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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!



Marco Zaro, 01-04-2015

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?

• 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 ~ n2	


• Exploit symmetries: 3 contributions for X Y > ng
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|M |2 =
X

ij

Sij |M |2 =
X

ij

|M |2ij

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
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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 TIR programs	


• Improved with the OpenLoops method	


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


• 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

Ossola, Papadopoulos, Pittau, 	


arXiv:hep-ph/0609007 & arXiv:0711.3596
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Automatic UV/R2 counterterms:	


NLOCT

• Start with your favourite Lagrangian	


• Export tree-level Feynman rules with FeynRules	


• Identify loop diagrams giving rise to UV divergences/R2 

counterterms and compute them with FeynArts	


• Extract UV/R2 counterterms	


• NLO UFO model!
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Degrande arXiv:1406.3030

Automated for renormalizable models!
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BSM at NLO:	


recent physics results

• SUSY	



• Charged Higgs production in the 2HDM	



• Top FCNC	



• Top chromomagnetic dipole	



• Higgs Characterization in an EFT

8

Degrande, Fuks, Hirschi, Proudom, Shao, arXiv:1412.5589

Degrande, Maltoni, Ubiali, Wiesemann, MZ, in prep.

Demartin, Maltoni, Mawatari, MZ, in prep	


Demartin, Maltoni, Mawatari, Page, MZ, arXiv: 1407.5089	



Maltoni, Mawatari, MZ, arXiv: 1311.1829	


Artoisenet, DeAquino, Demartin, Frederix, Frixione,Maltoni, Mandal,Mathews, Mawatari, Ravindran, Seth, Torrielli, MZ,  

arXiv:1306.6464  	



Degrande, Maltoni, Wang, Zhang, arXiv:1412.5594

Buarque Franzosi, Zhang, arXiv:1503.08841
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• Study stop and sgluon pair production at the LHC	


• Use simplified models:	


• Stop	


!

!

• Sgluon

SUSY:	


automated NLO for colored scalar 

production

9

ar
X

iv
:1

41
2.

55
89

v1
  [

he
p-

ph
]  

17
 D

ec
 2

01
4

CERN-PH-TH/2014-217, DCPT/14/190, IPPP/14/95, LPSC/14/283, MCNET-14-34

Automated next-to-leading order predictions for colored scalar production at the LHC

Céline Degrande,1 Benjamin Fuks,2, 3 Valentin Hirschi,4 Josselin Proudom,5 and Hua-Sheng Shao2
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Université de Strasbourg/CNRS-IN2P3, 23 Rue du Loess, F-67037 Strasbourg, France

4SLAC, National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025-7090, USA
5Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes,
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We explore scenarios beyond the Standard Model where new colored scalar particles can be pair
produced in hadron collisions. Using simplified models to describe the new field interactions with the
Standard Model, we present precision predictions for the LHC by automatically matching next-to-
leading order matrix elements with parton showers within theMadGraph5 aMC@NLO framework.
We illustrate in this way, for the first time in our field, the full automation of Monte Carlo event
generation at the next-to-leading order accuracy in QCD for new physics theories with an extended
colored sector, the sole inputs being the model Lagrangian and the process of interest.

Introduction – Motivated by the conceptual issues ac-
companying the Standard Model, many new physics the-
ories have been developed over the last decades. Most of
them exhibit an extended colored sector and related new
phenomena are expected to be observable at high-energy
hadron colliders such as the LHC. In particular, effects
induced by hypothetical colored scalar particles have re-
ceived special attention from both the ATLAS and CMS
collaborations. Many LHC analyses are indeed seeking
for the scalar partners of the Standard Model quarks (the
squarks) and gluons (the sgluons) that are predicted, for
instance, in minimal [1, 2] and non-minimal [3, 4] super-
symmetric or in vector-like confining theories [5].

We focus on two specific cases and revisit some LHC
phenomenology associated with stops and sgluons in the
context of simplified models of new physics [6, 7]. Em-
ploying state-of-the-art simulation techniques, we match
matrix elements to the next-to-leading order (NLO) in
QCD to parton showers and present precision predic-
tions for several kinematical observables after consider-
ing both the production and the decay of the new par-
ticles. In more detail, we make use of the FeynRules

package [8] to implement all possible couplings of the
new fields to quarks and gluons and employ the NloCT

program [9] to generate a UFO module [10] containing,
in addition to tree-level model information, the ultravi-
olet and R2 counterterms necessary whenever the loop
integral numerators are computed in four dimensions, as
in MadLoop [11] that uses the Ossola-Papadopoulos-
Pittau (OPP) reduction formalism [12]. This UFO li-
brary is then linked to the MadGraph5 aMC@NLO

framework [13] which is used, for the first time, for pre-
dictions in the context of new physics models featuring
an extended colored sector. We focus on the pair produc-
tion of the new states at NLO in QCD. Their decay is
then taken into account separately, at the leading order
(LO) and with the spin information retained, by means
of the MadSpin [14] and MadWidth [15] programs.

In the rest of this paper, we first define simplified mod-
els describing stop and sgluon dynamics and detail the
renormalization of the effective Lagrangians and the val-
idation of the UFO models generated by NloCT. Our
results follow and consist of total rates and differential
distributions illustrating some kinematical properties of
the produced new states and their decay products.
Benchmark scenarios for stop hadroproduction – Fol-

lowing a simplified model approach, we extend the Stan-
dard Model by a complex scalar field σ3 (a stop) of mass
m3. This field lies in the fundamental representation of
SU(3)c, so that its strong interactions are standard and
embedded into SU(3)c-covariant derivatives. We enable
the stop to decay via a coupling to a single top quark
and a gauge-singlet Majorana fermion χ of mass mχ that
can be identified with a bino in complete supersymmetric
models. Finally, despite of being allowed by gauge in-
variance, the single stop couplings to down-type quarks,
as predicted in R-parity violating supersymmetry, are ig-
nored for simplicity. We model all considered interactions
by the Lagrangian

L3 = Dµσ
†
3D

µσ3 −m2
3σ

†
3σ3 +

i

2
χ̄/∂χ−

1

2
mχχ̄χ

+
[

σ3t̄
(

g̃LPL + g̃RPR

)

χ+ h.c.
]

,

where we denote the strengths of the stop couplings to the
fermion χ by g̃ and PL,R are the left- and right-handed
chirality projectors.
Aiming to precision predictions at the NLO accuracy,

a renormalization procedure is required in order to ab-
sorb all ultraviolet divergences yielded by virtual loop-
diagrams. This is achieved through counterterms that
are derived from the tree-level Lagrangian by replacing
all bare fields (generically denoted by Ψ) and parameters
(generically denoted by A) by

Ψ → Z1/2
Ψ Ψ ≈

[

1 +
1

2
δZΨ

]

Ψ and A → A+ δZA ,

Majorana singlet

2

where the renormalization constants δZ are restricted in
our case to QCD contributions at the first order in the
strong coupling αs. Like in usual supersymmetric se-
tups, the g̃ couplings are of a non-QCD nature so that
our simplified model does not feature new strong inter-
actions involving quarks. The wave-function renormal-
ization constant of the latter is therefore unchanged with
respect to the Standard Model, contrary to the gluon one
that must appropriately compensate stop-induced contri-
butions. Adopting the on-shell renormalization scheme,
the gluon and stop wave-function (δZg and δZσ3) and
mass (δm2

3) renormalization constants read

δZg = δZ(SM)
g −

g2s
96π2

[

1

ϵ̄
− log

m2
3

µ2
R

]

,

δZσ3 = 0 and δm2
3 = −

g2sm
2
3

12π2

[3

ϵ̄
+ 7− 3 log

m2
3

µ2
R

]

,

where δZ(SM)
g collects the Standard Model components

of δZg. Moreover, we denote the renormalization scale
by µR and following standard conventions, the ultravio-
let divergent parts of the renormalization constants are
written in terms of the quantity 1/ϵ̄ = 1/ϵ− γE + log 4π
where γE is the Euler-Mascheroni constant and ϵ is linked
to the number of space-time dimensions D = 4− 2ϵ.
The renormalization of the strong coupling is achieved

by subtracting, at zero-momentum transfer, all heavy
particle contributions from the gluon self-energy. This
ensures that the running of αs solely originates from
nf = 5 flavors of light quarks and gluons, and any effect
induced by the massive top and stop fields is decoupled
and absorbed in the renormalization constant of αs,

δαs

αs
=

αs

2πϵ̄

[

nf

3
−

11

2

]

+
αs

6π

[

1

ϵ̄
− log

m2
t

µ2
R

]

+
αs

24π

[

1

ϵ̄
− log

m2
3

µ2
R

]

.

All loop-calculations achieved in this work rely on the
OPP formalism. It is based on the decomposition of any
loop amplitude in both cut-constructible and rational el-
ements, the latter being related to the ϵ-pieces of the
loop-integral denominators (R1) and numerators (R2).
For any renormalizable theory, there is a finite number
of R2 terms, and they all involve interactions with at
most four external legs that can be seen as counterterms
derived from the tree-level Lagrangian [16]. Considering
corrections at the first order in QCD, the σ3-field in-
duces three additional R2 counterterms with respect to
the Standard Model case,

R
σ†
3σ3

2 =
ig2s
72π2

δc1c2

[

3m2
3 − p2

]

,

R
gσ†

3σ3

2 =
53ig3s
576π2

T a1
c2c3

(

p2 − p3
)µ1 ,

R
ggσ†

3σ3

2 =
ig4s

1152π2
ηµ1µ2

[

3δa1a2 − 187{T a1, T a2}
]

c3c4
,

where ci, µi, and pi indicate the color index, Lorentz in-
dex, and the four-momentum of the ith particle incoming
to the R...i...

2 vertex, respectively. Moreover, the matrices
T denote fundamental representation matrices of SU(3).
Contrary to complete supersymmetric scenarios, the g̃

operators present a non-trivial one-loop ultraviolet be-
havior that is not compensated by effects of other fields
such as gluinos. Since we focus on QCD NLO corrections
to the strong production of a pair of σ3 fields followed by
their LO decays, the related counterterms are therefore
omitted from this document.
Our stop simplified model has been implemented in

FeynRules, and we have employed the NloCT pack-
age to automatically generate all QCD ultraviolet and R2

counterterms (including the Standard Model ones). The
output has been validated against our analytical calcu-
lations, which constitutes a validation of the handling
of new massive colored states by NloCT. Finally, the
analytical results have been exported to a UFO module
that we have imported into MadGraph5 aMC@NLO.
For our numerical analysis, we consider scenarios where
m3 and mχ are kept free. The g̃L,R parameters are fixed
to typical values for supersymmetric models featuring a
bino-like neutralino and a maximally-mixing top squark,

g̃L = 0.25 and g̃R = 0.06 .

Benchmark scenarios for sgluon hadroproduction – We
construct a simplified model describing sgluon dynamics
by supplementing the Standard Model with a real scalar
field σ8 (a sgluon) of mass m8 lying in the adjoint rep-
resentation of the QCD gauge group. Its strong interac-
tions are described by gauge-covariant kinetic terms and
we enable single sgluon couplings to quarks and gluons,
like in complete models where such interactions are loop-
induced. The corresponding effective Lagrangian reads

L8 =
1

2
Dµσ8D

µσ8 −
1

2
m2

8σ8σ8 +
ĝg
Λ
σ8GµνG

µν

+
∑

q=u,d

[

σ8q̄
(

ĝLq PL + ĝRq PR

)

q + h.c.
]

,

where Gµν refers to the gluon field strength tensor and
the single sgluon interaction strengths are denoted by ĝ.
Although the ĝ operators induce single sgluon produc-
tion, we ignore it in this work since the presence of a
complete basis of dimension-five operators at tree-level
is required to guarantee the cancellation, after renormal-
ization, of all loop-induced ultraviolet divergences. We
postpone the associated study to a future work.
The ĝ couplings being technically of higher-order in

QCD (as in complete theories), the quark fields are renor-
malized like in the Standard Model. In contrast, the
sgluon QCD interactions induce a modification of the on-
shell gluon wave-function renormalization constant δZg

and yield non-vanishing on-shell sgluon wave-function
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SUSY:	


automated NLO for colored scalar 

production
• Results:	


• Total rates (validated against Prospino and MadGolem)
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3

m3 [GeV]
8 TeV 13 TeV

σ
LO [pb] σ

NLO [pb] σ
LO [pb] σ

NLO [pb]

100 389.3+34.2%

−23.9% 554.8+14.9%

−13.5%

+1.6%

−1.6% 1066+29.1%

−21.4% 1497+14.1%

−12.1%

+1.2%

−1.2%

250 4.118+40.4%
−27.2% 5.503+13.1%

−13.7%
+3.7%
−3.7% 15.53+35.2%

−24.8% 21.56+12.1%
−12.3%

+2.4%
−2.4%

500
(

6.594 × 10−2
)

+45.5%

−29.1%

(

7.764 × 10−2
)

+12.1%

−14.1%

+6.7%

−6.7% 0.3890+39.6%

−26.4% 0.5062+11.2%

−12.8%

+4.4%

−4.4%

750
(

3.504 × 10−3
)

+48.8%
−30.5%

(

3.699 × 10−3
)

+12.3%
−14.6%

+10.2%
−10.2%

(

3.306 × 10−2
)

+41.8%
−27.5%

(

4.001 × 10−2
)

+10.8%
−12.9%

+6.1%
−6.1%

1000
(

2.875 × 10−4
)

+51.5%

−31.5%

(

2.775 × 10−4
)

+13.1%

−15.2%

+15.5%

−15.5%

(

4.614 × 10−3
)

+43.6%

−28.3%

(

5.219 × 10−3
)

+10.9%

−13.2%

+7.9%

−7.9%

m8 [GeV]
8 TeV 13 TeV

σ
LO [pb] σ

NLO [pb] σ
LO [pb] σ

NLO [pb]

100 3854+34.4%

−24.1% 5573+14.9%

−13.6%

+1.6%

−1.6% 10560+29.2%

−21.5% 14700+13.6%

−11.9%

+1.2%

−1.2%

250 38.89+41.3%

−27.7% 54.32+14.5%

−14.6%

+3.9%

−3.9% 150.4+35.7%

−25.1% 214.5+12.9%

−12.9%

+2.5%

−2.5%

500 0.5878+47.6%
−30.0% 0.7431+15.8%

−16.2%
+7.6%
−7.6% 3.619+40.8%

−27.0% 4.977+13.3%
−14.1%

+4.7%
−4.7%

750
(

2.977 × 10−2
)

+52.0%

−31.9%

(

3.353 × 10−2
)

+17.2%

−17.3%

+12.1%

−12.1% 0.2951+43.6%

−28.4% 0.3817+14.0%

−14.8%

+6.9%

−6.9%

1000
(

2.328 × 10−3
)

+55.9%
−33.4%

(

2.398 × 10−3
)

+19.0%
−18.4%

+19.1%
−19.1%

(

3.983 × 10−2
)

+46.1%
−29.5%

(

4.822 × 10−2
)

+15.1%
−15.6%

+9.3%
−9.3%

TABLE I. Total cross sections for stop (upper panel) and sgluon (lower panel) pair production at the LHC, running at
√
s = 8

and 13 TeV. Results are presented together with the associated scale and PDF (not shown for the LO case) uncertainties.
Monte Carlo errors are of about 0.2-0.3% and omitted.

(δZσ8) and mass (δm2
8) renormalization constants,

δZg = δZ(SM)
g −

g2s
32π2

[

1

ϵ̄
− log

m2
8

µ2
R

]

,

δZσ8 = 0 and δm2
8 = −

3g2sm
2
8

16π2

[3

ϵ̄
+ 7− 3 log

m2
8

µ2
R

]

.

Sgluon effects are also subtracted, at zero-momentum
transfer, from the gluon self-energy and absorbed in the
renormalization of the strong coupling,

δαs

αs
=

αs

2πϵ̄

[

nf

3
−

11

2

]

+
αs

6π

[

1

ϵ̄
− log

m2
t

µ2
R

]

+
αs

8π

[

1

ϵ̄
− log

m2
8

µ2
R

]

.

They finally induce new R2 counterterms,

Rσ8σ8

2 =
ig2s
32π2

δa1a2

[

3m2
8 − p2

]

,

Rgσ8σ8

2 =
7g3s
64π2

fa1a2a3

(

p2 − p3
)µ1 ,

Rggσ8σ8

2 =
ig4s

384π2
ηµ1µ2

[

72(da1a4eda2a3e + da1a3eda2a4e)

− 141da1a2eda3a4e − 92δa1a2δa3a4

+ 50(δa1a3δa2a4 + δa1a4δa2a3)
]

,

in the same notations as in the previous section.
We have implemented the sgluon simplified model in

FeynRules and generated a UFO model that we have
linked to MadGraph5 aMC@NLO by means of the
NloCT package. The generated model has then been
validated analytically against the above results. Our nu-
merical study relies on benchmark scenarios inspired by

an R-symmetric supersymmetric setup with non-minimal
flavor violation in the squark sector [17], in which the only
non-vanishing coupling parameters are fixed to

ĝg
Λ

= 1.5 · 10−6 GeV−1 ,

(ĝL,R
u )3i = (ĝL,R

u )i3 = 3 · 10−3 ∀i = 1, 2, 3 .

LHC phenomenology – In Tab. I, we provide stop and
sgluon pair production cross sections for LHC collisions
at center-of-mass energies of

√
s = 8 and 13 TeV and for

different mass choices. The results are evaluated both
at the LO and NLO accuracy and presented together
with the associated theoretical uncertainties. For the
central values, we have fixed the renormalization and fac-
torization scales to the stop/sgluon mass and used the
NNPDF 2.3 parton distributions [18]. Scale uncertain-
ties have been derived by varying both scales by a factor
of two up and down, and the parton distribution uncer-
tainties have been extracted from the cross section values
spanned by the NNPDF density replica.
The results of Tab. I have been confronted to predic-

tions obtained with the public packages Prospino [19]
(stop pair production) and MadGolem [20] (sgluon pair
production). Stop-pair total production rates have been
found to agree at the level of the numerical integration
error, while virtual and real contributions to sgluon-pair
production are agreeing separately at the amplitude level.
We have additionally performed independent calculations
of the loop contributions based on FeynArts [21], that
we have found to agree with our predictions.
Realistic descriptions of LHC collisions require to

match hard scattering matrix elements to a modeling
of QCD environment. To this aim, we make use of
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FIG. 1. Missing transverse energy spectrum for a stop pair
production and decay signal. We consider several mass setups
and show results at the NLO and LO accuracy (upper panel),
together with their bin-by-bin ratio (lower panel).
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the MC@NLO method [22] as implemented in Mad-

Graph5 aMC@NLO. We match in this way the hard
scattering process to the Pythia 8 parton showering
and hadronization [23], after employing the MadSpin

and MadWidth programs to handle stop and sgluon
decays. Jet reconstruction is then performed by means
of the anti-kT algorithm with a radius parameter set to
0.4 [24], as included in the FastJet program [25], and
events are finally analyzed with the MadAnalysis 5
package [26]. Normalizing the results to an integrated
luminosity of 100 fb−1, we present, in Fig. 1, the dis-
tribution of a key observable for stop searches, namely
the missing transverse energy. We show LO and NLO
predictions for 13 TeV collisions as calculated by Mad-

Graph5 aMC@NLO in the context of three benchmark
scenarios for which (m3,mχ) = (500, 50) GeV (red),
(1000, 50) GeV (blue) and (500, 200) GeV (green).

Conclusions – In this Letter, we have demonstrated
that a joint use of the FeynRules, NloCT and Mad-

Graph5 aMC@NLO programs enables the full automa-
tion of the Monte Carlo simulations of high-energy
physics collisions at the next-to-leading order accuracy

in QCD and for non-trivial extensions of the Standard
Model. This has been illustrated with simplified mod-
els such as those used for supersymmetry searches at the
LHC. In this context, we have adopted setups that ex-
hibit extra colored particles and non-usual interaction
structures and presented the analysis of two exemplary
signals with the automated tool MadAnalysis 5.

In the aim of an embedding within experi-
mental software, we have designed a webpage,
http://feynrules.irmp.ucl.ac.be/wiki/NLOModels

where hundreds of differential distributions are available
for validation purposes, together with the associated
FeynRules and UFO models.
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the MC@NLO method [22] as implemented in Mad-

Graph5 aMC@NLO. We match in this way the hard
scattering process to the Pythia 8 parton showering
and hadronization [23], after employing the MadSpin

and MadWidth programs to handle stop and sgluon
decays. Jet reconstruction is then performed by means
of the anti-kT algorithm with a radius parameter set to
0.4 [24], as included in the FastJet program [25], and
events are finally analyzed with the MadAnalysis 5
package [26]. Normalizing the results to an integrated
luminosity of 100 fb−1, we present, in Fig. 1, the dis-
tribution of a key observable for stop searches, namely
the missing transverse energy. We show LO and NLO
predictions for 13 TeV collisions as calculated by Mad-

Graph5 aMC@NLO in the context of three benchmark
scenarios for which (m3,mχ) = (500, 50) GeV (red),
(1000, 50) GeV (blue) and (500, 200) GeV (green).

Conclusions – In this Letter, we have demonstrated
that a joint use of the FeynRules, NloCT and Mad-

Graph5 aMC@NLO programs enables the full automa-
tion of the Monte Carlo simulations of high-energy
physics collisions at the next-to-leading order accuracy

in QCD and for non-trivial extensions of the Standard
Model. This has been illustrated with simplified mod-
els such as those used for supersymmetry searches at the
LHC. In this context, we have adopted setups that ex-
hibit extra colored particles and non-usual interaction
structures and presented the analysis of two exemplary
signals with the automated tool MadAnalysis 5.

In the aim of an embedding within experi-
mental software, we have designed a webpage,
http://feynrules.irmp.ucl.ac.be/wiki/NLOModels

where hundreds of differential distributions are available
for validation purposes, together with the associated
FeynRules and UFO models.
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SUSY:	


automated NLO for colored scalar 

production
• As easy as:	



./bin/mg5_aMC!
> import model stop_ttmet_ufo!
> generate p p > t1 t1~ [QCD]!
> output!
> launch!

• Models available on the FeynRules website	


• https://feynrules.irmp.ucl.ac.be/wiki/NLOModels
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Higgs Characterisation

• Aim: establish a framework to determine Higgs quantum 
numbers and couplings	



• Build an EFT up to dim=6, keep operators compatible 
with SM gauge symmetries	



• Study various Higgs production channels at NLO+PS 
accuracy
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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(94c2W � 13)/9⇡

X = A 0 4↵EM/3⇡ 2C(8c2W � 5)/3⇡

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

the EW gauge bosons. C =
q

↵EMGFm2
Z

8
p

2⇡
.

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

LV
0 =

⇢
c↵SM

⇥1
2
gHZZ ZµZ

µ + gHWW W+
µ W�µ

⇤

� 1

4

⇥
c↵H��gH�� Aµ⌫A

µ⌫ + s↵A��gA�� Aµ⌫
eAµ⌫

⇤

� 1

2

⇥
c↵HZ�gHZ� Zµ⌫A

µ⌫ + s↵AZ�gAZ� Zµ⌫
eAµ⌫

⇤

� 1

4

⇥
c↵HgggHgg G

a
µ⌫G

a,µ⌫ + s↵AgggAgg G
a
µ⌫

eGa,µ⌫
⇤

� 1

4

1

⇤

⇥
c↵HZZ Zµ⌫Z

µ⌫ + s↵AZZ Zµ⌫
eZµ⌫

⇤

� 1

2

1

⇤

⇥
c↵HWW W+

µ⌫W
�µ⌫ + s↵AWW W+

µ⌫
fW�µ⌫

⇤

� 1

⇤
c↵

⇥
H@� A⌫@µA

µ⌫ + H@Z Z⌫@µZ
µ⌫

+
�
H@WW+

⌫ @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⌫ = @µG

a
⌫ � @⌫G

a
µ + gsf

abcGb
µG

c
⌫ , (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

2 F. Demartin et al.: Higgs characterisation at NLO in QCD: CP properties of the top-quark Yukawa interaction

pared to other approaches based only on Lorentz symmetry,
without losing the ability to describe in a model-independent
way the e↵ects of any new physics we cannot directly access at
the current energies. Furthermore, the EFT approach can be
systematically improved by including higher-dimensional oper-
ators in the lagrangian on the one hand (which are suppressed
by higher powers of the scale ⇤ where new physics appears),
and higher-order perturbative corrections on the other hand.

The aim of this work is to present how EFT predictions
accurate to NLO in QCD matched to a parton shower can
be used to determine the CP properties of the Higgs boson
coupling to the top quark, through Higgs production in asso-
ciation with jets or with a pair of top quarks. To this aim we
employ the Higgs Characterisation (HC) framework originally
proposed in ref. [14], which follows the general strategy out-
lined in ref. [15], and has been recently applied to the VBF
and VH channels [16]. In this respect, this work contributes to
the general e↵ort of providing NLO accurate tools and predic-
tions to accomplish the most general and accurate characteri-
sation of Higgs interactions in the main production modes at
the LHC. Note that at variance with VBF and VH,H+jets and
tt̄H are processes mediated by QCD interactions at the Born
level, hence higher order corrections are expected to be more
important and certainly needed in analyses aiming at accurate
and precise extractions of the Higgs properties.

First, we consider Higgs production in GF together with
extra jets, focusing on final states with at least two jets. This
process is not only a background to VBF, but can also pro-
vide complementary information on the Higgs boson coupling
properties [17–22]. In the heavy-top limit, the CP structure of
the Higgs-top interaction is inherited by the e↵ective Higgs-
gluon vertices [23–28]. Higgs plus two jets through GF at LO
has been computed in refs. [29, 30], where the full top-mass
dependence was retained. The results cited above show that
the large top-mass limit is a very good approximation as long
as the transverse momentum of the jets is not sensibly larger
than the top mass and justify the use of EFT approach for the
Higgs-gluons interactions. In the mt ! 1 limit, the resulting
analytic expressions at NLO for GF Hjj production have been
implemented in MCFM [31], which has been used by Powheg
Box [32] and Sherpa [33] to obtain NLO results matched with
parton shower (NLO+PS). Independent NLO+PS predictions
in the Sherpa package using GoSam [34] for the one-loop ma-
trix elements and in MadGraph5 aMC@NLO [35], that em-
bodies MadFKS [36] and MadLoop [37], are also available.
We note that all the above predictions are for the SM Higgs
boson, i.e. the CP-even state, and Hjj production for the CP-
odd state has been only available at LO, yet with the exact
top-mass dependence [19]. In this paper we present NLO re-
sults in the large top-mass limit for GF production of a generic
(mixed) scalar/pseudoscalar state in association with one or
two jets at the LHC, also matched to parton shower.

Second, we study tt̄H production for arbitrary CP cou-
plings, including NLO+PS e↵ects. While NLO corrections in
QCD for this process have been known for quite some time [38,
39], the NLO+PS prediction has been done only recently, for
both CP eigenstates, 0+ and 0�, in aMC@NLO [40] and in
the Powheg Box [41] for the CP-even case only. The spin-
correlation e↵ects of the top-antitop decay products have been
also studied at the NLO+PS level with the help of Mad-
Spin [42,43]. Weak and electroweak corrections have been also
reported recently in refs. [44] and [45], respectively. The phe-

nomenology of a CP-mixed Higgs coupling to the top quark
at the LHC has been studied at LO in ref. [46]. In addition to
the case where the Higgs has definite CP quantum numbers,
here we consider the more general case of a CP-mixed particle
(0±) including NLO in QCD, parton-shower e↵ects and spin
correlated decays.

The paper is organised as follows. In the next section we
recall the e↵ective lagrangian employed for a generic spin-0
resonance and define sample scenarios used to determine the
CP properties of the Higgs boson. We also briefly describe our
setup for the computation of NLO corrections in QCD together
with matching to parton shower. In Sect. 3 we present results
of H+jets in GF, focusing on the H + 2 jet production. We
also make a comparison with VBF production with dedicated
kinematical cuts. In Sect. 4 we illustrate the tt̄H production
channel. In Sect. 5 we briefly summarise our findings and in
Appendix A we present the Feynman rules, the UV and the
R2 counterterms necessary to NLO computations for GF in
the heavy-top-quark limit.

2 Setup

In this section, we summarise our setup. We start from the
definition of the e↵ective lagrangian, pass to the identification
of suitable benchmark scenarios, and finally to event generation
at NLO in QCD accuracy, including parton-shower e↵ects.

2.1 E↵ective lagrangian and benchmark scenarios

The most robust approach to build an e↵ective lagrangian
is to employ all the SM symmetries, i.e. start from a lin-
early realised electroweak symmetry and systematically write
all higher-dimensional operators, organised in terms of increas-
ing dimensions. The complete basis at dimension six has been
known for a long time [47, 48] and recently reconsidered in
more detail in the context of the Higgs boson, see e.g., [49–51].
This approach has been followed in the FeynRules [52] imple-
mentation of ref. [53], where the e↵ective lagrangian is written
in terms of fields above the electroweak symmetry breaking
(EWSB) scale and then expressed in terms of gauge eigen-
states.

As already mentioned above, in ref. [14] we have followed an
alternative approach (and yet fully equivalent in the context of
the phenomenological applications of this paper, as explicitly
seen in tables 1 and 3 of ref. [53]) and implemented the EFT
lagrangian starting from the mass eigenstates, so below the
EWSB scale, and for various spin-parity assignments (X(JP )
with JP = 0±, 1±, 2+). We have also used FeynRules, whose
output in the UFO format [54, 55] can be directly passed to
MadGraph5 aMC@NLO [35]. We stress that this procedure
is fully automatic for computations at LO, while at NLO the
UFO model has to be supplemented with suitable countert-
erms, as it will be recalled in Sect. 2.2, a procedure that in this
work has been performed by hand.

The term of interest in the e↵ective lagrangian can be writ-
ten as (see eq. (2.2) in ref. [14]):

Lt
0 = � ̄t

�
c↵HttgHtt + is↵AttgAtt �5

�
 t X0 , (1)

whereX0 labels the scalar boson, c↵ ⌘ cos↵ and s↵ ⌘ sin↵ can
be thought as “CP-mixing” parameters, Htt,Att are the dimen-
sionless real coupling parameters, and gHtt = gAtt = mt/v (=
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• SM case shows a softer behaviour (not for Mjj)	


• NLO and PS effects are important (in particular for jet-

related observables)
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• In SM case jets are more forward: HD scenarios feature a 
different signature	



• Jet correlations (Δɸ) are sensitive to the HVV structure
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• Spin correlations of the top 
decay products kept with 
MadSpin	



Artoisenet, Frederix, Mattelaer, Rietkerk,  
arXiv:1212.3460	



• Requiring a boosted Higgs 
reduces CP sensitivity for 
angular correlations	



• NLO effects of ~20%, not flat 
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Higgs Characterisation: 	


tH

• Sensitive to the sign of yt	



• To appear soon…

18

σ
N

L
O

  
 [

fb
]

α

tt
-
X0

tX0

10
2

10
3

0° 30° 60° 90° 120° 150° 180°

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

tt
-
X0   and   t-channel tX0   at the LHC13

NLO inclusive cross section

gluon fusion @ SM rate

L�=�–�mt�v ��−
ψt�(cα�κ

Htt
 + isα�κAtt�γ5�)�ψt�X0—

SM yt = −yt,SMd
σ

/d
p

T
(X

0
) 

  
[f

b
/b

in
]

pT(X0)   [GeV]

5F,  α=0°  (SM)

5F,  α=45°

5F,  α=90°

5F,  α=180° (yt=-yt,SM)

10
-2

10
-1

10
0

10
1

10
2

0 100 200 300 400 500 

t-channel tX0   at the LHC13

NLO+PYTHIA8 

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O



Marco Zaro, 01-04-2015

Conclusions

• The simulation of NLO processes within MadGraph5_aMC@NLO 
has become as easy as LO, both for SM and BSM	



• “From-Lagrangian-to-events” chain automated in FeynRules for any 
renormalizable model	



• Effective theories can be improved with NLO+PS effects	


• FxFx/UNLOPS merging available also at NLO 	


• Lots of ongoing efforts for BSM pheno @NLO
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AAA discovery needed!
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4F 5F

Charged Higgs production	


in the 2HDM (type II)

• Study the charged Higgs production in the 2HDM, for a 
heavy (mH>200 GeV) Higgs boson pp→H- t + X 	



• Two possible schemes:	


• 5F (include b in proton, mb=0): gb→H- t	


• Simpler process (lesser multiplicity)	


• No b mass effects	


• Worse description of b-related observables	


• Resum logs(mb/Q)	



• 4F (keep mb≠0, no b in proton): qq/̄gg→H- t b	


• b mass effects included in the matrix-element	


• Can be spoiled by large logs(mb/Q)	


• Better description of b-related observables
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4/5FS 

27-Jul-14 10 

Powheg/Madgraph 5FS looks pretty close 

• Large discrepancies observed by ATLAS among the two 
schemes	


!

!

!

!

!

!

• Discrepancies reduced by	


• Using MSbar bottom Yukawa: resum logs(mH/mb) 	


• μF/R choice: HT/6 in 5F and HT/3 in 4F	


• Choose a reduced shower scale (factor F in the plots)

Charged Higgs production	


in the 2HDM (type II)
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