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NLO computations and 	

matching with parton showers

• Why NLO + PS?	

• Reliable predictions of rates and shapes	

• Reliable estimate of uncertainties (scale & PDF)	

• Better theoretical accuracy, less need of fine tuning	

• Realistic description of the final state	

• Better understanding of data	

• Steep increase in complexity (in particular for higher 

multiplicities)
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Ask a computer to do the hard job	

Automation!
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NLO: how to?
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NLO: how to?
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NLO: how to?

• Warning! Real emission ME is divergent!	

• Divergences cancel with those from virtuals (in D=4-2eps)	

• Need to cancel them before numerical integration (in D=4)
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NLO: how to?

• Warning! Real emission ME is divergent!	

• Divergences cancel with those from virtuals (in D=4-2eps)	

• Need to cancel them before numerical integration (in D=4)

• Structure of divergences is universal:
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NLO: how to?

• Add local counterterms in the singular regions and subtract its 
integrated finite part (poles will cancels against the virtuals)	


• The n and n+1 body integral now are finite in 4 dimension	

• Can be integrated numerically
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How to do this in an efficient way?
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The FKS subtraction

• Soft/collinear singularities arise in many PS regions	

• Find parton pairs i, j that can give collinear singularities	

• Split the phase space into regions with one collinear sing	

• Soft singularities are split into the collinear ones	

!

!
!

• Integrate them independently	

• Parallelize integration	

• Choose ad-hoc phase space parameterization	


• Advantages:	

• # of contributions ~ n^2	

• Exploit symmetries: 3 contributions for X Y > ng
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Sij ! 1 if ki · kj ! 0 Sij ! 0 if km 6=i · kn 6=j ! 0

X
Sij = 1

Frixione, Kunszt, Signer, arXiv:hep-ph/9512328



Marco Zaro, 03-12-2013 LHCPhenoNet

Loop ME evaluation: MadLoop

• Load the NLO UFO model	

• Generate Feynman diagrams to evaluate the loop ME	

• Add R2/UV renormalisation counter terms	

• Interface to CutTools or to tensor reduction programs 

(in progress)	

• Check PS point stability (and switch to QP if needed)	

• Improved with the OpenLoops method	

• And much more (can be used as standalone or external 

OLP via the BLHA, handle loop-induced processes, …)
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Hirschi et al. arXiv:1103.0621

Cascioli, Maierhofer, Pozzorini 
arXiv:1111.5206
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• Use suitable counterterms to avoid double counting the emission 
from shower and ME, keeping the correct rate at order αs:	

!
!
!

• MC depends on the PSMC’s Sudakov:	

!
!

• Available for Herwig6, Pythia6 (virtuality-ordered), Herwig++, 
Pythia8 (in the new release)	


• MC acts as local counterterm	

• Some weights can be negative (unweighting up to sign)	

• Only affects statistics

Matching in 	

MC@NLO
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MadGraph5_aMC@NLO 

���8

in collaboration with: R. Frederix, S. Frixione, F. Maltoni, O. Mattelaer, P. Torrielli, V. Hirschi, MZ
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MadGraph5_aMC@NLO 
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MadGraph

 MC@NLOCutTools

FKS 

FKS 

in collaboration with: R. Frederix, S. Frixione, F. Maltoni, O. Mattelaer, P. Torrielli, V. Hirschi, MZ
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MadGraph5_aMC@NLO 
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Full automation 
(and extreme simplicity)

• Start the MG5/aMC@NLO shell	

!

• Generate the process	

!

• Write the code	

!

• Launch the event generation/fixed order computation
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$./bin/mg5_aMC

> generate p p > t t~ b b~ [QCD]

> output my_ttbb_nlo

> launch
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Improvements in the 	

new version

• Interface with Pythia8	

• FxFx merging (semi-automatic)	

• Package shipped with FJcore	

• No external dependencies (LHAPDF optional)	


• HTML monitoring	

• Speed improvements:	

• Split event generation	

• Smarter virtual integration	

• MC over helicities	

• “Virt-Tricks”: reduce the number of calls to MadLoop, 

learning from the points which have already been thrown
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Speed improvement
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Madgraph5 2.0.0beta3 Madgraph5_aMC@NLO 
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Madgraph5 2.0.0beta3 Madgraph5_aMC@NLO 

     Summary: 
     Process p p > t b t~ b~ [QCD] 
     Run at p-p collider (4000 + 4000 GeV) 
     Total cross-section: 2.671e+00 +- 1.2e-02 pb 
     Ren. and fac. scale uncertainty: +39.1% -27.8% 
     Number of events generated: 200000 
     Parton shower to be used: HERWIG6 
     Fraction of negative weights: 0.29 
     Total running time :  17h 0m 
     Sequential running time : ~ 6 days !
DEBUG:  
    Number of loop ME evaluations (by MadLoop): 367802

N.A.
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Madgraph5 2.0.0beta3 Madgraph5_aMC@NLO 
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Studying the Higgs boson 	

properties with aMC@NLO
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Studying the Higgs boson 	

properties with aMC@NLO
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What is that peak??
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One year ago…
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Higgs Characterization 
P.  Artoisenet, P. de Aquino, F. Demartin, R. Frederix, S. Frixione, F. Maltoni, M. K. Mandal,  

P. Mathews, K. Mawatari, V. Ravindran, S. Seth, P. Torrielli, MZ, arXiv:1306.6464 + YR3

• Effective field theory approach	

• The “Higgs” is the first particle from NP	

• Agnostic on NP details (encoded in cutoff Λ)	


• Keep lowest dimension operators for spin 0, 1, 2 hypotheses 
(CP +/- or mixed)	


• Extra QCD radiation can be consistently incorporated (MLM 
or aMC@NLO, but virtuals had to be coded by hand)	


• Study zz,ww,γγ final states, keeping all angular correlations
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Results: 
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zz ww γγ
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Today
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Higgs characterization 	

in VBF and VH 

F. Maltoni, K. Mawatari, MZ, arXiv:1311.1829 + F. Demartin for HC model @NLO

• VBF and VH can provide additional information about 
the nature of the Higgs boson	


• Build a NLO HiggsCharacterization model (in 
preparation) so that one can generate the full NLO 
process automatically	

• Easy for VBF and VH, the Higgs does not couple to 

QCD particles (just add the HVV vertices)	

• Focus on the spin-0 hypothesis, probe possible 

anomalous couplings
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Spin-0 HVV lagrangian
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2 F. Maltoni, K. Mawatari, M. Zaro: Higgs characterisation via VBF and VH production

torise exactly with respect to the new physics interactions
in Higgs couplings and therefore can be automatically
performed within the current MadGraph5 aMC@NLO
framework. Given that the Higgs characterisation can also
be done automatically in tt̄H production channel [46], all
the main Higgs production channels are covered.

We stress that the spin-parity studies in VBF and VH
production nicely complement those in H ! ZZ/WW
decays [47, 48]. One of the advantages in the VBF and
VH channels is that spin-parity observables, e.g., the az-
imuthal di↵erence between the two tagging jets ��jj in
VBF, do not require a reconstruction of the Higgs res-
onance, although the separation between the Z and W
contributions is very di�cult. In this study, we focus on
the e↵ects of the QCD corrections in Higgs VBF and VH
production without considering the decay.

The paper is organised as follows. In the following sec-
tion we recall the relevant e↵ective lagrangian of ref. [37],
and define the sample scenarios used to illustrate the phe-
nomenological implications. In sect. 3 we present the VBF
results in the form of distributions of key observables in
the inclusive setup as well as with dedicated VBF cuts,
while in sect. 4 we illustrate the W±H and ZH produc-
tion. We briefly summarise our findings in the concluding
section.

2 Theoretical setup

In this section, we summarise the full setup, from the la-
grangian, to the choice of benchmark scenarios, to event
generation at NLO accuracy.

2.1 E↵ective lagrangian and benchmark scenarios

We construct an e↵ective lagrangian below the electroweak
symmetry breaking (EWSB) scale in terms of mass eigen-
states. Our assumptions are simply that the resonance
structure observed in data corresponds to one bosonic
state (X(JP ) with J = 0, 1, or 2, and a mass of about
125 GeV), and that no other new state below the cuto↵
⇤ coupled to such a resonance exists. We also follow the
principle that any new physics is dominantly described
by the lowest dimensional operators. This means, for the
spin-0 case, that we include all e↵ects coming from the
complete set of dimension-six operators with respect to
the SM gauge symmetry.

The e↵ective lagrangian relevant for this work, i.e., for
the interactions between a spin-0 state and vector bosons,

parameter description
⇤ [GeV] cuto↵ scale
c↵ (⌘ cos ↵) mixing between 0+ and 0�

i dimensionless coupling parameter

Table 1. HC model parameters.

gXyy0 ⇥ v ZZ/WW �� Z�

X = H 2m2
Z/W 47↵EM/18⇡ C(94c2

W � 13)/9⇡

X = A 0 �4↵EM/3⇡ �2C(8c2
W � 5)/3⇡

Table 2. Values in units of v taken by the couplings gXyy0 for

the EW gauge bosons. C =
q

↵EMGF m2
Z

8
p

2⇡
.

is (eq. (2.4) in ref. [37]):

LV
0 =

⇢
c↵SM

⇥1
2
gHZZ ZµZµ + gHW W W+

µ W�µ
⇤

� 1
4
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c↵H��gH�� Aµ⌫Aµ⌫ + s↵A��gA�� Aµ⌫

eAµ⌫
⇤

� 1
2
⇥
c↵HZ�gHZ� Zµ⌫Aµ⌫ + s↵AZ�gAZ� Zµ⌫

eAµ⌫
⇤

� 1
4
⇥
c↵HgggHgg Ga

µ⌫Ga,µ⌫ + s↵AgggAgg Ga
µ⌫

eGa,µ⌫
⇤

� 1
4

1
⇤

⇥
c↵HZZ Zµ⌫Zµ⌫ + s↵AZZ Zµ⌫

eZµ⌫
⇤

� 1
2

1
⇤

⇥
c↵HW W W+

µ⌫W�µ⌫ + s↵AW W W+
µ⌫

fW�µ⌫
⇤

� 1
⇤

c↵

⇥
H@� Z⌫@µAµ⌫H@Z Z⌫@µZµ⌫

+
�
H@W W+

⌫ @µW�µ⌫ + h.c.
�⇤�

X0 , (1)

where the (reduced) field strength tensors are defined as

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , (2)

Ga
µ⌫ = @µGa

⌫ � @⌫Ga
µ + gsf

abcGb
µGc

⌫ , (3)

and the dual tensor is

eVµ⌫ =
1
2
✏µ⌫⇢�V ⇢� . (4)

Our parametrisation: i) allows to recover the SM case
easily by the dimensionless coupling parameters i and
the dimensionful couplings gXyy0 shown in tables 1 and
2; ii) includes 0� state couplings typical of SUSY or of
generic two-Higgs-doublet models (2HDM); iii) describes
CP -mixing between 0+ and 0� states, parametrised by an
angle ↵, in practice �1 < c↵ (⌘ cos ↵) < 1.

The corresponding implementation of the dimension-
six lagrangian above the EWSB scale, where SU(2)L ⇥
U(1)Y is an exact symmetry, has recently appeared [49]
that has overlapping as well as complementary features
with respect to our HC lagrangian. We note that the la-
grangian of eq. (1) features 14 free parameters, of which
one possibly complex (H@W ). On the other hand, as ex-
plicitly shown in table 1 of ref. [49] these correspond to 11
free parameters in the parametrisation above the EWSB
due to the custodial symmetry. We stress that results at
NLO in QCD accuracy shown here can be obtained for
that lagrangian in exactly the same way.

In table 3 we list the representative scenarios that we
later use for illustration. The first corresponds to the SM.
The second scenario, 0+(HD), includes only the CP -even
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results in the form of distributions of key observables in
the inclusive setup as well as with dedicated VBF cuts,
while in sect. 4 we illustrate the W±H and ZH produc-
tion. We briefly summarise our findings in the concluding
section.
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grangian, to the choice of benchmark scenarios, to event
generation at NLO accuracy.

2.1 E↵ective lagrangian and benchmark scenarios

We construct an e↵ective lagrangian below the electroweak
symmetry breaking (EWSB) scale in terms of mass eigen-
states. Our assumptions are simply that the resonance
structure observed in data corresponds to one bosonic
state (X(JP ) with J = 0, 1, or 2, and a mass of about
125 GeV), and that no other new state below the cuto↵
⇤ coupled to such a resonance exists. We also follow the
principle that any new physics is dominantly described
by the lowest dimensional operators. This means, for the
spin-0 case, that we include all e↵ects coming from the
complete set of dimension-six operators with respect to
the SM gauge symmetry.

The e↵ective lagrangian relevant for this work, i.e., for
the interactions between a spin-0 state and vector bosons,

parameter description
⇤ [GeV] cuto↵ scale
c↵ (⌘ cos ↵) mixing between 0+ and 0�

i dimensionless coupling parameter

Table 1. HC model parameters.

gXyy0 ⇥ v ZZ/WW �� Z�

X = H 2m2
Z/W 47↵EM/18⇡ C(94c2

W � 13)/9⇡

X = A 0 �4↵EM/3⇡ �2C(8c2
W � 5)/3⇡

Table 2. Values in units of v taken by the couplings gXyy0 for

the EW gauge bosons. C =
q

↵EMGF m2
Z

8
p

2⇡
.

is (eq. (2.4) in ref. [37]):

LV
0 =

⇢
c↵SM

⇥1
2
gHZZ ZµZµ + gHW W W+

µ W�µ
⇤

� 1
4
⇥
c↵H��gH�� Aµ⌫Aµ⌫ + s↵A��gA�� Aµ⌫

eAµ⌫
⇤

� 1
2
⇥
c↵HZ�gHZ� Zµ⌫Aµ⌫ + s↵AZ�gAZ� Zµ⌫

eAµ⌫
⇤

� 1
4
⇥
c↵HgggHgg Ga

µ⌫Ga,µ⌫ + s↵AgggAgg Ga
µ⌫

eGa,µ⌫
⇤

� 1
4

1
⇤

⇥
c↵HZZ Zµ⌫Zµ⌫ + s↵AZZ Zµ⌫

eZµ⌫
⇤

� 1
2

1
⇤

⇥
c↵HW W W+

µ⌫W�µ⌫ + s↵AW W W+
µ⌫

fW�µ⌫
⇤

� 1
⇤

c↵

⇥
H@� Z⌫@µAµ⌫H@Z Z⌫@µZµ⌫

+
�
H@W W+

⌫ @µW�µ⌫ + h.c.
�⇤�

X0 , (1)

where the (reduced) field strength tensors are defined as

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , (2)

Ga
µ⌫ = @µGa

⌫ � @⌫Ga
µ + gsf

abcGb
µGc

⌫ , (3)

and the dual tensor is

eVµ⌫ =
1
2
✏µ⌫⇢�V ⇢� . (4)

Our parametrisation: i) allows to recover the SM case
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2; ii) includes 0� state couplings typical of SUSY or of
generic two-Higgs-doublet models (2HDM); iii) describes
CP -mixing between 0+ and 0� states, parametrised by an
angle ↵, in practice �1 < c↵ (⌘ cos ↵) < 1.

The corresponding implementation of the dimension-
six lagrangian above the EWSB scale, where SU(2)L ⇥
U(1)Y is an exact symmetry, has recently appeared [49]
that has overlapping as well as complementary features
with respect to our HC lagrangian. We note that the la-
grangian of eq. (1) features 14 free parameters, of which
one possibly complex (H@W ). On the other hand, as ex-
plicitly shown in table 1 of ref. [49] these correspond to 11
free parameters in the parametrisation above the EWSB
due to the custodial symmetry. We stress that results at
NLO in QCD accuracy shown here can be obtained for
that lagrangian in exactly the same way.

In table 3 we list the representative scenarios that we
later use for illustration. The first corresponds to the SM.
The second scenario, 0+(HD), includes only the CP -even
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torise exactly with respect to the new physics interactions
in Higgs couplings and therefore can be automatically
performed within the current MadGraph5 aMC@NLO
framework. Given that the Higgs characterisation can also
be done automatically in tt̄H production channel [46], all
the main Higgs production channels are covered.
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production nicely complement those in H ! ZZ/WW
decays [47, 48]. One of the advantages in the VBF and
VH channels is that spin-parity observables, e.g., the az-
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VBF, do not require a reconstruction of the Higgs res-
onance, although the separation between the Z and W
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production without considering the decay.

The paper is organised as follows. In the following sec-
tion we recall the relevant e↵ective lagrangian of ref. [37],
and define the sample scenarios used to illustrate the phe-
nomenological implications. In sect. 3 we present the VBF
results in the form of distributions of key observables in
the inclusive setup as well as with dedicated VBF cuts,
while in sect. 4 we illustrate the W±H and ZH produc-
tion. We briefly summarise our findings in the concluding
section.
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generation at NLO accuracy.
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symmetry breaking (EWSB) scale in terms of mass eigen-
states. Our assumptions are simply that the resonance
structure observed in data corresponds to one bosonic
state (X(JP ) with J = 0, 1, or 2, and a mass of about
125 GeV), and that no other new state below the cuto↵
⇤ coupled to such a resonance exists. We also follow the
principle that any new physics is dominantly described
by the lowest dimensional operators. This means, for the
spin-0 case, that we include all e↵ects coming from the
complete set of dimension-six operators with respect to
the SM gauge symmetry.

The e↵ective lagrangian relevant for this work, i.e., for
the interactions between a spin-0 state and vector bosons,

parameter description
⇤ [GeV] cuto↵ scale
c↵ (⌘ cos ↵) mixing between 0+ and 0�

i dimensionless coupling parameter

Table 1. HC model parameters.

gXyy0 ⇥ v ZZ/WW �� Z�

X = H 2m2
Z/W 47↵EM/18⇡ C(94c2

W � 13)/9⇡

X = A 0 �4↵EM/3⇡ �2C(8c2
W � 5)/3⇡

Table 2. Values in units of v taken by the couplings gXyy0 for

the EW gauge bosons. C =
q

↵EMGF m2
Z

8
p

2⇡
.

is (eq. (2.4) in ref. [37]):

LV
0 =

⇢
c↵SM

⇥1
2
gHZZ ZµZµ + gHW W W+

µ W�µ
⇤

� 1
4
⇥
c↵H��gH�� Aµ⌫Aµ⌫ + s↵A��gA�� Aµ⌫

eAµ⌫
⇤

� 1
2
⇥
c↵HZ�gHZ� Zµ⌫Aµ⌫ + s↵AZ�gAZ� Zµ⌫

eAµ⌫
⇤

� 1
4
⇥
c↵HgggHgg Ga

µ⌫Ga,µ⌫ + s↵AgggAgg Ga
µ⌫

eGa,µ⌫
⇤

� 1
4

1
⇤

⇥
c↵HZZ Zµ⌫Zµ⌫ + s↵AZZ Zµ⌫

eZµ⌫
⇤

� 1
2

1
⇤

⇥
c↵HW W W+

µ⌫W�µ⌫ + s↵AW W W+
µ⌫

fW�µ⌫
⇤

� 1
⇤

c↵

⇥
H@� Z⌫@µAµ⌫H@Z Z⌫@µZµ⌫

+
�
H@W W+

⌫ @µW�µ⌫ + h.c.
�⇤�

X0 , (1)

where the (reduced) field strength tensors are defined as

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , (2)

Ga
µ⌫ = @µGa

⌫ � @⌫Ga
µ + gsf

abcGb
µGc

⌫ , (3)

and the dual tensor is

eVµ⌫ =
1
2
✏µ⌫⇢�V ⇢� . (4)

Our parametrisation: i) allows to recover the SM case
easily by the dimensionless coupling parameters i and
the dimensionful couplings gXyy0 shown in tables 1 and
2; ii) includes 0� state couplings typical of SUSY or of
generic two-Higgs-doublet models (2HDM); iii) describes
CP -mixing between 0+ and 0� states, parametrised by an
angle ↵, in practice �1 < c↵ (⌘ cos ↵) < 1.

The corresponding implementation of the dimension-
six lagrangian above the EWSB scale, where SU(2)L ⇥
U(1)Y is an exact symmetry, has recently appeared [49]
that has overlapping as well as complementary features
with respect to our HC lagrangian. We note that the la-
grangian of eq. (1) features 14 free parameters, of which
one possibly complex (H@W ). On the other hand, as ex-
plicitly shown in table 1 of ref. [49] these correspond to 11
free parameters in the parametrisation above the EWSB
due to the custodial symmetry. We stress that results at
NLO in QCD accuracy shown here can be obtained for
that lagrangian in exactly the same way.

In table 3 we list the representative scenarios that we
later use for illustration. The first corresponds to the SM.
The second scenario, 0+(HD), includes only the CP -even

HD

SM
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torise exactly with respect to the new physics interactions
in Higgs couplings and therefore can be automatically
performed within the current MadGraph5 aMC@NLO
framework. Given that the Higgs characterisation can also
be done automatically in tt̄H production channel [46], all
the main Higgs production channels are covered.

We stress that the spin-parity studies in VBF and VH
production nicely complement those in H ! ZZ/WW
decays [47, 48]. One of the advantages in the VBF and
VH channels is that spin-parity observables, e.g., the az-
imuthal di↵erence between the two tagging jets ��jj in
VBF, do not require a reconstruction of the Higgs res-
onance, although the separation between the Z and W
contributions is very di�cult. In this study, we focus on
the e↵ects of the QCD corrections in Higgs VBF and VH
production without considering the decay.

The paper is organised as follows. In the following sec-
tion we recall the relevant e↵ective lagrangian of ref. [37],
and define the sample scenarios used to illustrate the phe-
nomenological implications. In sect. 3 we present the VBF
results in the form of distributions of key observables in
the inclusive setup as well as with dedicated VBF cuts,
while in sect. 4 we illustrate the W±H and ZH produc-
tion. We briefly summarise our findings in the concluding
section.

2 Theoretical setup

In this section, we summarise the full setup, from the la-
grangian, to the choice of benchmark scenarios, to event
generation at NLO accuracy.

2.1 E↵ective lagrangian and benchmark scenarios

We construct an e↵ective lagrangian below the electroweak
symmetry breaking (EWSB) scale in terms of mass eigen-
states. Our assumptions are simply that the resonance
structure observed in data corresponds to one bosonic
state (X(JP ) with J = 0, 1, or 2, and a mass of about
125 GeV), and that no other new state below the cuto↵
⇤ coupled to such a resonance exists. We also follow the
principle that any new physics is dominantly described
by the lowest dimensional operators. This means, for the
spin-0 case, that we include all e↵ects coming from the
complete set of dimension-six operators with respect to
the SM gauge symmetry.

The e↵ective lagrangian relevant for this work, i.e., for
the interactions between a spin-0 state and vector bosons,

parameter description
⇤ [GeV] cuto↵ scale
c↵ (⌘ cos ↵) mixing between 0+ and 0�

i dimensionless coupling parameter

Table 1. HC model parameters.

gXyy0 ⇥ v ZZ/WW �� Z�

X = H 2m2
Z/W 47↵EM/18⇡ C(94c2

W � 13)/9⇡

X = A 0 �4↵EM/3⇡ �2C(8c2
W � 5)/3⇡

Table 2. Values in units of v taken by the couplings gXyy0 for

the EW gauge bosons. C =
q

↵EMGF m2
Z

8
p

2⇡
.

is (eq. (2.4) in ref. [37]):

LV
0 =

⇢
c↵SM

⇥1
2
gHZZ ZµZµ + gHW W W+

µ W�µ
⇤

� 1
4
⇥
c↵H��gH�� Aµ⌫Aµ⌫ + s↵A��gA�� Aµ⌫

eAµ⌫
⇤

� 1
2
⇥
c↵HZ�gHZ� Zµ⌫Aµ⌫ + s↵AZ�gAZ� Zµ⌫

eAµ⌫
⇤

� 1
4
⇥
c↵HgggHgg Ga

µ⌫Ga,µ⌫ + s↵AgggAgg Ga
µ⌫

eGa,µ⌫
⇤

� 1
4

1
⇤

⇥
c↵HZZ Zµ⌫Zµ⌫ + s↵AZZ Zµ⌫

eZµ⌫
⇤

� 1
2

1
⇤

⇥
c↵HW W W+

µ⌫W�µ⌫ + s↵AW W W+
µ⌫

fW�µ⌫
⇤

� 1
⇤

c↵

⇥
H@� Z⌫@µAµ⌫H@Z Z⌫@µZµ⌫

+
�
H@W W+

⌫ @µW�µ⌫ + h.c.
�⇤�

X0 , (1)

where the (reduced) field strength tensors are defined as

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , (2)

Ga
µ⌫ = @µGa

⌫ � @⌫Ga
µ + gsf

abcGb
µGc

⌫ , (3)

and the dual tensor is

eVµ⌫ =
1
2
✏µ⌫⇢�V ⇢� . (4)

Our parametrisation: i) allows to recover the SM case
easily by the dimensionless coupling parameters i and
the dimensionful couplings gXyy0 shown in tables 1 and
2; ii) includes 0� state couplings typical of SUSY or of
generic two-Higgs-doublet models (2HDM); iii) describes
CP -mixing between 0+ and 0� states, parametrised by an
angle ↵, in practice �1 < c↵ (⌘ cos ↵) < 1.

The corresponding implementation of the dimension-
six lagrangian above the EWSB scale, where SU(2)L ⇥
U(1)Y is an exact symmetry, has recently appeared [49]
that has overlapping as well as complementary features
with respect to our HC lagrangian. We note that the la-
grangian of eq. (1) features 14 free parameters, of which
one possibly complex (H@W ). On the other hand, as ex-
plicitly shown in table 1 of ref. [49] these correspond to 11
free parameters in the parametrisation above the EWSB
due to the custodial symmetry. We stress that results at
NLO in QCD accuracy shown here can be obtained for
that lagrangian in exactly the same way.

In table 3 we list the representative scenarios that we
later use for illustration. The first corresponds to the SM.
The second scenario, 0+(HD), includes only the CP -even

HD

SM

0+
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torise exactly with respect to the new physics interactions
in Higgs couplings and therefore can be automatically
performed within the current MadGraph5 aMC@NLO
framework. Given that the Higgs characterisation can also
be done automatically in tt̄H production channel [46], all
the main Higgs production channels are covered.

We stress that the spin-parity studies in VBF and VH
production nicely complement those in H ! ZZ/WW
decays [47, 48]. One of the advantages in the VBF and
VH channels is that spin-parity observables, e.g., the az-
imuthal di↵erence between the two tagging jets ��jj in
VBF, do not require a reconstruction of the Higgs res-
onance, although the separation between the Z and W
contributions is very di�cult. In this study, we focus on
the e↵ects of the QCD corrections in Higgs VBF and VH
production without considering the decay.

The paper is organised as follows. In the following sec-
tion we recall the relevant e↵ective lagrangian of ref. [37],
and define the sample scenarios used to illustrate the phe-
nomenological implications. In sect. 3 we present the VBF
results in the form of distributions of key observables in
the inclusive setup as well as with dedicated VBF cuts,
while in sect. 4 we illustrate the W±H and ZH produc-
tion. We briefly summarise our findings in the concluding
section.

2 Theoretical setup

In this section, we summarise the full setup, from the la-
grangian, to the choice of benchmark scenarios, to event
generation at NLO accuracy.

2.1 E↵ective lagrangian and benchmark scenarios

We construct an e↵ective lagrangian below the electroweak
symmetry breaking (EWSB) scale in terms of mass eigen-
states. Our assumptions are simply that the resonance
structure observed in data corresponds to one bosonic
state (X(JP ) with J = 0, 1, or 2, and a mass of about
125 GeV), and that no other new state below the cuto↵
⇤ coupled to such a resonance exists. We also follow the
principle that any new physics is dominantly described
by the lowest dimensional operators. This means, for the
spin-0 case, that we include all e↵ects coming from the
complete set of dimension-six operators with respect to
the SM gauge symmetry.

The e↵ective lagrangian relevant for this work, i.e., for
the interactions between a spin-0 state and vector bosons,

parameter description
⇤ [GeV] cuto↵ scale
c↵ (⌘ cos ↵) mixing between 0+ and 0�

i dimensionless coupling parameter

Table 1. HC model parameters.

gXyy0 ⇥ v ZZ/WW �� Z�

X = H 2m2
Z/W 47↵EM/18⇡ C(94c2

W � 13)/9⇡

X = A 0 �4↵EM/3⇡ �2C(8c2
W � 5)/3⇡

Table 2. Values in units of v taken by the couplings gXyy0 for

the EW gauge bosons. C =
q

↵EMGF m2
Z

8
p

2⇡
.

is (eq. (2.4) in ref. [37]):

LV
0 =

⇢
c↵SM

⇥1
2
gHZZ ZµZµ + gHW W W+

µ W�µ
⇤

� 1
4
⇥
c↵H��gH�� Aµ⌫Aµ⌫ + s↵A��gA�� Aµ⌫

eAµ⌫
⇤

� 1
2
⇥
c↵HZ�gHZ� Zµ⌫Aµ⌫ + s↵AZ�gAZ� Zµ⌫

eAµ⌫
⇤

� 1
4
⇥
c↵HgggHgg Ga

µ⌫Ga,µ⌫ + s↵AgggAgg Ga
µ⌫

eGa,µ⌫
⇤

� 1
4

1
⇤

⇥
c↵HZZ Zµ⌫Zµ⌫ + s↵AZZ Zµ⌫

eZµ⌫
⇤

� 1
2

1
⇤

⇥
c↵HW W W+

µ⌫W�µ⌫ + s↵AW W W+
µ⌫

fW�µ⌫
⇤

� 1
⇤

c↵

⇥
H@� Z⌫@µAµ⌫H@Z Z⌫@µZµ⌫

+
�
H@W W+

⌫ @µW�µ⌫ + h.c.
�⇤�

X0 , (1)

where the (reduced) field strength tensors are defined as

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , (2)

Ga
µ⌫ = @µGa

⌫ � @⌫Ga
µ + gsf

abcGb
µGc

⌫ , (3)

and the dual tensor is

eVµ⌫ =
1
2
✏µ⌫⇢�V ⇢� . (4)

Our parametrisation: i) allows to recover the SM case
easily by the dimensionless coupling parameters i and
the dimensionful couplings gXyy0 shown in tables 1 and
2; ii) includes 0� state couplings typical of SUSY or of
generic two-Higgs-doublet models (2HDM); iii) describes
CP -mixing between 0+ and 0� states, parametrised by an
angle ↵, in practice �1 < c↵ (⌘ cos ↵) < 1.

The corresponding implementation of the dimension-
six lagrangian above the EWSB scale, where SU(2)L ⇥
U(1)Y is an exact symmetry, has recently appeared [49]
that has overlapping as well as complementary features
with respect to our HC lagrangian. We note that the la-
grangian of eq. (1) features 14 free parameters, of which
one possibly complex (H@W ). On the other hand, as ex-
plicitly shown in table 1 of ref. [49] these correspond to 11
free parameters in the parametrisation above the EWSB
due to the custodial symmetry. We stress that results at
NLO in QCD accuracy shown here can be obtained for
that lagrangian in exactly the same way.

In table 3 we list the representative scenarios that we
later use for illustration. The first corresponds to the SM.
The second scenario, 0+(HD), includes only the CP -even

HD

SM

0+ 0-
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torise exactly with respect to the new physics interactions
in Higgs couplings and therefore can be automatically
performed within the current MadGraph5 aMC@NLO
framework. Given that the Higgs characterisation can also
be done automatically in tt̄H production channel [46], all
the main Higgs production channels are covered.

We stress that the spin-parity studies in VBF and VH
production nicely complement those in H ! ZZ/WW
decays [47, 48]. One of the advantages in the VBF and
VH channels is that spin-parity observables, e.g., the az-
imuthal di↵erence between the two tagging jets ��jj in
VBF, do not require a reconstruction of the Higgs res-
onance, although the separation between the Z and W
contributions is very di�cult. In this study, we focus on
the e↵ects of the QCD corrections in Higgs VBF and VH
production without considering the decay.

The paper is organised as follows. In the following sec-
tion we recall the relevant e↵ective lagrangian of ref. [37],
and define the sample scenarios used to illustrate the phe-
nomenological implications. In sect. 3 we present the VBF
results in the form of distributions of key observables in
the inclusive setup as well as with dedicated VBF cuts,
while in sect. 4 we illustrate the W±H and ZH produc-
tion. We briefly summarise our findings in the concluding
section.

2 Theoretical setup

In this section, we summarise the full setup, from the la-
grangian, to the choice of benchmark scenarios, to event
generation at NLO accuracy.

2.1 E↵ective lagrangian and benchmark scenarios

We construct an e↵ective lagrangian below the electroweak
symmetry breaking (EWSB) scale in terms of mass eigen-
states. Our assumptions are simply that the resonance
structure observed in data corresponds to one bosonic
state (X(JP ) with J = 0, 1, or 2, and a mass of about
125 GeV), and that no other new state below the cuto↵
⇤ coupled to such a resonance exists. We also follow the
principle that any new physics is dominantly described
by the lowest dimensional operators. This means, for the
spin-0 case, that we include all e↵ects coming from the
complete set of dimension-six operators with respect to
the SM gauge symmetry.

The e↵ective lagrangian relevant for this work, i.e., for
the interactions between a spin-0 state and vector bosons,

parameter description
⇤ [GeV] cuto↵ scale
c↵ (⌘ cos ↵) mixing between 0+ and 0�

i dimensionless coupling parameter

Table 1. HC model parameters.

gXyy0 ⇥ v ZZ/WW �� Z�

X = H 2m2
Z/W 47↵EM/18⇡ C(94c2

W � 13)/9⇡

X = A 0 �4↵EM/3⇡ �2C(8c2
W � 5)/3⇡

Table 2. Values in units of v taken by the couplings gXyy0 for

the EW gauge bosons. C =
q

↵EMGF m2
Z

8
p

2⇡
.

is (eq. (2.4) in ref. [37]):

LV
0 =

⇢
c↵SM

⇥1
2
gHZZ ZµZµ + gHW W W+

µ W�µ
⇤

� 1
4
⇥
c↵H��gH�� Aµ⌫Aµ⌫ + s↵A��gA�� Aµ⌫

eAµ⌫
⇤

� 1
2
⇥
c↵HZ�gHZ� Zµ⌫Aµ⌫ + s↵AZ�gAZ� Zµ⌫

eAµ⌫
⇤

� 1
4
⇥
c↵HgggHgg Ga

µ⌫Ga,µ⌫ + s↵AgggAgg Ga
µ⌫

eGa,µ⌫
⇤

� 1
4

1
⇤

⇥
c↵HZZ Zµ⌫Zµ⌫ + s↵AZZ Zµ⌫

eZµ⌫
⇤

� 1
2

1
⇤

⇥
c↵HW W W+

µ⌫W�µ⌫ + s↵AW W W+
µ⌫

fW�µ⌫
⇤

� 1
⇤

c↵

⇥
H@� Z⌫@µAµ⌫H@Z Z⌫@µZµ⌫

+
�
H@W W+

⌫ @µW�µ⌫ + h.c.
�⇤�

X0 , (1)

where the (reduced) field strength tensors are defined as

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , (2)

Ga
µ⌫ = @µGa

⌫ � @⌫Ga
µ + gsf

abcGb
µGc

⌫ , (3)

and the dual tensor is

eVµ⌫ =
1
2
✏µ⌫⇢�V ⇢� . (4)

Our parametrisation: i) allows to recover the SM case
easily by the dimensionless coupling parameters i and
the dimensionful couplings gXyy0 shown in tables 1 and
2; ii) includes 0� state couplings typical of SUSY or of
generic two-Higgs-doublet models (2HDM); iii) describes
CP -mixing between 0+ and 0� states, parametrised by an
angle ↵, in practice �1 < c↵ (⌘ cos ↵) < 1.

The corresponding implementation of the dimension-
six lagrangian above the EWSB scale, where SU(2)L ⇥
U(1)Y is an exact symmetry, has recently appeared [49]
that has overlapping as well as complementary features
with respect to our HC lagrangian. We note that the la-
grangian of eq. (1) features 14 free parameters, of which
one possibly complex (H@W ). On the other hand, as ex-
plicitly shown in table 1 of ref. [49] these correspond to 11
free parameters in the parametrisation above the EWSB
due to the custodial symmetry. We stress that results at
NLO in QCD accuracy shown here can be obtained for
that lagrangian in exactly the same way.

In table 3 we list the representative scenarios that we
later use for illustration. The first corresponds to the SM.
The second scenario, 0+(HD), includes only the CP -even

HD

SM

0+ 0-

0+Der
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Probing the Higgs self coupling:	

HH production with aMC@NLO	


MadGraph_aMC@NLO collaboration + E. Vryonidou, in preparation

• All HH production channels but ggF (WIP) can be generated 
automatically within aMC@NLO	


• Scale and PDF uncertainties (in %) computed from reweighting
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√
s = 8 TeV

√
s = 13 TeV

√
s = 14 TeV

(LO) NLO (LO) NLO (LO) NLO
HH (0.000+12

−10) 0.000+1.8+2.8
−1.8−2.0 (0.000+9.4

−8.0) 0.000+1.4+2.6
−0.9−1.9 (0.000+8.9

−7.7) 0.000+1.3+2.5
−1.0−1.9

HHjj (0.436+12
−10) 0.479+1.8+2.8

−1.8−2.0 (1.543+9.4
−8.0) 1.684+1.4+2.6

−0.9−1.9 (1.839+8.9
−7.7) 2.017+1.3+2.5

−1.0−1.9

tt̄HH (0.265+41
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−19−3.3 (1.027+37
−25) 0.792+2.8+2.4
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−9.0−2.8
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−3.9) 0.145+2.1+2.5

−1.9−1.9 (0.252+1.4
−1.7) 0.326+1.7+2.1

−1.2−1.6 (0.283+1.1
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−1.1−1.6

W −HH (0.051+4.2
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−1.1−1.8

ZHH (0.098+4.2
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−1.9−1.9 (0.240+1.4
−1.7) 0.315+1.7+2.0
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Table 1: LO and NLO total cross-sections (in fb) for the various production channels at the LHC, with
√

s = 8, 13, 14 TeV. The first
uncertainty quoted refers to scale variations, while the second (only NLO) to PDFs. Uncertainties are in percents. No cuts are applied to
final state particles and no Br’s are included.

4. Results

We start by presenting the predictions for the total
rates for proton-proton collisions at the LHC at 8,13 and
14 TeV of centre-of-mass energy, table 1. Cross sections
for each channel are given ordered by size. The first un-
certainties (in percent) correspond to scale variation, while
the second (only shown at NLO) to PDFs. Several obser-
vations are in order.

First, contrary to what happens in single Higgs produc-
tion, the top-pair associated channel is the third largest
and above vector associated production. This hierarchy
does not depend on the centre-of-mass energy, at least up
to 14 TeV.

Second, the theoretical uncertainties due to scale vari-
ation in the gluon-induced processes are sizably reduced
by the inclusion of the NLO corrections.

Third, the K-factors for are all slightly larger than one,
except for gluon-gluon fusion where it is of order two and
for top-pair associated channel where it is smaller than
one.

Fourth, PDF uncertainties are comparable to scale un-
certainties.

We then plot distributions from all channels as ob-
tained by analysing MC samples of events generated by
matching NLO calculation with HERWIG6. We show
the transverse momentum of the hardest (softest) Higgs
in fig. 2 (fig. 3), the transverse momentum (fig. 4) and
the invariant mass (fig. 5) of the Higgs pair. The insets
show, channel by channel, the LO+PS and NLO+PS re-
sults with the corresponding uncertainty bands ratios to
LO+PS central result. The uncertainty bands display the
contribution from scale and PDF uncertainties added lin-
early.

As a general observation, we note that NLO effects
appear as overall factors only in some distributions and
on a channel dependent basis.

The gluon-gluon channel..
NLO corrections in VBF production are of order 20%

affecting the shape of the distributions at higher values.
NLO effects in ttHH amount to a drastic reduction of

the scale uncertainties, and to minor changes in the shapes,

except for the mHH .
Vector boson associated channels display similar prop-

erties, a K-factor of order 30% evenly spread over all distri-
butions except for the pT (HH) where corrections at high
values become sizable.

5. Conclusions

Assessing the nature of the newly discovered boson will
need a campaign of measurements to be performed at the
LHC at an unprecedented accuracy. One of the key pro-
cesses in this endeavor is Higgs pair production. Not only
it gives the possibility of measuring the value of the Higgs
self coupling λ, but also to put constraints on several still
viable possibilities for new physics scenarios. All such mea-
surements will need accurate SM predictions for total cross
sections (to extract information on the couplings) and dif-
ferential distributions (to establish acceptances and iden-
tify optimal selections), including reliable estimates for the
theoretical uncertainties.

In this Letter we have presented the first predictions at
the NLO accuracy matched with parton shower for all the
relevant Higgs pair production channels in the Standard
Model. We find that, as expected, including NLO cor-
rections leads to a reduction of the theoretical uncertain-
ties, especially significant in the gluon initiated channels
and provides reliable predictions for the kinematic distri-
butions of the final state particles. Extension of our results
to models featuring new physics is in progress.
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s = 8, 13, 14 TeV. The first
uncertainty quoted refers to scale variations, while the second (only NLO) to PDFs. Uncertainties are in percents. No cuts are applied to
final state particles and no Br’s are included.

4. Results

We start by presenting the predictions for the total
rates for proton-proton collisions at the LHC at 8,13 and
14 TeV of centre-of-mass energy, table 1. Cross sections
for each channel are given ordered by size. The first un-
certainties (in percent) correspond to scale variation, while
the second (only shown at NLO) to PDFs. Several obser-
vations are in order.

First, contrary to what happens in single Higgs produc-
tion, the top-pair associated channel is the third largest
and above vector associated production. This hierarchy
does not depend on the centre-of-mass energy, at least up
to 14 TeV.

Second, the theoretical uncertainties due to scale vari-
ation in the gluon-induced processes are sizably reduced
by the inclusion of the NLO corrections.

Third, the K-factors for are all slightly larger than one,
except for gluon-gluon fusion where it is of order two and
for top-pair associated channel where it is smaller than
one.

Fourth, PDF uncertainties are comparable to scale un-
certainties.

We then plot distributions from all channels as ob-
tained by analysing MC samples of events generated by
matching NLO calculation with HERWIG6. We show
the transverse momentum of the hardest (softest) Higgs
in fig. 2 (fig. 3), the transverse momentum (fig. 4) and
the invariant mass (fig. 5) of the Higgs pair. The insets
show, channel by channel, the LO+PS and NLO+PS re-
sults with the corresponding uncertainty bands ratios to
LO+PS central result. The uncertainty bands display the
contribution from scale and PDF uncertainties added lin-
early.

As a general observation, we note that NLO effects
appear as overall factors only in some distributions and
on a channel dependent basis.

The gluon-gluon channel..
NLO corrections in VBF production are of order 20%

affecting the shape of the distributions at higher values.
NLO effects in ttHH amount to a drastic reduction of

the scale uncertainties, and to minor changes in the shapes,

except for the mHH .
Vector boson associated channels display similar prop-

erties, a K-factor of order 30% evenly spread over all distri-
butions except for the pT (HH) where corrections at high
values become sizable.

5. Conclusions

Assessing the nature of the newly discovered boson will
need a campaign of measurements to be performed at the
LHC at an unprecedented accuracy. One of the key pro-
cesses in this endeavor is Higgs pair production. Not only
it gives the possibility of measuring the value of the Higgs
self coupling λ, but also to put constraints on several still
viable possibilities for new physics scenarios. All such mea-
surements will need accurate SM predictions for total cross
sections (to extract information on the couplings) and dif-
ferential distributions (to establish acceptances and iden-
tify optimal selections), including reliable estimates for the
theoretical uncertainties.

In this Letter we have presented the first predictions at
the NLO accuracy matched with parton shower for all the
relevant Higgs pair production channels in the Standard
Model. We find that, as expected, including NLO cor-
rections leads to a reduction of the theoretical uncertain-
ties, especially significant in the gluon initiated channels
and provides reliable predictions for the kinematic distri-
butions of the final state particles. Extension of our results
to models featuring new physics is in progress.
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• All HH production channels but ggF (WIP) can be generated 
automatically within aMC@NLO	


• Scale and PDF uncertainties (in %) computed from reweighting
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final state particles and no Br’s are included.

4. Results

We start by presenting the predictions for the total
rates for proton-proton collisions at the LHC at 8,13 and
14 TeV of centre-of-mass energy, table 1. Cross sections
for each channel are given ordered by size. The first un-
certainties (in percent) correspond to scale variation, while
the second (only shown at NLO) to PDFs. Several obser-
vations are in order.

First, contrary to what happens in single Higgs produc-
tion, the top-pair associated channel is the third largest
and above vector associated production. This hierarchy
does not depend on the centre-of-mass energy, at least up
to 14 TeV.

Second, the theoretical uncertainties due to scale vari-
ation in the gluon-induced processes are sizably reduced
by the inclusion of the NLO corrections.

Third, the K-factors for are all slightly larger than one,
except for gluon-gluon fusion where it is of order two and
for top-pair associated channel where it is smaller than
one.

Fourth, PDF uncertainties are comparable to scale un-
certainties.

We then plot distributions from all channels as ob-
tained by analysing MC samples of events generated by
matching NLO calculation with HERWIG6. We show
the transverse momentum of the hardest (softest) Higgs
in fig. 2 (fig. 3), the transverse momentum (fig. 4) and
the invariant mass (fig. 5) of the Higgs pair. The insets
show, channel by channel, the LO+PS and NLO+PS re-
sults with the corresponding uncertainty bands ratios to
LO+PS central result. The uncertainty bands display the
contribution from scale and PDF uncertainties added lin-
early.

As a general observation, we note that NLO effects
appear as overall factors only in some distributions and
on a channel dependent basis.

The gluon-gluon channel..
NLO corrections in VBF production are of order 20%

affecting the shape of the distributions at higher values.
NLO effects in ttHH amount to a drastic reduction of

the scale uncertainties, and to minor changes in the shapes,

except for the mHH .
Vector boson associated channels display similar prop-

erties, a K-factor of order 30% evenly spread over all distri-
butions except for the pT (HH) where corrections at high
values become sizable.

5. Conclusions

Assessing the nature of the newly discovered boson will
need a campaign of measurements to be performed at the
LHC at an unprecedented accuracy. One of the key pro-
cesses in this endeavor is Higgs pair production. Not only
it gives the possibility of measuring the value of the Higgs
self coupling λ, but also to put constraints on several still
viable possibilities for new physics scenarios. All such mea-
surements will need accurate SM predictions for total cross
sections (to extract information on the couplings) and dif-
ferential distributions (to establish acceptances and iden-
tify optimal selections), including reliable estimates for the
theoretical uncertainties.

In this Letter we have presented the first predictions at
the NLO accuracy matched with parton shower for all the
relevant Higgs pair production channels in the Standard
Model. We find that, as expected, including NLO cor-
rections leads to a reduction of the theoretical uncertain-
ties, especially significant in the gluon initiated channels
and provides reliable predictions for the kinematic distri-
butions of the final state particles. Extension of our results
to models featuring new physics is in progress.
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4. Results

We start by presenting the predictions for the total
rates for proton-proton collisions at the LHC at 8,13 and
14 TeV of centre-of-mass energy, table 1. Cross sections
for each channel are given ordered by size. The first un-
certainties (in percent) correspond to scale variation, while
the second (only shown at NLO) to PDFs. Several obser-
vations are in order.

First, contrary to what happens in single Higgs produc-
tion, the top-pair associated channel is the third largest
and above vector associated production. This hierarchy
does not depend on the centre-of-mass energy, at least up
to 14 TeV.

Second, the theoretical uncertainties due to scale vari-
ation in the gluon-induced processes are sizably reduced
by the inclusion of the NLO corrections.

Third, the K-factors for are all slightly larger than one,
except for gluon-gluon fusion where it is of order two and
for top-pair associated channel where it is smaller than
one.

Fourth, PDF uncertainties are comparable to scale un-
certainties.

We then plot distributions from all channels as ob-
tained by analysing MC samples of events generated by
matching NLO calculation with HERWIG6. We show
the transverse momentum of the hardest (softest) Higgs
in fig. 2 (fig. 3), the transverse momentum (fig. 4) and
the invariant mass (fig. 5) of the Higgs pair. The insets
show, channel by channel, the LO+PS and NLO+PS re-
sults with the corresponding uncertainty bands ratios to
LO+PS central result. The uncertainty bands display the
contribution from scale and PDF uncertainties added lin-
early.

As a general observation, we note that NLO effects
appear as overall factors only in some distributions and
on a channel dependent basis.

The gluon-gluon channel..
NLO corrections in VBF production are of order 20%

affecting the shape of the distributions at higher values.
NLO effects in ttHH amount to a drastic reduction of

the scale uncertainties, and to minor changes in the shapes,

except for the mHH .
Vector boson associated channels display similar prop-

erties, a K-factor of order 30% evenly spread over all distri-
butions except for the pT (HH) where corrections at high
values become sizable.

5. Conclusions

Assessing the nature of the newly discovered boson will
need a campaign of measurements to be performed at the
LHC at an unprecedented accuracy. One of the key pro-
cesses in this endeavor is Higgs pair production. Not only
it gives the possibility of measuring the value of the Higgs
self coupling λ, but also to put constraints on several still
viable possibilities for new physics scenarios. All such mea-
surements will need accurate SM predictions for total cross
sections (to extract information on the couplings) and dif-
ferential distributions (to establish acceptances and iden-
tify optimal selections), including reliable estimates for the
theoretical uncertainties.

In this Letter we have presented the first predictions at
the NLO accuracy matched with parton shower for all the
relevant Higgs pair production channels in the Standard
Model. We find that, as expected, including NLO cor-
rections leads to a reduction of the theoretical uncertain-
ties, especially significant in the gluon initiated channels
and provides reliable predictions for the kinematic distri-
butions of the final state particles. Extension of our results
to models featuring new physics is in progress.
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Conclusions

• The MadGraph5_aMC@NLO package can perform 
matched/merged LO/NLO computations in a fully 
automatic way	


• Code is stable, first non-beta release out soon with 
several  improvements	


• Sample application: studying the nature and couplings of 
the Higgs boson	

• HC model @NLO in preparation	

• All “easy” HH production channels can be computed 

automatically, ggF WIP	

• Website: http://amcatnlo.cern.ch
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