
LHCP2016, Lund, Sweden, Jun. 13-18, 2016

Spin Polarisation in top pair with 
di-gamma production at NLO+PS

Rikkert Frederix 
Technische Universität München

 
In collaboration with:

H. v. Deurzen, V. Hirschi, G. luisoni, P. Mastrolia and G. Ossola  
Eur.Phys.J. C76 (2016) no.4, 221



Rikkert Frederix

Motivation

Interface between MadGraph5_aMC@NLO and GoSam

Application to

signal: top pair + Higgs, with Higgs decaying to di-photon

irreducible, continuum background: top pair di-photon 
production
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MadGraph5_aMC@NLO
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MadLoop
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L
O Modular structure:

Use MadGraph5 for LO and steering

MadFKS for factoring out Infrared 
singularities

MadLoop for the virtual corrections

aMC@NLO for matching to the 
parton shower

MG5_aMC> generate p p > t t~ a a [QCD]

MG5_aMC> output my_NLO_ttaa_process

MG5_aMC> launch

$ ./bin/mg5_aMC

[Alwall, RF, Frixione, Hirschi, Maltoni, 
Mattelaer, Shao, Stelzer, Torrielli, Zaro]
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GoSam

Each tool has its own strengths and weaknesses

Availability

Speed

Stability

Now possible to switch seamlessly between MadLoop and GoSam 
within MadGraph5_aMC@NLO 

Main difference between GoSam and MadLoop is that the former 
generates and computes analytic expressions for the integrands, 
while the latter uses a purely numerical approach
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http://gosam.hepforge.org

[Cullen, Van Deurzen, Greiner, Heinrich, Luisoni, Mastrolia, Mirabella, 
Ossola, Peraro, Schlenk, von Soden-Fraunhofen, Tramontano]

http://gosam.hepforge.org
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Binoth-LesHouches interface
The Binoth-Les Houches interface is used for the interplay between 
MG5_aMC and GoSam
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Order file 
Generated by MG5_aMC and 
passed to GoSam. Contains 
information on processes that 
GoSam should generate

Contract file 
GoSam returns if it understand the 
order file and assigns labels (to be 
used at run time) to each of the sub-
processes

#OLE_order written by MadGraph5_aMC@NLO

MatrixElementSquareType CHaveraged

CorrectionType QCD

IRregularisation CDR

AlphasPower 2

AlphaPower 2

NJetSymmetrizeFinal Yes

ModelFile ./param_card.dat

Parameters alpha_s

# process

21 21 -> 22 22 6 -6

2 -2 -> 22 22 6 -6

1 -1 -> 22 22 6 -6

-2 2 -> 22 22 6 -6

-1 1 -> 22 22 6 -6

# vim: syntax=olp

#@OLP GoSam 2.0.0

#@IgnoreUnknown True

#@IgnoreCase False

#@SyntaxExtensions

MatrixElementSquareType CHaveraged | OK

CorrectionType QCD | OK

IRregularisation CDR | OK

AlphasPower 2 | OK

AlphaPower 2 | OK

NJetSymmetrizeFinal Yes | OK #Ignored by OLP

ModelFile ./param_card.dat | OK

Parameters alpha_s | OK

21 21 -> 22 22 6 -6 | 1 2

2 -2 -> 22 22 6 -6 | 1 0

1 -1 -> 22 22 6 -6 | 1 3

-2 2 -> 22 22 6 -6 | 1 1

-1 1 -> 22 22 6 -6 | 1 4

Figure 1: Example of order file (left) and contract file (right).

which may however, if kept in the calculation, introduce numerical instabilities or slow down

the evaluation. Some settings are present by default, but many more can be introduced

by the user. We refer to the Appendix for a more extensive list of possible options. The

GoSam input file needs to be edited by hand and can be found at

Template/loop material/OLP specifics/GoSam/gosam.rc,

in the MadGraph5 aMC@NLO repository, or at

OLP virtuals/gosam.rc,

in the folder that is automatically generated by MadGraph5 aMC@NLO when a new

process is started. After the input file is ready, any NLO process can be generated following

the general MadGraph5 aMC@NLO procedure.

The interface between MadGraph5 aMC@NLO and GoSam is available starting

from MadGraph5 aMC@NLO version 2.3.2.2. The two codes can be downloaded from

the following URL:

MadGraph5 aMC@NLO: http://amcatnlo.web.cern.ch/amcatnlo/

GoSam: http://gosam.hepforge.org/

2.4 NLO predictions and validation

To validate the interface, and consequently the results we present in Section 3, sev-

eral cross checks were performed. The loop amplitudes of GoSam and MadLoop were

compared for single phase space points and also at the level of the total cross section

for a number of di↵erent processes, as presented in a dedicated table in [93]. Further-

more, for pp ! tt̄��, a fully independent check was also performed by computing the
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Validation
Many processes tested with the interface: at single phase-space points, total rates 
and diff. distributions

For example top pairs + di-photon:
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same cross section using GoSam interfaced to Sherpa. The comparison between the

results obtained with MadGraph5 aMC@NLO+GoSam, Sherpa+GoSam, and Mad-

Graph5 aMC@NLO+MadLoop is presented Table 1, where we report the total inte-

grated cross sections for LO and NLO at a center-of-mass energy
p
s = 8 TeV.

�tt̄�� ,
p
s = 8 TeV MG5 aMC + MadLoop MG5 aMC + GoSam Sherpa+GoSam

LO [pb] 1.0241± 5.50 · 10�4 1.0246± 3.51 · 10�4

NLO [pb] 1.3507± 5.85 · 10�3 1.3432± 5.16 · 10�3 1.3593± 1.80 · 10�3

Table 1: Total cross sections in picobarns, at center-of-mass energy
p
s = 8 TeV, for combinations

of MCs and OLPs, at LO and NLO.
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Figure 2: Transverse momentum of the top quark in pp ! tt̄�� for the LHC at 8 TeV. On
the left hand side LO and NLO distributions, on the right hand side NLO comparison between
GoSam+MadGraph5 aMC@NLO and GoSam+Sherpa.

The results shown in this and the following sections are computed using the following

setup. The mass of the Higgs was set to mH = 125 GeV, the mass of the top quark to

mt = 173.2 GeV. We work in theNf = 5 model. The value of the electroweak coupling is set

to its low energy limit ↵�1
EW = 137.0. The mass of the Z boson was set to mZ = 91.1876

GeV and the value of the Fermi constant to GF = 1.16639 · 10�5 GeV�2, which fixes

the electroweak scheme. For the photons, we used the isolation procedure introduced by

Frixione [94] with minimal transverse momentum p�Tmin = 20 GeV, radius of isolation

R� < 0.4 and Frixione parameters n = 1.0 and ✏� = 1.0. Furthermore, we applied an

isolation radius between the two photons R�� = 0.4. In leading order calculations, we used

the PDF set cteq6L1 [95]. At next-to-leading order, we instead used the PDF set CT10.

The renormalisation and factorisation scales are set to µR = µF = µ0 with

µ0 =
ĤT

2
=

1

2

 
X

final state i

mT,i

!
(2.1)

– 7 –

same cross section using GoSam interfaced to Sherpa. The comparison between the

results obtained with MadGraph5 aMC@NLO+GoSam, Sherpa+GoSam, and Mad-

Graph5 aMC@NLO+MadLoop is presented Table 1, where we report the total inte-

grated cross sections for LO and NLO at a center-of-mass energy
p
s = 8 TeV.

�tt̄�� ,
p
s = 8 TeV MG5 aMC + MadLoop MG5 aMC + GoSam Sherpa+GoSam

LO [pb] 1.0241± 5.50 · 10�4 1.0246± 3.51 · 10�4

NLO [pb] 1.3507± 5.85 · 10�3 1.3432± 5.16 · 10�3 1.3593± 1.80 · 10�3

Table 1: Total cross sections in picobarns, at center-of-mass energy
p
s = 8 TeV, for combinations

of MCs and OLPs, at LO and NLO.

10−6

10−5

d
σ
/d

p T
,t
(p
b
/G

eV
)

Top quark transverse momentum at LO and NLO

LHC 8 TeV

0.6

0.8

1

1.2

1.4

1.6

0 50 100 150 200 250 300 350 400

t
t̄
γ
γ

N
L
O
/
L
O

pT,t (GeV)

LO GoSam+MadGraph5 aMC@NLO
NLO GoSam+MadGraph5 aMC@NLO

10−6

10−5

d
σ
/d

p T
,t
(p
b
/G

eV
)

Top quark transverse momentum at NLO: MC comparison

LHC 8 TeV

0.6
0.7
0.8
0.9
1

1.1
1.2
1.3
1.4

0 50 100 150 200 250 300 350 400

t
t̄
γ
γ

N
L
O
/
N
L
O

pT,t (GeV)

GoSam+aMC@NLO MG5/GoSam+Sherpa

NLO GoSam+MadGraph5 aMC@NLO
NLO GoSam+Sherpa

Figure 2: Transverse momentum of the top quark in pp ! tt̄�� for the LHC at 8 TeV. On
the left hand side LO and NLO distributions, on the right hand side NLO comparison between
GoSam+MadGraph5 aMC@NLO and GoSam+Sherpa.

The results shown in this and the following sections are computed using the following

setup. The mass of the Higgs was set to mH = 125 GeV, the mass of the top quark to

mt = 173.2 GeV. We work in theNf = 5 model. The value of the electroweak coupling is set

to its low energy limit ↵�1
EW = 137.0. The mass of the Z boson was set to mZ = 91.1876

GeV and the value of the Fermi constant to GF = 1.16639 · 10�5 GeV�2, which fixes

the electroweak scheme. For the photons, we used the isolation procedure introduced by

Frixione [94] with minimal transverse momentum p�Tmin = 20 GeV, radius of isolation

R� < 0.4 and Frixione parameters n = 1.0 and ✏� = 1.0. Furthermore, we applied an

isolation radius between the two photons R�� = 0.4. In leading order calculations, we used

the PDF set cteq6L1 [95]. At next-to-leading order, we instead used the PDF set CT10.

The renormalisation and factorisation scales are set to µR = µF = µ0 with

µ0 =
ĤT
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Figure 3: Photon pair invariant mass distribution in pp ! tt̄�� for the LHC at 8 TeV. On
the left hand side LO and NLO distributions, on the right hand side NLO comparison between
GoSam+MadGraph5 aMC@NLO and GoSam+Sherpa.

In Figure 2, on the left, we compare LO and NLO predictions for the transverse mo-

mentum of the top quark obtained with GoSam+MadGraph5 aMC@NLO, while on the

right we compare the same NLO predictions with results obtained using GoSam+Sherpa.

In Figure 3 we do the same for the photon pair invariant mass. All predictions are computed

for a center of mass energy of 8 TeV.

3. Results

In this section we present results at NLO+PS level for the LHC at 8 TeV and compare the

background process tt̄��, where the photons are directly radiated from the quarks, with

the signal process tt̄H in which the Higgs boson decays to two photons. We will refer to

the latter simply as “tt̄H”; it should be understood that we consider only the process with

the photonic Higgs decay tt̄H, H ! ��.

The study is performed using NLO predictions for tt̄H and continuum tt̄�� production.

The top and anti-top quarks are subsequently decayed semi-leptonically t ! W+(! l̄ ⌫l)b,

t̄ ! W�(! l, ⌫̄l)b̄ with MadSpin [96,97], taking into account spin correlation e↵ects, and

then showered and hadronised with Pythia 8.2, using its default parameters, but with

underlying event turned o↵. The short-distance events were generated and compared with

two slightly di↵erent sets of cuts in order to verify that they had no impact on the results

at the level of the analysis. Apart from the kinematical requirements on the reconstructed

objects, which we will describe below, we use identical model parameters, renormalisation

and factorisation scales, PDFs and photon isolation as described in Section 2.4.

Note that for the background process we neglect e↵ects of photon bremsstrahlung from

the charged top decay products, which can at least partially be reduced by applying proper

kinematical cuts. For the spin correlation observables, on which we will focus our attention

in the last part of this section, a LO study [37] showed that the impact of neglecting these

contributions is present but not drammatic.
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Application

As an application, we studied top pair production in association with a di-
photon pair

Both signal (resonant Higgs->di-photon) and background (continuum)

Include (semi-)leptonic top decays using MadSpin: keeps spin correlations

Events are showered with Pythia 8

Selection cuts:

2 isolated photons with

2 charged leptons 

2 bottom jets (100% b-tagging efficiency)

 Use MC truth to select the “right” photons/leptons/b-jets and reconstruct 
the top quarks

7

The analysis cuts are designed to increase the signal over the background, but are by

no means optimised to maximise the enhancement. The two photons from the Higgs decay

(or the two hard photons in the tt̄�� process) are required to be isolated and fulfill

pT,� > 20 GeV, |⌘� | < 2.5, 123 GeV < m�� < 129 GeV , (3.1)

where the invariant mass requirement selects a window around the Higgs boson mass, which

reduces the background significantly without altering the signal strength. Furthermore, we

require the events to have two oppositely charged leptons and two b-jets coming from the

top and anti-top decays. The leptons are selected requiring

pT,l± > 10 GeV, |⌘l± | < 2.7 . (3.2)

The b-jets are defined to be jets containing at least one lowest lying B meson. The jets

themselves are defined by clustering all stable hadrons and photons, but excluding the two

photons selected using Eq. (3.1), using the anti-kT algortithm as implemented in the code

FastJet [98–100], with

�R = 0.4, pT,j > 20 GeV, |⌘j | < 4.7 . (3.3)

We use MC truth information to select the photons from the Higgs decay (signal) or hard

events (background) as well as the leptons and b-jets coming from the top and anti-top

decays. As reconstructed (anti-)top quark, we use the four-momentum of the (anti-)top

quark just before it decays, as provided in the Pythia 8 event record. In the presence of

these analysis cuts, we obtain the cross-sections reported in Table 2.

p
s = 8 TeV pp ! tt̄H, H ! �� pp ! tt̄��

LO [pb] 8.83(6) · 10�7 +27%
�20%

+10%
�11% 1.44(2) · 10�7 +25%

�18%
+10%
�12%

NLO [pb] 11.17(7) · 10�7 +6%
�8%

+11%
�12% 2.17(5) · 10�7 +10%

�10%
+10%
�11%

K-factor 1.26(5) 1.50(7)

Table 2: Cross sections in picobarns, at a center-of-mass energy of
p
s = 8 TeV and in the presence

of the analysis cuts described in the text. The two sets of uncertainties following the cross-section
correspond to the scale and PDF variations respectively.

In the next section we focus our attention on some relevant observables related to a

single particle, whereas in Section 3.2 we will concentrate on observables which can directly

probe correlation e↵ects due to the top quark polarisation.

In what follows and unless specified otherwise, the plots will always consist of four

distributions. The top curves show the di↵erential cross sections for a given observable and

for both the signal and the background process. The two middle insets display the relative

uncertainty of the tt̄H and tt̄�� predictions respectively. The scale dependence (transparent

band) is estimated by taking the envelope of the nine predictions obtained by the separate
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distributions. The top curves show the di↵erential cross sections for a given observable and

for both the signal and the background process. The two middle insets display the relative

uncertainty of the tt̄H and tt̄�� predictions respectively. The scale dependence (transparent

band) is estimated by taking the envelope of the nine predictions obtained by the separate

– 9 –
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Fiducial cross section

With these simple cuts, signal is larger than background (but very tiny)

Getting total cross section will already be very challenging

nevertheless, I’ll focus in this talk on diff. distributions, which is not 
something that will be measured in the near future, but shows some 
interesting theoretical features

8

18

�tt̄�� ,
p
s = 8 TeV MG5 aMC + MadLoop MG5 aMC + GoSam Sherpa+GoSam

LO [pb] 1.0241± 5.50 · 10�4 1.0246± 3.51 · 10�4

NLO [pb] 1.3507± 5.85 · 10�3 1.3432± 5.16 · 10�3 1.3593± 1.80 · 10�3

Table 1 Total cross sections in picobarns, at center-of-mass energy
p
s = 8 TeV, for combinations of MCs and OLPs, at LO

and NLO.

p
s = 8 TeV pp ! tt̄H, H ! �� pp ! tt̄��

LO [pb] 2.90(1) · 10�7 +30%
�21%

+14%
�15% 0.544(1) · 10�7 +27%

�20%
+14%
�17%

NLO [pb] 3.71(1) · 10�7 +4%
�8%

+15%
�16% 0.770(5) · 10�7 +8%

�9%
+13%
�17%

K-factor 1.28(1) 1.42(1)

p
s = 13 TeV pp ! tt̄H, H ! �� pp ! tt̄��

LO [pb] 8.84(2) · 10�7 +27%
�20%

+10%
�11% 1.442(2) · 10�7 +25%

�18%
+10%
�12%

NLO [pb] 11.77(5) · 10�7 +6%
�8%

+11%
�12% 2.175(7) · 10�7 +10%

�10%
+10%
�11%

K-factor 1.33(1) 1.51(1)

NLO Ratio 13TeV/8TeV 3.17(2) 2.82(2)

Table 2 Cross sections in picobarns, at a center-of-mass energy of
p
s = 8 TeV (upper part) and

p
s = 13 TeV (lower part)

in the presence of the analysis cuts described in the text. The two sets of uncertainties following the cross section correspond
to the scale and PDF variations respectively. We also report the ratio between the cross sections at the two center of mass
energies.
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t-tbar charge asymmetry

Top and anti-top quark rapidities: clear sign of asymmetry for the background

9
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Fig. 8 Rapidity distribution of the top quark (top) and anti-
top quark (bottom).

the CMS [104–106] collaboration in the context of top-
quark studies.

For top-pair production at the LHC AC
tt̄ is positive,

i.e. top quarks are produced at larger rapidities com-
pared to anti-top quarks [107]. It is however known that
the presence of a photon reverses the sign of AC

tt̄ already
at tree-level [108]. This change in the rapidity distribu-
tions of the top and anti-top quarks, due to additional
photon radiation, can clearly be seen in the plots of
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Fig. 9 Upper plot: the rapidity distribution comparison be-
tween the top and anti-top quark for tt̄H (above) and tt̄��
(below). Lower plot: normalized top (above) and anti-top (be-
low) rapidity distribution for signal and background.

Figure 9, which compare yt and yt̄ individually for tt̄H
and tt̄��. In the signal process the additional presence
of a Higgs boson in the final state does not change the
qualitative result, as compared to simple tt̄-production.
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Fig. 8 Rapidity distribution of the top quark (top) and anti-
top quark (bottom).

the CMS [104–106] collaboration in the context of top-
quark studies.

For top-pair production at the LHC AC
tt̄ is positive,

i.e. top quarks are produced at larger rapidities com-
pared to anti-top quarks [107]. It is however known that
the presence of a photon reverses the sign of AC

tt̄ already
at tree-level [108]. This change in the rapidity distribu-
tions of the top and anti-top quarks, due to additional
photon radiation, can clearly be seen in the plots of
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Fig. 9 Upper plot: the rapidity distribution comparison be-
tween the top and anti-top quark for tt̄H (above) and tt̄��
(below). Lower plot: normalized top (above) and anti-top (be-
low) rapidity distribution for signal and background.

Figure 9, which compare yt and yt̄ individually for tt̄H
and tt̄��. In the signal process the additional presence
of a Higgs boson in the final state does not change the
qualitative result, as compared to simple tt̄-production.
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Spin polarisation

Use leptons (from the top decays) as 
spin-analyser
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Fig. 11 Rapidity distribution of the lepton (top) and anti-
lepton (bottom) produced in the decay of the top and anti-top
quark respectively.

top quark is at rest. Since two rest frames are involved
in this definition, a common initial frame needs to be
specified, from which the (rotation-free) Lorentz boost
can be applied in order to transform the system to the
t and t̄ rest frames. We choose two possible starting
points, which we label as frame-1 and frame-2, defined
as follows:
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Fig. 12 Rapidity distribution of the leading (top) and second
leading photon (bottom).

– frame-1 : the Lorentz boosts to bring t and t̄ sepa-
rately at rest are defined with respect to the tt̄-pair
center-of-mass frame,

– frame-2 : the Lorentz boosts to bring t and t̄ sep-
arately at rest are defined with respect to the lab-
frame.

These two frames are designed to be maximally sen-
sitive to the di↵erent polarisation structures of the top-
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Fig. 13 cos ✓ll distribution for the signal (tt̄H) and back-
ground (tt̄��) processes in the laboratory frame. The exact
definition of the angle ✓ is given in the text. The tt̄�� predic-
tion is normalized to the tt̄H inclusive cross-section. In the
upper plot, we compare LO with NLO predictions and show
their K-factor separately for tt̄H and tt̄�� in bottom insets.
In the lower plot, we show NLO relative uncertainties with
the signal-to-background ratio as the last bottom inset.

pair in the final state. Furthermore, as already demon-
strated at LO [37], considering the spin information in
the decay of the top and anti-top quark is crucial to dis-
entangle the two di↵erent final states, which otherwise
look identical, being characterized by a completely flat
distribution in both cases.
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Fig. 14 Same as Figure 13, but for reference frame-1.

In Figure 13 we show the behaviour of cos ✓ll in
the lab-frame. To highlight shape di↵erences, the back-
ground predictions have been normalized to the inclu-
sive tt̄H cross section. The upper portions of Figures 13-
15 presents the comparison of the LO and NLO pre-
dictions for tt̄H and tt̄�� separately and shows their
respective di↵erential K-factors. The histograms in the
lower portion of the Figures compare results for the
signal and background processes, with their ratio and
respective relative uncertainty in the bottom insets.
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Fig. 13 cos ✓ll distribution for the signal (tt̄H) and back-
ground (tt̄��) processes in the laboratory frame. The exact
definition of the angle ✓ is given in the text. The tt̄�� predic-
tion is normalized to the tt̄H inclusive cross-section. In the
upper plot, we compare LO with NLO predictions and show
their K-factor separately for tt̄H and tt̄�� in bottom insets.
In the lower plot, we show NLO relative uncertainties with
the signal-to-background ratio as the last bottom inset.

pair in the final state. Furthermore, as already demon-
strated at LO [37], considering the spin information in
the decay of the top and anti-top quark is crucial to dis-
entangle the two di↵erent final states, which otherwise
look identical, being characterized by a completely flat
distribution in both cases.
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Fig. 14 Same as Figure 13, but for reference frame-1.

In Figure 13 we show the behaviour of cos ✓ll in
the lab-frame. To highlight shape di↵erences, the back-
ground predictions have been normalized to the inclu-
sive tt̄H cross section. The upper portions of Figures 13-
15 presents the comparison of the LO and NLO pre-
dictions for tt̄H and tt̄�� separately and shows their
respective di↵erential K-factors. The histograms in the
lower portion of the Figures compare results for the
signal and background processes, with their ratio and
respective relative uncertainty in the bottom insets.
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Fig. 15 Same as Figure 13, but for reference frame-2.

This is to be compared with the plots in Figures 14-
15, where the same observable is shown in frame-1 and
frame-2. In the two latter frames a di↵erence in the
sign of the slope emerges, while in the lab frame, de-
spite a clear di↵erence in the slopes, the curves have
an analogous trend. By comparing the two ratio plots
at the bottom of the right plots in Figures 14 and 15,
we conclude that the frame-1 o↵ers the best signal-to-
background ratio. It is also worth stressing that, while
in the lab frame the K-factors tend to decrease slightly
when cos ✓ll ! 1, in frame-1 and frame-2, the NLO cor-

rections feature an almost perfectly flat K-factor which
agrees with the inclusive cross section K-factor reported
in Table 1. A comparison of the LO and NLO predic-
tions reveals the anticipated reduction of the scale un-
certainties.

Let us finally remark that the results shown here for
the background, only consider photon radiation from
the initial state and from the top and anti-top quark,
but not from their decay products. This is opposite to
the case of the signal, where photons always originate
from the decay of the Higgs boson. By considering more
general cases and using top tagging techniques without
relying on MC truth is expected to decrease the pu-
rity of the signal. A more quantitative analysis of these
e↵ects is beyond the scope of the present work.

4 Conclusions

The event generator MG5 aMC and the one-loop am-
plitudes provider GoSam have been interfaced to pro-
vide the user with a framework implenting the most
advanced techniques for the evaluation of cross sections
and di↵erential distributions at next-to-leading order
(NLO) accuracy.

In this work, the integration of the two codes has
been applied for the first time to the NLO corrections
to the production of a Higgs Boson in association with
a pair of top-antitop quarks, as well as to the back-
ground process where two hard photons are produced
directly. We compared several key distributions to dis-
entangle the two processes and focused in particular on
observables designed to study spin correlation e↵ects.
We found that NLO corrections give a sizable contribu-
tion, which however distorts the shape of the distribu-
tions only very mildly. Moreover, we observed a clear
reduction of the theoretical uncertainties.

The high-level of flexibility and reliability of the
joined technologies of the two codes make of the com-
bination of MG5 aMC and GoSam an ideal tool for
the high-precision studies and the hunt for deviations
from known-physics signals which characterise the Run
II programme at the LHC.
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Fig. 11 Rapidity distribution of the lepton (top) and anti-
lepton (bottom) produced in the decay of the top and anti-top
quark respectively.

top quark is at rest. Since two rest frames are involved
in this definition, a common initial frame needs to be
specified, from which the (rotation-free) Lorentz boost
can be applied in order to transform the system to the
t and t̄ rest frames. We choose two possible starting
points, which we label as frame-1 and frame-2, defined
as follows:
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Fig. 12 Rapidity distribution of the leading (top) and second
leading photon (bottom).

– frame-1 : the Lorentz boosts to bring t and t̄ sepa-
rately at rest are defined with respect to the tt̄-pair
center-of-mass frame,

– frame-2 : the Lorentz boosts to bring t and t̄ sep-
arately at rest are defined with respect to the lab-
frame.

These two frames are designed to be maximally sen-
sitive to the di↵erent polarisation structures of the top-

lab frame frame-1 frame-2
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Fig. 13 cos ✓ll distribution for the signal (tt̄H) and back-
ground (tt̄��) processes in the laboratory frame. The exact
definition of the angle ✓ is given in the text. The tt̄�� predic-
tion is normalized to the tt̄H inclusive cross-section. In the
upper plot, we compare LO with NLO predictions and show
their K-factor separately for tt̄H and tt̄�� in bottom insets.
In the lower plot, we show NLO relative uncertainties with
the signal-to-background ratio as the last bottom inset.

pair in the final state. Furthermore, as already demon-
strated at LO [37], considering the spin information in
the decay of the top and anti-top quark is crucial to dis-
entangle the two di↵erent final states, which otherwise
look identical, being characterized by a completely flat
distribution in both cases.
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Fig. 14 Same as Figure 13, but for reference frame-1.

In Figure 13 we show the behaviour of cos ✓ll in
the lab-frame. To highlight shape di↵erences, the back-
ground predictions have been normalized to the inclu-
sive tt̄H cross section. The upper portions of Figures 13-
15 presents the comparison of the LO and NLO pre-
dictions for tt̄H and tt̄�� separately and shows their
respective di↵erential K-factors. The histograms in the
lower portion of the Figures compare results for the
signal and background processes, with their ratio and
respective relative uncertainty in the bottom insets.
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Fig. 13 cos ✓ll distribution for the signal (tt̄H) and back-
ground (tt̄��) processes in the laboratory frame. The exact
definition of the angle ✓ is given in the text. The tt̄�� predic-
tion is normalized to the tt̄H inclusive cross-section. In the
upper plot, we compare LO with NLO predictions and show
their K-factor separately for tt̄H and tt̄�� in bottom insets.
In the lower plot, we show NLO relative uncertainties with
the signal-to-background ratio as the last bottom inset.

pair in the final state. Furthermore, as already demon-
strated at LO [37], considering the spin information in
the decay of the top and anti-top quark is crucial to dis-
entangle the two di↵erent final states, which otherwise
look identical, being characterized by a completely flat
distribution in both cases.
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Fig. 14 Same as Figure 13, but for reference frame-1.

In Figure 13 we show the behaviour of cos ✓ll in
the lab-frame. To highlight shape di↵erences, the back-
ground predictions have been normalized to the inclu-
sive tt̄H cross section. The upper portions of Figures 13-
15 presents the comparison of the LO and NLO pre-
dictions for tt̄H and tt̄�� separately and shows their
respective di↵erential K-factors. The histograms in the
lower portion of the Figures compare results for the
signal and background processes, with their ratio and
respective relative uncertainty in the bottom insets.
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Fig. 15 Same as Figure 13, but for reference frame-2.

This is to be compared with the plots in Figures 14-
15, where the same observable is shown in frame-1 and
frame-2. In the two latter frames a di↵erence in the
sign of the slope emerges, while in the lab frame, de-
spite a clear di↵erence in the slopes, the curves have
an analogous trend. By comparing the two ratio plots
at the bottom of the right plots in Figures 14 and 15,
we conclude that the frame-1 o↵ers the best signal-to-
background ratio. It is also worth stressing that, while
in the lab frame the K-factors tend to decrease slightly
when cos ✓ll ! 1, in frame-1 and frame-2, the NLO cor-

rections feature an almost perfectly flat K-factor which
agrees with the inclusive cross section K-factor reported
in Table 1. A comparison of the LO and NLO predic-
tions reveals the anticipated reduction of the scale un-
certainties.

Let us finally remark that the results shown here for
the background, only consider photon radiation from
the initial state and from the top and anti-top quark,
but not from their decay products. This is opposite to
the case of the signal, where photons always originate
from the decay of the Higgs boson. By considering more
general cases and using top tagging techniques without
relying on MC truth is expected to decrease the pu-
rity of the signal. A more quantitative analysis of these
e↵ects is beyond the scope of the present work.

4 Conclusions

The event generator MG5 aMC and the one-loop am-
plitudes provider GoSam have been interfaced to pro-
vide the user with a framework implenting the most
advanced techniques for the evaluation of cross sections
and di↵erential distributions at next-to-leading order
(NLO) accuracy.

In this work, the integration of the two codes has
been applied for the first time to the NLO corrections
to the production of a Higgs Boson in association with
a pair of top-antitop quarks, as well as to the back-
ground process where two hard photons are produced
directly. We compared several key distributions to dis-
entangle the two processes and focused in particular on
observables designed to study spin correlation e↵ects.
We found that NLO corrections give a sizable contribu-
tion, which however distorts the shape of the distribu-
tions only very mildly. Moreover, we observed a clear
reduction of the theoretical uncertainties.

The high-level of flexibility and reliability of the
joined technologies of the two codes make of the com-
bination of MG5 aMC and GoSam an ideal tool for
the high-precision studies and the hunt for deviations
from known-physics signals which characterise the Run
II programme at the LHC.
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