are mildly affected for a
light SM Higgs. Significant changes, however, can be observed in the case
of a light or very light pseudoscalar state.

The kernels of MC subtraction terms defined in the MC@NLO formal-
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Boosted Higgs

Boosted Higgs:
pT

H/A > 200 GeV

Transverse momentum of 
the top quark

Lower panels show the ratio 
with LO (dashed), NLO 
(solid) and aMC@LO 
(dotted)

Corrections compared to 
(MC@)LO are significant 
and cannot be approximated 
by a constant K-factor
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Figure 5: Same as in Fig. 1, for pT of top quark when pH/A
T > 200 GeV.
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ttH decayed

Two definitions of the B hadron pair in these plots (assuming 100% b-
tagging efficiency)
   a) hardest pair in the event
   b) decay products of the Higgs (uses MC truth)

A cut on the pT of the Higgs improves the selection of B hadrons from the 
Higgs decay
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Figure 7: Invariant mass distributions of the B-hadron pairs defined as a) (red) and b)

(blue) in the text. The results obtained by imposing pH/A
T > 200 GeV (magenta and

cyan, respectively) are also displayed. Solid histograms are aMC@NLO, dashed ones
are aMC@LO. 14

Figure 8: Same as in Fig. 7, for the ∆RBB correlation.
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