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Rikkert Frederix

Anatomy of four-tops

• Small cross section at the LHC, ~5-15 fb @ 13 TeV

• Dominated by gluon fusion

• "Subleading orders" can be significant: sensitive to top Yukawa
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Leading order X-section LHC-13 scale dependence

QCD^2 6.8 fb +73% -40%

EW^2 2.6 fb +45% -30%

QCD*EW -1.8 fb +62% -36%
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"Subleading orders"

• Large "subleading" contributions due to scattering of tt -> tt through the 
exchange of (heavy) bosons


• Rather different kinematics as compared to QCD 4-top production:


• Scale uncertainties are different — LO scale dependence is not a good 
estimate of the actual uncertainties


• No reason to expect (theoretical) correlations among contribution (and 
similar behaviour when computing NLO corrections

3
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Leading order X-section LHC-13 scale dependence

QCD^2 6.8 fb +73% -40%

EW^2 2.6 fb +45% -30%
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Four-top production and Top 
Yukawa coupling

• Four-top production can be used to constrain/measure a anomalous top 
Yukawa coupling independently from the Higgs width


• kappa-framework


• Large contributions from subleading LOi, 
with large cancelations


• How do NLO corrections affect these?
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FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.

and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
4
t
�
SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �
SM(tt̄tt̄)g+Z/� + 

2
t
�
SM
int + 

4
t
�
SM(tt̄tt̄)H , (7)

where

�
SM(tt̄tt̄)g+Z/� /

��Mg +MZ/�

��2 ,
�
SM(tt̄tt̄)H / |MH |2 ,

�
SM(tt̄tt̄)int / Mg+Z/�M†

H
+M†

g+Z/�
MH . (8)

We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

�
SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�
SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�
SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W

±
W

±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
W

±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.

and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
4
t
�
SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �
SM(tt̄tt̄)g+Z/� + 
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t
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We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

�
SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�
SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�
SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W

±
W

±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
W

±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.
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of the tt̄tt̄ production, which occurs either through the
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or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
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We use MadEvent [5] to calculate the leading order cross
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results are summarized as follows:
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The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
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jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
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±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-

2

g

g

t

t

t̄

t̄g

g

g

t

t

t̄

t̄

H

g

g

t

t

t̄

t̄Z/�

FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.

and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
4
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SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �
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We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

�
SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�
SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�
SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W

±
W

±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
W

±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-

QCD^2
EW^2

QCD*EW

[Cao, Chen & Liu, 2016]



.JOJNJIÚKE����NN

LOGOTYPFÄRGER
Lunds universitets logotyp får bara förekomma i följande 
färgvarianter: brons/blå, svart eller vit (negativ). Färgvariant 
brons/blå är den rekommenderade och ska användas överallt 
där det är möjligt. 
 
LOGOTYPSTORLEK
Lunds universitets logotyp får inte göras för liten. Detta för 
att säkerställa läsbarhet och tydlighet. Logotypen (oavsett 
version) får därför inte göras mindre än att sigillet i logotypen 
har en höjd på minst 10 mm (se illustration ovan). 

3FLPNNFOEFSBE�GÊSHWBSJBOU

4WBSU 7JU�OFHBUJW

.JOJNJIÚKE����NN

LUNDS UNIVERSITET | GRAFISK MANUAL | BASREGLER | LOGOTYPFÄRGER OCH LOGOTYPSTORLEK  10

.JOJNJIÚKE����NN

.JOJNJIÚKE����NN

Rikkert Frederix

Perturbative expansion at NLO

5

LO4 LO5

NLO5 NLO6

O(↵S)
<latexit sha1_base64="iUezjH/ZnN1mstZ/iqKgMeIgCjU=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkWom5Jo8bErunFnRfuAJoSb6aQdOnkwMxFKKPgrblwo4tbvcOffOEmDqPXAwOGce7lnjhczKqRpfmpz8wuLS8ullfLq2vrGpr613RZRwjFp4YhFvOuBIIyGpCWpZKQbcwKBx0jHG11mfueecEGj8E6OY+IEMAipTzFIJbn6rh2AHGJg6fWkagOLh+DeHrp6xayZOYxZYhWkggo0Xf3D7kc4CUgoMQMhepYZSycFLilmZFK2E0FiwCMYkJ6iIQREOGkef2IcKKVv+BFXL5RGrv7cSCEQYhx4ajILK/56mfif10ukf+akNIwTSUI8PeQnzJCRkXVh9CknWLKxIoA5VVkNPAQOWKrGynkJ5xlOvr88S9pHNeu4Vr+pVxoXRR0ltIf2URVZ6BQ10BVqohbCKEWP6Bm9aA/ak/aqvU1H57RiZwf9gvb+BesBlZc=</latexit>

O(↵EW )
<latexit sha1_base64="hL9hEakJ7qDRvF7X9e/PcbM5Yws=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIdVMSLT52RRHcWcE+oAnhZjpph04ezEyEEuLGX3HjQhG3/oU7/8YkDaLWAxcO59zLvfc4IaNC6vqnUpqbX1hcKi9XVlbX1jfUza2OCCKOSRsHLOA9BwRh1CdtSSUjvZAT8BxGus74IvO7d4QLGvi3chISy4OhT12KQaaSre6YHsgRBhZfJzUTWDgCO77sJge2WtXreg5tlhgFqaICLVv9MAcBjjziS8xAiL6hh9KKgUuKGUkqZiRICHgMQ9JPqQ8eEVacf5Bo+6ky0NyAp+VLLVd/TsTgCTHxnLQzu1f89TLxP68fSffUiqkfRpL4eLrIjZgmAy2LQxtQTrBkk5QA5jS9VcMj4IBlGlolD+Esw/H3y7Okc1g3juqNm0a1eV7EUUa7aA/VkIFOUBNdoRZqI4zu0SN6Ri/Kg/KkvCpv09aSUsxso19Q3r8AWv6W9g==</latexit>

O(↵S)
<latexit sha1_base64="iUezjH/ZnN1mstZ/iqKgMeIgCjU=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkWom5Jo8bErunFnRfuAJoSb6aQdOnkwMxFKKPgrblwo4tbvcOffOEmDqPXAwOGce7lnjhczKqRpfmpz8wuLS8ullfLq2vrGpr613RZRwjFp4YhFvOuBIIyGpCWpZKQbcwKBx0jHG11mfueecEGj8E6OY+IEMAipTzFIJbn6rh2AHGJg6fWkagOLh+DeHrp6xayZOYxZYhWkggo0Xf3D7kc4CUgoMQMhepYZSycFLilmZFK2E0FiwCMYkJ6iIQREOGkef2IcKKVv+BFXL5RGrv7cSCEQYhx4ajILK/56mfif10ukf+akNIwTSUI8PeQnzJCRkXVh9CknWLKxIoA5VVkNPAQOWKrGynkJ5xlOvr88S9pHNeu4Vr+pVxoXRR0ltIf2URVZ6BQ10BVqohbCKEWP6Bm9aA/ak/aqvU1H57RiZwf9gvb+BesBlZc=</latexit>

O(↵EW )
<latexit sha1_base64="hL9hEakJ7qDRvF7X9e/PcbM5Yws=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIdVMSLT52RRHcWcE+oAnhZjpph04ezEyEEuLGX3HjQhG3/oU7/8YkDaLWAxcO59zLvfc4IaNC6vqnUpqbX1hcKi9XVlbX1jfUza2OCCKOSRsHLOA9BwRh1CdtSSUjvZAT8BxGus74IvO7d4QLGvi3chISy4OhT12KQaaSre6YHsgRBhZfJzUTWDgCO77sJge2WtXreg5tlhgFqaICLVv9MAcBjjziS8xAiL6hh9KKgUuKGUkqZiRICHgMQ9JPqQ8eEVacf5Bo+6ky0NyAp+VLLVd/TsTgCTHxnLQzu1f89TLxP68fSffUiqkfRpL4eLrIjZgmAy2LQxtQTrBkk5QA5jS9VcMj4IBlGlolD+Esw/H3y7Okc1g3juqNm0a1eV7EUUa7aA/VkIFOUBNdoRZqI4zu0SN6Ri/Kg/KkvCpv09aSUsxso19Q3r8AWv6W9g==</latexit>

No gg, so really suppressed

NLO2

O(↵EW )
<latexit sha1_base64="hL9hEakJ7qDRvF7X9e/PcbM5Yws=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIdVMSLT52RRHcWcE+oAnhZjpph04ezEyEEuLGX3HjQhG3/oU7/8YkDaLWAxcO59zLvfc4IaNC6vqnUpqbX1hcKi9XVlbX1jfUza2OCCKOSRsHLOA9BwRh1CdtSSUjvZAT8BxGus74IvO7d4QLGvi3chISy4OhT12KQaaSre6YHsgRBhZfJzUTWDgCO77sJge2WtXreg5tlhgFqaICLVv9MAcBjjziS8xAiL6hh9KKgUuKGUkqZiRICHgMQ9JPqQ8eEVacf5Bo+6ky0NyAp+VLLVd/TsTgCTHxnLQzu1f89TLxP68fSffUiqkfRpL4eLrIjZgmAy2LQxtQTrBkk5QA5jS9VcMj4IBlGlolD+Esw/H3y7Okc1g3juqNm0a1eV7EUUa7aA/VkIFOUBNdoRZqI4zu0SN6Ri/Kg/KkvCpv09aSUsxso19Q3r8AWv6W9g==</latexit>

NLO EW

page 21/21

Diagrams made by MadGraph5_aMC@NLO

t~ 6g
2

t~

g

1

t

t~

5

t
4

z

t

3

born diagram 256 QCD=2, QED=2

t~ 6g
2

t~

g

1

t

t~

5

t
4

g0

t

3

born diagram 257 QCD=2, QED=2

t~ 6g
2

t~

g

1

t

t~

5

t
4

h

t

3

born diagram 258 QCD=2, QED=2

t~

5

t 3
g

t~
6

t

4

g

g

1

g

2

born diagram 259 QCD=4, QED=0

t~
6

t

4

g

t~

5

t 3
g

g

1

g

g
2

born diagram 260 QCD=4, QED=0

t~
5

t

3

g

t~

6

t 4
g

g

1

g

g
2

born diagram 261 QCD=4, QED=0

t~

6

t 3
g

t~
5

t

4

g

g

1

g

2

born diagram 262 QCD=4, QED=0

t~
5

t

4

g

t~

6

t 3
g

g

1

g

g
2

born diagram 263 QCD=4, QED=0

t~
6

t

3

g

t~

5

t 4
g

g

1

g

g
2

born diagram 264 QCD=4, QED=0

NLO1

O(↵S)
<latexit sha1_base64="iUezjH/ZnN1mstZ/iqKgMeIgCjU=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkWom5Jo8bErunFnRfuAJoSb6aQdOnkwMxFKKPgrblwo4tbvcOffOEmDqPXAwOGce7lnjhczKqRpfmpz8wuLS8ullfLq2vrGpr613RZRwjFp4YhFvOuBIIyGpCWpZKQbcwKBx0jHG11mfueecEGj8E6OY+IEMAipTzFIJbn6rh2AHGJg6fWkagOLh+DeHrp6xayZOYxZYhWkggo0Xf3D7kc4CUgoMQMhepYZSycFLilmZFK2E0FiwCMYkJ6iIQREOGkef2IcKKVv+BFXL5RGrv7cSCEQYhx4ajILK/56mfif10ukf+akNIwTSUI8PeQnzJCRkXVh9CknWLKxIoA5VVkNPAQOWKrGynkJ5xlOvr88S9pHNeu4Vr+pVxoXRR0ltIf2URVZ6BQ10BVqohbCKEWP6Bm9aA/ak/aqvU1H57RiZwf9gvb+BesBlZc=</latexit>

NLO QCD

LO1

2

QCD^2

page 6/21

Diagrams made by MadGraph5_aMC@NLO

g

1

g

2

g
t

3

t~
t~

5

t
4

h

t~

6

born diagram 31 QCD=2, QED=2

g

1

g

2

g
t~

6

t

t~

5

t
4

h

t

3

born diagram 32 QCD=2, QED=2

g

1

g

2

g
t

3

t~
t~

6

t
4

g

t~

5

born diagram 33 QCD=4, QED=0

g

1

g

2

g
t~

5

t

t~

6

t
4

g

t

3

born diagram 34 QCD=4, QED=0

g

1

g

2

g
t

3

t~
t~

6

t
4

a

t~

5

born diagram 35 QCD=2, QED=2

g

1

g

2

g
t~

5

t

t~

6

t
4

a

t

3

born diagram 36 QCD=2, QED=2

g

1

g

2

g
t

3

t~
t~

6

t
4

z

t~

5

born diagram 37 QCD=2, QED=2

g

1

g

2

g
t~

5

t

t~

6

t
4

z

t

3

born diagram 38 QCD=2, QED=2

g

1

g

2

g
t

3

t~
t~

6

t
4

g0

t~

5

born diagram 39 QCD=2, QED=2

g

1

g

2

g
t~

5

t

t~

6

t
4

g0

t

3

born diagram 40 QCD=2, QED=2

g

1

g

2

g
t

3

t~
t~

6

t
4

h

t~

5

born diagram 41 QCD=2, QED=2

g

1

g

2

g
t~

5

t

t~

6

t
4

h

t

3

born diagram 42 QCD=2, QED=2

t
4

g2

t

t
3

g
1

t~

t~
5

g

t~ 6

born diagram 43 QCD=4, QED=0

t
4

g2

t

t
3

g
1

t~

t~
5

a

t~ 6

born diagram 44 QCD=2, QED=2

t
4

g2

t

t
3

g
1

t~

t~
5

z

t~ 6

born diagram 45 QCD=2, QED=2

page 7/21

Diagrams made by MadGraph5_aMC@NLO

t
4

g2

t

t
3

g
1

t~

t~
5

g0

t~ 6

born diagram 46 QCD=2, QED=2

t
4

g2

t

t
3

g
1

t~

t~
5

h

t~ 6

born diagram 47 QCD=2, QED=2

t
4

g2

t

t
3

g
1

t~

t~
6

g

t~ 5

born diagram 48 QCD=4, QED=0

t
4

g2

t

t
3

g
1

t~

t~
6

a

t~ 5

born diagram 49 QCD=2, QED=2

t
4

g2

t

t
3

g
1

t~

t~
6

z

t~ 5

born diagram 50 QCD=2, QED=2

t
4

g2

t

t
3

g
1

t~

t~
6

g0

t~ 5

born diagram 51 QCD=2, QED=2

t
4

g2

t

t
3

g
1

t~

t~
6

h

t~ 5

born diagram 52 QCD=2, QED=2

t~ 5
g2

t~

t
3

g
1

t~

t~
6

g

t 4

born diagram 53 QCD=4, QED=0

t~ 5
g2

t~

t
3

g
1

t~

t~
6

a

t 4

born diagram 54 QCD=2, QED=2

t~ 5
g2

t~

t
3

g
1

t~

t~
6

z

t 4

born diagram 55 QCD=2, QED=2

t~ 5
g2

t~

t
3

g
1

t~

t~
6

g0

t 4

born diagram 56 QCD=2, QED=2

t~ 5
g2

t~

t
3

g
1

t~

t~
6

h

t 4

born diagram 57 QCD=2, QED=2

t~ 5g
2

t~

t
3

g
1

t~

t~

6

t
4

g

born diagram 58 QCD=4, QED=0

t~ 5g
2

t~

t
3

g
1

t~

t~

6

t
4

a

born diagram 59 QCD=2, QED=2

t~ 5g
2

t~

t
3

g
1

t~

t~

6

t
4

z

born diagram 60 QCD=2, QED=2

O(↵S)
<latexit sha1_base64="iUezjH/ZnN1mstZ/iqKgMeIgCjU=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkWom5Jo8bErunFnRfuAJoSb6aQdOnkwMxFKKPgrblwo4tbvcOffOEmDqPXAwOGce7lnjhczKqRpfmpz8wuLS8ullfLq2vrGpr613RZRwjFp4YhFvOuBIIyGpCWpZKQbcwKBx0jHG11mfueecEGj8E6OY+IEMAipTzFIJbn6rh2AHGJg6fWkagOLh+DeHrp6xayZOYxZYhWkggo0Xf3D7kc4CUgoMQMhepYZSycFLilmZFK2E0FiwCMYkJ6iIQREOGkef2IcKKVv+BFXL5RGrv7cSCEQYhx4ajILK/56mfif10ukf+akNIwTSUI8PeQnzJCRkXVh9CknWLKxIoA5VVkNPAQOWKrGynkJ5xlOvr88S9pHNeu4Vr+pVxoXRR0ltIf2URVZ6BQ10BVqohbCKEWP6Bm9aA/ak/aqvU1H57RiZwf9gvb+BesBlZc=</latexit>

NLO3 NLO4

O(↵EW )
<latexit sha1_base64="hL9hEakJ7qDRvF7X9e/PcbM5Yws=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIdVMSLT52RRHcWcE+oAnhZjpph04ezEyEEuLGX3HjQhG3/oU7/8YkDaLWAxcO59zLvfc4IaNC6vqnUpqbX1hcKi9XVlbX1jfUza2OCCKOSRsHLOA9BwRh1CdtSSUjvZAT8BxGus74IvO7d4QLGvi3chISy4OhT12KQaaSre6YHsgRBhZfJzUTWDgCO77sJge2WtXreg5tlhgFqaICLVv9MAcBjjziS8xAiL6hh9KKgUuKGUkqZiRICHgMQ9JPqQ8eEVacf5Bo+6ky0NyAp+VLLVd/TsTgCTHxnLQzu1f89TLxP68fSffUiqkfRpL4eLrIjZgmAy2LQxtQTrBkk5QA5jS9VcMj4IBlGlolD+Esw/H3y7Okc1g3juqNm0a1eV7EUUa7aA/VkIFOUBNdoRZqI4zu0SN6Ri/Kg/KkvCpv09aSUsxso19Q3r8AWv6W9g==</latexit>

O(↵S)
<latexit sha1_base64="iUezjH/ZnN1mstZ/iqKgMeIgCjU=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkWom5Jo8bErunFnRfuAJoSb6aQdOnkwMxFKKPgrblwo4tbvcOffOEmDqPXAwOGce7lnjhczKqRpfmpz8wuLS8ullfLq2vrGpr613RZRwjFp4YhFvOuBIIyGpCWpZKQbcwKBx0jHG11mfueecEGj8E6OY+IEMAipTzFIJbn6rh2AHGJg6fWkagOLh+DeHrp6xayZOYxZYhWkggo0Xf3D7kc4CUgoMQMhepYZSycFLilmZFK2E0FiwCMYkJ6iIQREOGkef2IcKKVv+BFXL5RGrv7cSCEQYhx4ajILK/56mfif10ukf+akNIwTSUI8PeQnzJCRkXVh9CknWLKxIoA5VVkNPAQOWKrGynkJ5xlOvr88S9pHNeu4Vr+pVxoXRR0ltIf2URVZ6BQ10BVqohbCKEWP6Bm9aA/ak/aqvU1H57RiZwf9gvb+BesBlZc=</latexit>

O(↵EW )
<latexit sha1_base64="hL9hEakJ7qDRvF7X9e/PcbM5Yws=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIdVMSLT52RRHcWcE+oAnhZjpph04ezEyEEuLGX3HjQhG3/oU7/8YkDaLWAxcO59zLvfc4IaNC6vqnUpqbX1hcKi9XVlbX1jfUza2OCCKOSRsHLOA9BwRh1CdtSSUjvZAT8BxGus74IvO7d4QLGvi3chISy4OhT12KQaaSre6YHsgRBhZfJzUTWDgCO77sJge2WtXreg5tlhgFqaICLVv9MAcBjjziS8xAiL6hh9KKgUuKGUkqZiRICHgMQ9JPqQ8eEVacf5Bo+6ky0NyAp+VLLVd/TsTgCTHxnLQzu1f89TLxP68fSffUiqkfRpL4eLrIjZgmAy2LQxtQTrBkk5QA5jS9VcMj4IBlGlolD+Esw/H3y7Okc1g3juqNm0a1eV7EUUa7aA/VkIFOUBNdoRZqI4zu0SN6Ri/Kg/KkvCpv09aSUsxso19Q3r8AWv6W9g==</latexit>

"Subleading NLO"

LO2 LO3

2

+
interference

QCD*EW
EW^2



.JOJNJIÚKE����NN

LOGOTYPFÄRGER
Lunds universitets logotyp får bara förekomma i följande 
färgvarianter: brons/blå, svart eller vit (negativ). Färgvariant 
brons/blå är den rekommenderade och ska användas överallt 
där det är möjligt. 
 
LOGOTYPSTORLEK
Lunds universitets logotyp får inte göras för liten. Detta för 
att säkerställa läsbarhet och tydlighet. Logotypen (oavsett 
version) får därför inte göras mindre än att sigillet i logotypen 
har en höjd på minst 10 mm (se illustration ovan). 

3FLPNNFOEFSBE�GÊSHWBSJBOU

4WBSU 7JU�OFHBUJW

.JOJNJIÚKE����NN

LUNDS UNIVERSITET | GRAFISK MANUAL | BASREGLER | LOGOTYPFÄRGER OCH LOGOTYPSTORLEK  10

.JOJNJIÚKE����NN

.JOJNJIÚKE����NN

Rikkert Frederix

EW & Subleading NLO corrections
• Additive vs Multiplicative EW corrections


• Differ at NNLO; multiplicative is preferred if QCD and 
EW corrections factorise. Not the case here.


• Not possible to single out the Higgs Yukawa coupling and compute 
QCD corrections to those separately

• When computing EW corrections, the Yukawa is linked to the top mass and other EW 

couplings through renormalisation: they are not independent


• Need complete SMEFT to be able to compute NLO corrections and study in the 
impact of NLO corrections: currently beyond our capabilities


• At NLO, also contributions that have single, triple, quintuple powers of the Yukawa 
coupling (and not only double or quadruple)


• Compute NLO corrections in the Standard Model

• Central scale values in our studies follow the recipe by Maltoni et al. 

[arXiv:1507.05640]
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4-top: total cross section

• NLO corrections are large but within the LO scale uncertainty 
band


• "Subleading" NLO corrections increase the X-section by an 
additional 8%


• Remaining scale uncertainty of the order of 20% at NLO

7
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NLO 4-top production in the SM

• LO2 and LO3 have large 
cancelations


• NLO2 and NLO3 mainly given by 
QCD corrections on top of them


• large and strongly dependent 
on the scale choice


• However, the sum of 
NLO2+NLO3 very 
stable and small


• Different scale choices have 
even more extreme 
cancelations between NLO2 and 
NLO3

8

[RF, Pagani, 
Zaro, 2017]
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LO4, (N)LO5 and NLO6 only qqbar 
initial state. Hence, very small
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3/↵4
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(N)LO
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yt

NLO2 NLO3 LO1
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µ

and µf in the interval {µc/2, 2µc}. In order to show the scale dependence of (N)LO
i
/LOQCD

relative corrections we will also consider the diagonal variation µr = µf , simultaneously in
the numerator and the denominator. This scale dependence does not directly indicate scale
uncertainties, but it will be very useful in our discussion.

Concerning the PDFs, we use the LUXqed_plus_PDF4LHC15_nnlo_100 set [57, 58],
which is in turn based on the PDF4LHC set [59–62]. This PDF set includes NLO QED
effects in the DGLAP evolution and especially the most precise determination of the photon
density.

3.2 Results for pp ! tt̄W±
production

We start by presenting predictions for pp ! tt̄W± total cross sections at 13 and 100 TeV
proton–proton collisions with and without applying a jet veto and then we discuss results
at the differential level. The total cross sections at 13 TeV for tt̄W± production are shown
in Tab. 1 at different accuracies, namely, LOQCD, LOQCD +NLOQCD, LO and LO+NLO.
We also show for each value its relative scale uncertainty and we provide the ratio of the
predictions at LO + NLO and LOQCD +NLOQCD accuracy. Analogous results at 100 TeV
are displayed in Tab. 2. Numbers in parentheses refer to the case in which we apply a jet
veto, rejecting all the events with

pT (j) > 100 GeV and |y(j)| < 2.5 , (3.6)

where also hard photons are considered as a jet.5 The purpose of this jet veto will become
clear in the discussion below. Further details about the size of the individual (N)LO

i
terms

are provide in Tab. 3 (13 TeV) and Tab. 4 (100 TeV), where we show predictions for the
quantities

�(N)LOi
(µ) =

⌃(N)LOi
(µ)

⌃LOQCD
(µ)

, (3.7)

where ⌃(µ) is simply the total cross section evaluated at the scale µf = µr = µ. In Tabs. 3
and 4 we do not show the result for LO1 ⌘ LOQCD, since it is by definition always equal
to one, regardless of the value of µ. We want to stress that results in Tabs. 3 and 4 do not
show directly scale uncertainties; the value of µ is varied simultaneously in the numerator
and the denominator of �. The purpose of studying � as a function of µ will become clear
below when we discuss the different dependence in �NLO1

versus �NLO2
and �NLO3

.
From Tabs. 1 and 2 it can be seen that the LOQCD predictions, both at 13 and 100

TeV, have a scale dependence that is larger than 20%. Including the LOi contributions with
i > 1 changes the cross section by about 1% and leaves also the scale dependence almost
unchanged. As discussed in sec. 2, the LO2 is exactly zero due to colour, thus this small
correction is entirely coming from the LO3 contribution. In Tabs. 3 and 4 it can be seen
that the scale dependence of this LO3 contribution is slightly different from the LO1. The

5We explicitly verified that vetoing only quark and gluons, but not photons, leads to differences below
the percent level. Moreover, from an experimental point of view, vetoing jets that are not isolated photons
would be simply an additional complication.

– 10 –
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four-top invariant mass

• Large cancelations between NLO2 
and NLO3 also at the differential 
level


• NLO4 large at threshold

9

[RF, Pagani, 
Zaro, 2017]
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Figure 9. The m(tt̄tt̄) distribution in tt̄tt̄ production. Left: 13 TeV. Right: 100 TeV. Upper
plots: scale uncertainty bands (same layout as the plots in Figs. 5 and 6). Central plots: individual
(N)LOi contributions normalised to LO1 ⌘ LOQCD. Lower plots: same as central plots but only
with NLO2, NLO3, and their sum, at different values of the scale µ. These lower plots do not show
scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘ NLOEW.
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Figure 9. The m(tt̄tt̄) distribution in tt̄tt̄ production. Left: 13 TeV. Right: 100 TeV. Upper
plots: scale uncertainty bands (same layout as the plots in Figs. 5 and 6). Central plots: individual
(N)LOi contributions normalised to LO1 ⌘ LOQCD. Lower plots: same as central plots but only
with NLO2, NLO3, and their sum, at different values of the scale µ. These lower plots do not show
scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘ NLOEW.
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LOGOTYPFÄRGER
Lunds universitets logotyp får bara förekomma i följande 
färgvarianter: brons/blå, svart eller vit (negativ). Färgvariant 
brons/blå är den rekommenderade och ska användas överallt 
där det är möjligt. 
 
LOGOTYPSTORLEK
Lunds universitets logotyp får inte göras för liten. Detta för 
att säkerställa läsbarhet och tydlighet. Logotypen (oavsett 
version) får därför inte göras mindre än att sigillet i logotypen 
har en höjd på minst 10 mm (se illustration ovan). 

3FLPNNFOEFSBE�GÊSHWBSJBOU

4WBSU 7JU�OFHBUJW

.JOJNJIÚKE����NN

LUNDS UNIVERSITET | GRAFISK MANUAL | BASREGLER | LOGOTYPFÄRGER OCH LOGOTYPSTORLEK  10

.JOJNJIÚKE����NN

.JOJNJIÚKE����NN

Rikkert Frederix

HT distribution

• Similar to 4-top invariant mass

10

[RF, Pagani, 
Zaro, 2017]
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pT of hardest top

• Large "subleading" corrections 
at small transverse momentum

11
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[RF, Pagani, 
Zaro, 2017]



.JOJNJIÚKE����NN

LOGOTYPFÄRGER
Lunds universitets logotyp får bara förekomma i följande 
färgvarianter: brons/blå, svart eller vit (negativ). Färgvariant 
brons/blå är den rekommenderade och ska användas överallt 
där det är möjligt. 
 
LOGOTYPSTORLEK
Lunds universitets logotyp får inte göras för liten. Detta för 
att säkerställa läsbarhet och tydlighet. Logotypen (oavsett 
version) får därför inte göras mindre än att sigillet i logotypen 
har en höjd på minst 10 mm (se illustration ovan). 

3FLPNNFOEFSBE�GÊSHWBSJBOU

4WBSU 7JU�OFHBUJW

.JOJNJIÚKE����NN

LUNDS UNIVERSITET | GRAFISK MANUAL | BASREGLER | LOGOTYPFÄRGER OCH LOGOTYPSTORLEK  10

.JOJNJIÚKE����NN

.JOJNJIÚKE����NN

Rikkert Frederix

Conclusions

• NLO corrections to 4-top production are special:

• For no other process LO2 is as large as here.

• For no other process NLO2 is dominated by QCD 

corrections (and not EW corrections)

• Large cancelations among NLOi corrections


• Surprising!

• Not possible to estimate how this affects BSM physics (e.g. 

modified Yukawa coupling)

• Is there still a cancelation?

• Would require computing the complete-NLO corrections 

in the SMEFT, which is currently out-of-reach

12


