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How rare are rare processes 
involving top-quarks? 
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size of non-rare processes: 
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in 174 nb−1 of lepton+jets events. They measure a cross section of σt̄t = 45± 8 pb, which
is consistent with pQCD calculations and with the scaled pp data [59].
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Figure 72.1: TESTING Measured and predicted tt production cross sections from
Tevatron energies in pp collisions to LHC energies in pp collisions. Tevatron data points
at

√
s = 1.8 TeV are from Refs. [63,64]. Those at

√
s = 1.96 TeV are from Refs. [21–23].

The ATLAS, CMS, and LHCb data points are from Refs. [26,34,39,40,45,49,50,53,56],
and [58], respectively. Theory curves and uncertainties are generated using [1] for
mt = 172.5 GeV/c2, the mt value assumed in the cross-section measurements. Figure
adapted from Ref. [60].

In Fig. 72.1, one sees the importance of pp at Tevatron energies where the valence
antiquarks in the antiprotons contribute to the dominant qq production mechanism.
At LHC energies, the dominant production mode is gluon-gluon fusion and the pp-pp
difference nearly disappears. The excellent agreement of these measurements with the
theory calculations is a strong validation of QCD and the soft-gluon resummation
techniques employed in the calculations. The measurements reach high precision and
provide stringent tests of pQCD calculations at NNLO+NNLL level including their
respective PDF uncertainties.

Most of these measurements assume a t → Wb branching ratio of 100%. CDF
and DØ have made direct measurements of the t → Wb branching ratio [61].
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background contributions which are top-quark pair production and W boson production
in association with heavy flavour jets. They find σs = 4.8 ± 0.8(stat.)+1.6

−1.3(syst.) pb with
a signal significance of 3.2 standard deviations [116], which provides first evidence for
s-channel single-top production at 8 TeV. The signal is extracted through a maximum-
likelihood fit to the distribution of a multivariate discriminant defined using boosted
decision trees to separate the expected signal contribution from background processes. At
7 TeV and 8 TeV, CMS uses 5.1 fb−1 and 19.3 fb−1, respectively, and analyses leptonic
decay modes by performing a maximum likelihood fit to a multivariate discriminant
defined using a Boosted Decision Tree, yielding cross sections of σs = 7.1 ± 8.1 pb and
σs = 13.4 ± 7.3 pb, respectively, and a best fit value of 2.0 ± 0.9 for the combined ratio
of the measured σs values and the ones expected in the Standard Model [117]. The
signal significance is 2.5 standard deviations. Both, ATLAS and CMS, also measured the
electroweak production of single top-quarks in association with a Z-boson, see section
C.2.4 of this review.
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Figure 72.2: Measured and predicted single top production cross sections from Tevatron
energies in pp collisions to LHC energies in pp collisions. Tevatron data points at√

s = 1.96 TeV are from Refs. [96,97]. The ATLAS and CMS data points at
√

s =
7 TeV are from Refs. [98,100,108,109,115,117]. The ones at

√
s = 8 TeV are from

Refs. [101,102,110,111,116,117]. The ones at
√

s = 13 TeV are from Refs. [104,105]
Theory curves are generated using [5,8,9].

December 1, 2017 09:36

IPPP/18/7

ZU-TH 06/18

New NLOPS predictions for tt̄ + b-jet production at

the LHC
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Abstract: Measurements of tt̄H production in the H ! bb̄ channel depend in a critical

way on the theoretical uncertainty associated with the irreducible tt̄+b-jet background. In

this paper, analysing the various topologies that account for b-jet production in association

with a tt̄ pair, we demonstrate that the process at hand is largely driven by final-state

g ! bb̄ splittings. We also show that in five-flavour simulations, based on tt̄+multi-jet

merging, b-jet production is mostly driven by the parton shower, while matrix elements

play only a marginal role in the description of g ! bb̄ splittings. Based on these observations

we advocate the use of NLOPS simulations of pp ! tt̄bb̄ in the four-flavour scheme, and we

present a new Powheg generator of this kind. Predictions and uncertainties for tt̄+ b-jet

observables at the 13TeV LHC are presented both for the case of stable top quarks and

with spin-correlated top decays. Besides QCD scale variations we consider also theoretical

uncertainties related to the Powhegmatching method and to the parton shower modelling,

with emphasis on g ! bb̄ splittings. In general, matching and shower uncertainties turn

out to be remarkably small. This is confirmed also by a consistent comparison against

Sherpa+OpenLoops.

Keywords: QCD, Hadronic Colliders, Monte Carlo simulations, NLO calculations
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Top-Quark pair + EW boson(s): NLO QCD
 [p

b]
N

LO
σ

-110

1

10

210
H production at pp colliders at NLO in QCDtV,ttt

Ztt
±Wtt

γtt

Htt

 , MSTW2008 NLO pdf (68% cl)gµ = rµ = 
f

µcentral 

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

| | | | |

-fa
ct

or
s

K 1
1.2
1.4

| | | | |

 [TeV]s

-fa
ct

or
s

K

1

1.5

2

8 13
|

14
|

25
|

33
|

50
|

100

 [f
b]

N
LO

σ

1

10

210

310

410
 production at pp colliders at NLO in QCDtttVV,ttt

ZZtt
[4f]-W+Wtt

γγtt

Z±Wtt
γZtt
γ±Wtt

 , MSTW2008 NLO pdf (68% cl)gµ = rµ = 
f

µcentral 

tttt

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

| | | | |

-fa
ct

or
s

K 1
1.2
1.4

| | | | |

 [TeV]s

-fa
ct

or
s

K

1

1.5

2

8 13
|

14
|

25
|

33
|

50
|

100

Maltoni, DP, Tsinikos ’15
∼ 0.1 − 1 pb ∼ 1 − 10 fb



Single Top-Quark+ Z or H boson: NLO QCD

Degrande, Maltoni, Mimasu, 
Vryonidou, Zhang ‘18

6 F. Demartin et al.: Higgs production in association with a single top quark at the LHC

t-channel �
(µs

0)

NLO [fb] �%µ �%PDF+↵s+mb
�%PDF �%↵s

�%mb
�
(µd

0)

NLO [fb] �%µ �%PDF+↵s+mb
�%PDF �%↵s

�%mb

4F tH 45.90(7) +3.6
�6.3

+2.3
�2.3 ±0.9

+0.6
�0.9

+2.0
�2.0 46.67(8) +4.3

�6.1
+3.2
�1.9 ±0.9

+1.6
�0.4

+2.6
�1.6

t̄H 23.92(3) +4.2
�6.6

+2.5
�2.7 ±1.4

+1.6
�1.8

+1.4
�1.5 24.47(5) +4.4

�6.8
+2.5
�2.3 ±1.4

+1.4
�1.4

+1.6
�1.2

tH + t̄H 69.81(11) +3.2
�6.6

+2.8
�2.5 ±0.9

+1.6
�1.7

+2.1
�1.6 71.20(11) +4.3

�6.5
+3.0
�2.4 ±0.9

+2.0
�1.1

+2.0
�1.9

5F tH 48.80(5) +7.1
�1.7

+2.8
�2.3 ±1.0

+1.7
�1.1

+2.0
�1.8 47.62(5) +7.4

�2.2
+3.0
�2.4 ±1.0

+1.6
�0.8

+2.4
�2.0

t̄H 25.68(3) +6.8
�2.0

+3.4
�2.9 ±1.4

+1.9
�1.5

+2.5
�2.0 25.07(3) +7.4

�2.1
+3.2
�2.9 ±1.4

+1.7
�1.8

+2.4
�1.8

tH + t̄H 74.80(9) +6.8
�2.4

+3.0
�2.4 ±1.0

+1.5
�1.1

+2.4
�1.9 72.79(7) +7.4

�2.4
+2.9
�2.3 ±1.0

+1.2
�1.4

+2.4
�1.6

Table 2. NLO cross sections and uncertainties for pp ! tHq, t̄Hq and (tHq + t̄Hq) at the 13-TeV LHC. NNPDF2.3 PDFs
have been used (NNPDF2.1 for mb uncertainty in 5F). The integration uncertainty in the last digit(s) (in parentheses) as well
as the scale dependence and the combined PDF+↵s +mb uncertainty in eq. (11) (in %) are reported. The individual PDF, ↵s

and mb uncertainties are also presented as a reference.

t-channel �
(µs

0)

NLO [fb] �%µ+FS �%PDF+↵s+mb
�
(µd

0)

NLO [fb] �%µ+FS �%PDF+↵s+mb

4F+5F tH 47.64(7) ±9.7
+2.9
�2.3 47.47(6) ±7.7

+3.1
�1.8

t̄H 24.88(4) ±10.2
+3.5
�2.6 24.86(3) ±8.3

+3.3
�2.3

tH + t̄H 72.55(10) ±10.1
+3.1
�2.4 72.37(10) ±8.0

+2.9
�2.3

Table 3. Same as table 2, but for the flavour-scheme combined results, according to eq. (8).
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Fig. 4. Summary plot of the NLO cross sections with un-
certainties for Higgs production associated with a single top
quark, via a t-channel W boson, at the 13-TeV LHC. For the
uncertainties, the inner ticks display the scale (plus combined
flavour-scheme) dependence �µ(+FS), while the outer ones in-
clude �PDF+↵s+mb .

that it is completely negligible, both in the 4F and 5F schemes,
the impact of turning yb on/o↵ at NLO being smaller than the
numerical accuracy (0.1�0.2%). Finally, we remind the reader
that EW corrections for this process are presently unknown,
and these could have an impact on the accuracy of the present
predictions.

mt

�
(5Fµs

0)

NLO [fb] 172.3 173.3 174.3

124.0 75.54 (+1.0%) 75.18 (+0.5%) 74.99 (+0.3%)

mH 125.0 75.10 (+0.4%) 74.80 74.43 (�0.5%)

126.0 74.70 (�0.1%) 74.16 (�0.8%) 73.74 (�1.4%)

Table 4. Higgs and top quark mass dependence of the NLO
cross sections in the 5F scheme for pp ! tHq + t̄Hq at the
LHC with

p
s = 13 TeV. NNPDF2.3 PDFs have been used

with µ0 = (mH +mt)/4. The figures in parentheses are the %
variations with respect to the reference cross section, computed
with mH = 125.0 GeV and mt = 173.3 GeV.

3.3 Distributions

We now present a selection of kinematical distributions for
the combined t-channel tH + t̄H production at the 13-TeV
LHC, with NLO corrections and matching to a parton shower
(NLO+PS). For the sake of brevity, we do not consider top
and anti-top processes separately in this section, and will dub
with t both the top quark and its antiquark. Our main interest
here is to assess the precision of the predictions for t-channel
production, therefore we do not specify any decay mode for the
Higgs boson, i.e. we leave it stable in the simulation. On the
other hand, we consider (leptonic) top decays, which allows us
to compare the distributions of b-jets coming from the hard
scattering to the ones coming from the top quark.

For the kinematical distributions, we useNNPDF 2.3 PDFs
and the Pythia8 parton shower. We have compared predic-
tions obtained with the MSTW2008 and CT10 PDF sets and
found no di↵erence worth to report. We have also employed
the HERWIG6 parton shower to verify that some important
conclusions on the di↵erence of the radiation pattern between

or the gauge bosons, whilst the Z can be also be emitted from the light quark lines thus

being una↵ected by modifications of the top-Z and triple gauge boson interactions. For tZj

some interferences between operators are suppressed and our results can su↵er from rather

large statistical errors as these contributions are extracted from Monte Carlo runs which

involve all relevant SM, O �
1/⇤2

�
and O �

1/⇤4
�
terms arising from a given combination of

couplings.

� [fb] LO NLO K-factor

�SM 57.56(4)+11.2%
�7.4% ± 10.2% 75.87(4)+2.2%

�6.4% ± 1.2% 1.32

�'W 8.12(2)+13.1%
�9.3% ± 9.3% 7.76(2)+7.0%

�6.3% ± 1.0% 0.96

�'W,'W 5.212(7)+10.6%
�6.8% ± 10.2% 6.263(7)+2.6%

�7.8% ± 1.3% 1.20

�t' �1.203(6)+12.0%
�15.6% ± 8.9% �0.246(6)+144.5[31.4]%

�157.8[19.0]% ± 2.1% 0.20

�t',t' 0.6682(9)+12.7%
�8.9% ± 9.6% 0.7306(8)+4.6[0.6]%

�7.3[0.2]% ± 1.0% 1.09

�tW 19.38(6)+13.0%
�9.3% ± 9.4% 22.18(6)+3.8[0.4]%

�6.8[0.9]% ± 1.0% 1.14

�tW,tW 46.40(8)+9.3%
�5.5% ± 11.1% 71.24(8)+7.4[1.5]%

�14.0[6.9]% ± 1.9% 1.54

�'Q(3) �3.03(3)+0.0%
�2.2% ± 15.4% �10.04(4)+11.1%

�8.9% ± 1.8% 3.31

�'Q(3),'Q(3) 11.23(2)+9.4%
�5.6% ± 11.2% 15.28(2)+5.0%

�10.9% ± 1.8% 1.36

�'tb 0 0 �
�'tb,'tb 2.752(4)+9.4%

�5.5% ± 11.3% 3.768(4)+5.0%
�10.9% ± 1.8% 1.54

�HW �3.526(4)+5.6%
�9.5% ± 10.9% �5.27(1)+6.5%

�2.9% ± 1.5% 1.50

�HW,HW 0.9356(4)+7.9%
�4.0% ± 12.3% 1.058(1)+4.8%

�11.9% ± 2.3% 1.13

�tG �0.418(5)+12.3%
�9.8% ± 1.1% �

�tG,tG 1.413(1)+21.3%
�30.6% ± 2.5% �

�Qq(3,1) �22.50(5)+8.0%
�11.8% ± 9.7% �20.10(5)+13.8%

�13.3% ± 1.1% 0.89

�Qq(3,1),Qq(3,1) 69.78(3)+8.0%
�4.1% ± 12.1% 62.20(3)+11.5%

�15.9% ± 2.3% 0.89

�Qq(3,8) � 0.25(3)+25.4%
�27.1% ± 4.7% �

�Qq(3,8),Qq(3,8) 15.53(2)+8.0%
�4.1% ± 12.1% 14.07(2)+11.0%

�15.7% ± 2.1% 0.91

Table 4: Cross-section results for tHj at 13 TeV, following the parametrisation of Eq. (

4.1). Central values are quoted followed by the upper and lower scale uncertainty bands

obtained by varying the renormalisation scale between half and twice the central value, the

EFT scale uncertainty where relevant and finally the PDF uncertainty. The MC error on

the last digit is shown in the bracket.

In general, we see that the NLO corrections reduce the theory uncertainties and that

the EFT scale uncertainty is typically subdominant. One striking case stands out in which

the scale uncertainty for the inclusive interference contribution from Ot' to tHj grows sig-

nificantly. This can be understood by looking at the di↵erential level and noticing that there

– 11 –

or the gauge bosons, whilst the Z can be also be emitted from the light quark lines thus

being una↵ected by modifications of the top-Z and triple gauge boson interactions. For tZj

some interferences between operators are suppressed and our results can su↵er from rather

large statistical errors as these contributions are extracted from Monte Carlo runs which

involve all relevant SM, O �
1/⇤2

�
and O �

1/⇤4
�
terms arising from a given combination of

couplings.

� [fb] LO NLO K-factor

�SM 57.56(4)+11.2%
�7.4% ± 10.2% 75.87(4)+2.2%

�6.4% ± 1.2% 1.32

�'W 8.12(2)+13.1%
�9.3% ± 9.3% 7.76(2)+7.0%

�6.3% ± 1.0% 0.96

�'W,'W 5.212(7)+10.6%
�6.8% ± 10.2% 6.263(7)+2.6%

�7.8% ± 1.3% 1.20

�t' �1.203(6)+12.0%
�15.6% ± 8.9% �0.246(6)+144.5[31.4]%

�157.8[19.0]% ± 2.1% 0.20

�t',t' 0.6682(9)+12.7%
�8.9% ± 9.6% 0.7306(8)+4.6[0.6]%

�7.3[0.2]% ± 1.0% 1.09

�tW 19.38(6)+13.0%
�9.3% ± 9.4% 22.18(6)+3.8[0.4]%

�6.8[0.9]% ± 1.0% 1.14

�tW,tW 46.40(8)+9.3%
�5.5% ± 11.1% 71.24(8)+7.4[1.5]%

�14.0[6.9]% ± 1.9% 1.54

�'Q(3) �3.03(3)+0.0%
�2.2% ± 15.4% �10.04(4)+11.1%

�8.9% ± 1.8% 3.31

�'Q(3),'Q(3) 11.23(2)+9.4%
�5.6% ± 11.2% 15.28(2)+5.0%

�10.9% ± 1.8% 1.36

�'tb 0 0 �
�'tb,'tb 2.752(4)+9.4%

�5.5% ± 11.3% 3.768(4)+5.0%
�10.9% ± 1.8% 1.54

�HW �3.526(4)+5.6%
�9.5% ± 10.9% �5.27(1)+6.5%

�2.9% ± 1.5% 1.50

�HW,HW 0.9356(4)+7.9%
�4.0% ± 12.3% 1.058(1)+4.8%

�11.9% ± 2.3% 1.13

�tG �0.418(5)+12.3%
�9.8% ± 1.1% �

�tG,tG 1.413(1)+21.3%
�30.6% ± 2.5% �

�Qq(3,1) �22.50(5)+8.0%
�11.8% ± 9.7% �20.10(5)+13.8%

�13.3% ± 1.1% 0.89

�Qq(3,1),Qq(3,1) 69.78(3)+8.0%
�4.1% ± 12.1% 62.20(3)+11.5%

�15.9% ± 2.3% 0.89

�Qq(3,8) � 0.25(3)+25.4%
�27.1% ± 4.7% �

�Qq(3,8),Qq(3,8) 15.53(2)+8.0%
�4.1% ± 12.1% 14.07(2)+11.0%

�15.7% ± 2.1% 0.91

Table 4: Cross-section results for tHj at 13 TeV, following the parametrisation of Eq. (

4.1). Central values are quoted followed by the upper and lower scale uncertainty bands

obtained by varying the renormalisation scale between half and twice the central value, the

EFT scale uncertainty where relevant and finally the PDF uncertainty. The MC error on

the last digit is shown in the bracket.

In general, we see that the NLO corrections reduce the theory uncertainties and that

the EFT scale uncertainty is typically subdominant. One striking case stands out in which

the scale uncertainty for the inclusive interference contribution from Ot' to tHj grows sig-

nificantly. This can be understood by looking at the di↵erential level and noticing that there

– 11 –

� [fb] LO NLO K-factor

�SM 660.8(4)+13.7%
�9.6% ± 9.7% 839.1(5)+1.1%

�5.1% ± 1.0% 1.27

�W �7.87(7)+8.4%
�12.6% ± 9.7% �8.77(8)+8.5%

�4.3% ± 1.1% 1.12

�W,W 34.58(3)+8.2%
�3.9% ± 13.0% 43.80(4)+6.6%

�15.1% ± 2.8% 1.27

�tB 2.23(2)+14.7[0.9]%
�10.7[1.0]% ± 9.4% 2.94(2)+2.3[0.4]%

�3.0[0.7]% ± 1.1% 1.32

�tB,tB 2.833(2)+10.5[1.7]%
�6.3[1.9]% ± 11.1% 4.155(3)+4.7[0.9]%

�10.1[1.4]% ± 1.7% 1.47

�tW 2.66(4)+18.8[0.9]%
�15.3[1.0]% ± 11.4% 13.0(1)+15.8[2.1]%

�22.8[0.0]% ± 1.2% 4.90

�tW,tW 48.16(4)+10.0[1.7]%
�5.8[1.9]% ± 11.3% 80.00(4)+7.9[1.3]%

�14.7[1.6]% ± 1.9% 1.66

�'dtR 4.20(1)+14.9%
�10.9% ± 9.3% 4.94(2)+3.4%

�6.7% ± 1.0% 1.18

�'dtR,'dtR 0.3326(3)+13.6%
�9.5% ± 9.6% 0.4402(5)+3.7%

�9.3% ± 1.0% 1.32

�'Q 14.98(2)+14.5%
�10.5% ± 9.4% 18.07(3)+2.3%

�1.6% ± 1.0% 1.21

�'Q,'Q 0.7442(7)+14.1%
�10.0% ± 9.5% 1.028(1)+2.8%

�7.3% ± 1.0% 1.38

�'Q(3) 130.04(8)+13.8%
�9.8% ± 9.5% 161.4(1)+0.9%

�4.8% ± 1.0% 1.24

�'Q(3),'Q(3) 17.82(2)+11.7%
�7.5% ± 10.5% 23.98(2)+3.7%

�9.3% ± 1.4% 1.35

�'tb 0 0 �
�'tb,'tb 2.949(2)+10.5%

�6.2% ± 11.1% 4.154(4)+5.1%
�11.2% ± 1.8% 1.41

�HW �5.16(6)+7.8%
�12.0% ± 10.5% �6.88(8)+6.4%

�2.0% ± 1.4% 1.33

�HW,HW 0.912(2)+9.4%
�5.2% ± 12.0% 1.048(2)+5.2%

�12.8% ± 2.1% 1.15

�HB �3.015(9)+9.9%
�13.9% ± 9.5% �3.76(1)+5.2%

�1.0% ± 1.0% 1.25

�HB,HB 0.02324(6)+12.7%
�8.5% ± 9.9% 0.02893(6)+2.3%
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What is the status of precise 
predictions for these processes? 

No NNLO QCD corrections now and in the next future. 

  
What are their phenomenological 

implications? 



Outline

!7

An incomplete selection of results, based on the following 
phenomenological motivations.  

tt̄H

tt̄W

tt̄Z

tt̄tt̄

tHj, tZj

Top-quark and Higgs interactions (Higgs on-shell). 

tW scattering (adding 1 jet), background in          leptonic signatures.tt̄H

Top-quark and Z interactions, background in          leptonic signatures.tt̄H

Top-quark and Higgs interactions (Higgs off-shell), tt scattering. 

SMEFT for top, Higgs and V bosons all relevant.



NLO QCD and EW corrections: the Complete-NLO

αs
2α2ααs

3 αsα
3 α4

α2αsαs
2α α3

tt̄H : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 9.685 · 10−2 3.617 · 10−1 (1.338 · 10−2) 23.57

NLO QCD 2.507 · 10−2 1.073 · 10−1 (3.230 · 10−3) 9.61

LO EW 1.719 · 10−3 4.437 · 10−3 (3.758 · 10−4) 1.123 · 10−2

LO EW no γ −2.652 · 10−4 −1.390 · 10−3 (−2.452 · 10−5) −1.356 · 10−1

NLO EW −5.367 · 10−4 −4.408 · 10−3 (−1.097 · 10−3) −6.261 · 10−1

NLO EW no γ −7.039 · 10−4 −4.919 · 10−3 (−1.131 · 10−3) −6.367 · 10−1

HBR 8.529 · 10−4 3.216 · 10−3 (2.496 · 10−4) 2.154 · 10−1

Table 3: Contributions, as defined in table 1, to the total rate (in pb) of tt̄H production,

for three different collider energies. The results in parentheses are relevant to the boosted

scenario, eq. (3.1).

tt̄H : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 25.9+5.4
−11.1 29.7+6.8

−11.1 (24.2+4.8
−10.6) 40.8+9.3

−9.1

LO EW 1.8 ± 1.3 1.2 ± 0.9 (2.8 ± 2.0) 0.0± 0.2

LO EW no γ −0.3± 0.0 −0.4± 0.0 (−0.2 ± 0.0) −0.6± 0.0

NLO EW −0.6± 0.1 −1.2± 0.1 (−8.2 ± 0.3) −2.7± 0.0

NLO EW no γ −0.7± 0.0 −1.4± 0.0 (−8.5 ± 0.2) −2.7± 0.0

HBR 0.88 0.89 (1.87) 0.91

Table 4: Same as in table 3, but given as fractions of corresponding LO QCD cross sections.

Scale (for NLO QCD) and PDF uncertainties are also shown.

or boosted regime), where it is predominantly of LO-type because of the growing contri-

butions of qg-initiated partonic processes. In all cases, the PDF uncertainties on the NLO

QCD term are smaller, and decrease with the c.m. energy. Secondly, the contributions

due to processes with initial-state photons are quite large at the LO (except for tt̄W±

production, which has a LO EW cross section identically equal to zero), but consistitute

only a small fraction of the total at the NLO. This is due to the fact that LO EW processes

proceed only through two types of initial state, namely γg and bb̄, whereas NLO EW ones

have richer incoming-parton luminosities. Thirdly, as a consequence of the previous point,

the uncertainty of the photon density only marginally increases (if at all) the total PDF

uncertainty that affects the NLO EW term, while it constitute a dominant factor at the

LO EW level (for tt̄H and tt̄Z).

Other aspects characterise differently the four tt̄V processes. The relative importance

of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases

of tt̄H and tt̄Z production, while it decreases for tt̄W± production. At the 8-TeV LHC,

NLO EW terms have the largest impact on tt̄W+ (about 17% of the NLO QCD ones), and

the smallest on tt̄H (2.7%). This is reflected in the fact that for tt̄W± production, while

the NLO EW effects are within the NLO QCD scale uncertainty band, they are almost

marginally so. Conversely, for tt̄H and tt̄Z production NLO EW contributions are amply
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as example
LO,1 LO,2 LO,3 

NLO,1 NLO,2 NLO,3 NLO,4 

NLO,1 = NLO QCD 
NLO,2 = NLO EW 

The complete set of LO,i and NLO,i is denoted as 
“Complete NLO”. 

In general, NLO,3 and NLO,4 sizes are negligible, 
but there are exceptions. 

!8



for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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Cross sections: order by order

13 TeV 100 TeV

�[%] µ = HT /4 µ = HT /2 µ = HT

LO2 - - -
LO3 0.8 0.9 1.1

NLO1 34.8 (7.0) 50.0 (25.7) 63.4 (42.0)
NLO2 �4.4 (�4.8) �4.2 (�4.6) �4.0 (�4.4)
NLO3 11.9 (8.9) 12.2 (9.1) 12.5 (9.3)
NLO4 0.02 (�0.02) 0.04 (�0.02) 0.05 (�0.01)

Table 3. �(N)LOi
/�LOQCD ratios for tt̄W± production at 13 TeV for various values of µ = µr = µf .

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
factorisation scale dependence is almost identical for the LO1 and LO3 terms (both are qq̄0

initiated and have similar kinematic dependence), thus this difference is entirely due to the
variation of the renormalisation scale, which, at leading order, only enters the running of
↵s. The LO1 has two powers of ↵s while the LO3 has none. The value of ↵s decreases with
increasing scales, and therefore, it is no surprise that �LO3 increases with larger values for
the scales.

As already known, in tt̄W± production NLO QCD corrections are large and lead to a
reduction of the scale uncertainty. Indeed, for the central scale choice, the total cross section
at 13 TeV increases by 50% when including the NLOQCD contribution, and a massive 150%
correction is present at 100 TeV. The reduction in the scale dependence is about a factor
two for 13 TeV, resulting in an 11% uncertainty. On the other hand, given the large
NLOQCD corrections, at 100 TeV the resulting scale dependence at LOQCD + NLOQCD is
larger than at 13 TeV, remaining at about 16%. Comparing these pure-QCD predictions to
the complete-NLO cross sections (LO + NLO) we see that the latter are about 6% larger
at 13 TeV, while the relative scale dependencies are identical. At 100 TeV, even though
the relative scale dependence at complete-NLO is 1-2 percentage points smaller than at
LOQCD + NLOQCD, in absolute terms it is actually larger. This effect is due to the large
increase of about 26% induced by (N)LOi terms with i > 1. Indeed, this increase is mostly
coming from the contribution of the tW ! tW scattering, which appears at NLO3 via the
quark real-emission and has a Born-like scale dependence. However, this dependence is
relatively small since the NLO3 involves only a single power of ↵s.

In Tabs. 3 and 4 we can see that �NLO1 ⌘ �NLOQCD
is strongly µ dependent, while

this is not the case for �NLOi with i > 1. In fact, this behaviour is quite generic and not
restricted to tt̄W± production; it can be observed for a wide class of processes. The µ

dependence in �NLO1 leads to the reduction of the scale dependence of LOQCD +NLOQCD

results w.r.t. the LOQCD ones. On the contrary, the �NLOi quantities with i > 1 are
typically quite independent of the value of µ. The reason is the following. The NLOi

contributions are given by “QCD corrections” to LOi contributions as well “EW corrections”

– 11 –

�[%] µ = HT /4 µ = HT /2 µ = HT

LO2 - - -
LO3 0.9 1.1 1.3

NLO1 159.5 (69.8) 149.5 (71.1) 142.7 (73.4)
NLO2 �5.8 (�6.4) �5.6 (�6.2) �5.4 (�6.1)
NLO3 67.5 (55.6) 68.8 (56.6) 70.0 (57.6)
NLO4 0.2 (0.1) 0.2 (0.2) 0.3 (0.2)

Table 4. �(N)LOi
/�LOQCD ratios for tt̄W± production at 100 TeV for various values of µ = µr = µf .

to the LOi�1 ones. The former involve explicit logarithms of µ due the renormalisation of
both ↵s and PDFs, while the latter contain only explicit logarithms of µ due the O(↵)

PDFs counterterms. Indeed, in the Gµ-scheme, or other schemes such as ↵(0) or ↵(mZ),
the numerical input for ↵ does not depend on an external renormalisation scale. Moreover,
the O(↵) PDF counterterms induce a much smaller effect than those of QCD, since they are
O(↵/↵s) suppressed and do not directly involve the gluon PDF. Thus, for a generic process,
since a LOi contribution is typically quite suppressed w.r.t. the LOi�1 one —or even absent,
as e.g. for (multi) EW vector boson production— the scale dependence of �NLOi with i > 1

is small. For this reason it is customary, and typically also reasonable, to quote NLO EW
corrections independently from the scale definition. As can be seen in Tabs. 3 and 4 this is
also correct for tt̄W±, but as we will see in the next section the situation is quite different
for tt̄tt̄ production, where also the �(N)LOi

(µ) quantities with i > 1 strongly depend on the
value of µ.

By considering the µ dependence of the �NLO1(µ) contributions in Tabs. 3 and 4, we
see a different behaviour in the two tables. At 13 TeV the scale dependence of �NLOQCD

(µ)

increases with increasing scales. This is to be expected: the LO1 contribution has a large
renormalisation-scale dependence, resulting in a rapidly decreasing cross section with in-
creasing scales. In order to counterbalance this, the scale dependence of the NLO1 contribu-
tion must be opposite so that the scale dependence at NLO QCD accuracy is reduced. On
the other hand, at 100 TeV, the scale dependence of the �NLO1(µ) decreases with increasing
scales, suggesting that the scale dependence at LOQCD + NLOQCD is actually larger than
at LOQCD. As can be seen in Tab. 2 this does not appear to be the case. The reason
is that contrary to 13 TeV, at 100 TeV collision energy the LOQCD has not only a large
renormalisation-scale dependence, but also the factorisation-scale one is sizeable. In fact,
the scale dependence in Tab. 2 is dominated by terms in which µr and µf are varied in op-
posite directions, i.e., {µr, µf} = {2µc, µc/2} and {2µc, µc/2}. However, in Tab. 4 we only
consider the simultaneous variation of µr and µf . If we had estimated the scale uncertainty
in Tabs. 1 and 2 by only varying µ = µr = µf , we would actually have seen an increment
of the uncertainties in moving from LOQCD to LOQCD +NLOQCD.

The NLO EW corrections, the NLO2 contribution, are negative and have a �4-6%
impact w.r.t. the LO1 cross section. This is well within the LOQCD + NLOQCD scale
uncertainties. The opening of the tW ! tW scattering enhances the NLO3 contribution
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�[fb] LOQCD LOQCD +NLOQCD LO LO +NLO LO+NLO
LOQCD+NLOQCD

µ = HT /2 363+24%
�18% 544+11%

�11% (456+5%
�7%) 366+23%

�18% 577+11%
�11% (476+5%

�7%) 1.06 (1.04)

Table 1. Cross sections for tt̄W± production at 13 TeV in various approximations. The numbers
in parentheses are obtained with the jet veto of eq. (3.6) applied.

�[pb] LOQCD LOQCD +NLOQCD LO LO +NLO LO+NLO
LOQCD+NLOQCD

µ = HT /2 6.64+28%
�21% 16.58+17%

�15% (11.37+11%
�12%) 6.72+27%

�21% 20.86+15%
�14% (14.80+11%

�11%) 1.26 (1.30)

Table 2. Same as in Tab. 1 but for 100 TeV.

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.4 The purpose of this jet veto will become
clear in the discussion below. Further details about the size of the individual (N)LOi 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

4We 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.
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NLO3 is large and it is not suppressed by the 
jet veto (number in parentheses) as much as 
NLO QCD corrections. 
NLO QCD corrections depend on the scale, 
while NLO EW and NLO3 do not.

10 
1

10 
1 

0.1 
0.01

Naive estimate 
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Number in parentheses refer to the case of a jet 
veto                                                          is applied

�[fb] LOQCD LOQCD +NLOQCD LO LO +NLO LO+NLO
LOQCD+NLOQCD

µ = HT /2 363+24%
�18% 544+11%

�11% (456+5%
�7%) 366+23%

�18% 577+11%
�11% (476+5%

�7%) 1.06 (1.04)

Table 1. Cross sections for tt̄W± production at 13 TeV in various approximations. The numbers
in parentheses are obtained with the jet veto of eq. (3.6) applied.

�[pb] LOQCD LOQCD +NLOQCD LO LO +NLO LO+NLO
LOQCD+NLOQCD

µ = HT /2 6.64+28%
�21% 16.58+17%

�15% (11.37+11%
�12%) 6.72+27%

�21% 20.86+15%
�14% (14.80+11%

�11%) 1.26 (1.30)

Table 2. Same as in Tab. 1 but for 100 TeV.

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.4 The purpose of this jet veto will become
clear in the discussion below. Further details about the size of the individual (N)LOi 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

4We 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 –

Frederix, DP, Zaro ’17
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Figure 1: tW ! tW scattering at the LHC. For definiteness, in the inset we show the diagrams
corresponding to tW� ! tW�.

To summarize, in certain two to two scattering processes the sensitivity to non-standard top-Z
couplings is enhanced at high energies, possibly overcoming the limited experimental precision.
The enhancement scales as c̄ p2/v2 ⇠ g2⇤p

2/⇤2, which can be much larger than one in models
where g⇤ � 1, without being in conflict with the e↵ective field theory expansion, that is p2 <
⇤2. This approach then takes advantage of the high scattering energies accessible at the LHC.
We explicitly demonstrate its e↵ectiveness in the next section, focusing on tW ! tW .

3 tW ! tW scattering as case study

Our goal is to study the scattering amplitudes involving tops (and/or bottoms) and W,Z or
h that increase at high energies, and to exploit this growth to probe top-Z interactions. After
examining all the possible combinations, we focus on the process tW ! tW . Our motivation
for this choice is threefold:

1. The amplitude for tW ! tW scattering grows with the square of the energy if either
the ZtLtL or the ZtRtR couplings deviate from their SM values.

2. The corresponding collider process, pp ! tt̄Wj, gives rise to same-sign leptons (SSL),
an extremely rare final state in the SM. This process arises at O(gsg3w) in the gauge
couplings, where gs denotes the strong coupling and gw any electroweak coupling, as
shown in Fig. 1.

3. The main irreducible background, pp ! tt̄W +jets at O(g2+n
s gw) with n � 0 the number

of jets, is insensitive to the details of the top sector, because the W is radiated o↵ a light
quark.

The amplitude for two to two scattering processes of the type  
1

+ �
1

!  
2

+ �
2

, where
 
1,2 = {t, b} and �

1,2 = {�± ⌘ (�
1

⌥ i�
2

)/
p
2, �

3

, h} are the longitudinal W±, Z or h, is most
conveniently expressed in the basis of chirality eigenstate spinors. Retaining only terms that
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pp→ tt̄ pp→ tt̄Z pp→ tt̄W+ pp→ tt̄H pp→ tt̄j

LO1 4.3803±0.0005 ·102 pb 5.0463±0.0003 ·10−1 pb 2.4116±0.0001 ·10−1 pb 3.4483±0.0003 ·10−1 pb 3.0278±0.0003 ·102 pb

LO2 +0.405± 0.001 % −0.691± 0.001 % +0.000± 0.000 % +0.406± 0.001 % +0.525± 0.001 %

LO3 +0.630± 0.001 % +2.259± 0.001 % +0.962± 0.000 % +0.702± 0.001 % +1.208± 0.001 %

LO4 +0.006± 0.000 %

NLO1 +46.164± 0.022 % +44.809± 0.028 % +49.504± 0.015 % +28.847± 0.020 % +26.571± 0.063 %

NLO2 −1.075± 0.003 % −0.846± 0.004 % −4.541± 0.003 % +1.794± 0.005 % −1.971± 0.022 %

NLO3 +0.552± 0.002 % +0.845± 0.003 % +12.242± 0.014 % +0.483± 0.008 % +0.292± 0.007 %

NLO4 +0.005± 0.000 % −0.082± 0.000 % +0.017± 0.003 % +0.044± 0.000 % +0.009± 0.000 %

NLO5 +0.005± 0.000 %

Table 3. Cross sections for the five tt̄+X processes of eqs. (6.23) and (6.24), resulting from the setup described in section 6.1. The uncertainties
quoted are of statistical nature only, originating from the Monte Carlo integration over the phase space. The subleading LO and NLO contributions
are given as percentage fractions of LO1.
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Frederix, Frixione, Hirschi, DP, Shao, Zaro  ‘18

tt̄H, tt̄W, tt̄Z

NLO QCD and NLO EW corrections calculated in:  
Frixione, Hirschi, DP, Shao, Zaro ’15 

Complete-NLO in: NLO,1 = NLO QCD 
NLO,2 = NLO EW 

tt̄H, tt̄Z : NLO,3 below the 1% level. 



                    :  Complete-NLO with resummation at NNLL

Complete-NLO (QCD and EW) calculated with a public version of 
MG5_aMC@NLO. Frederix, Frixione, Hirschi, DP, Shao, Zaro  ‘18

Resummation of soft gluon at NNLL accuracy via SCET: 
, 

Broggio, Ferroglia, Ossola, Pecjak  ’16  
Broggio, Ferroglia, Pecjak, Yang ’16  

    Broggio, Ferroglia, Ossola, Pecjak, Sameshima  ’17  

tt̄H, tt̄W, tt̄Z

tt̄W
tt̄H
tt̄Z

Resummation of soft gluon at NNLL accuracy via resum. in Mellin space: 
, 

                 Kulesza, Motyka, Stebel, Theeuwes ’17  

Kulesza, Motyka, Schwartländer, Stebel, Theeuwes ’17  

Kulesza, Motyka, Schwartländer, Stebel, Theeuwes ’18  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                    :  Complete-NLO with resummation at NNLL

Complete-NLO (QCD and EW) calculated with a public version of 
MG5_aMC@NLO. Frederix, Frixione, Hirschi, DP, Shao, Zaro  ‘18

Resummation of soft gluon at NNLL accuracy via SCET: 
, 

Broggio, Ferroglia, Ossola, Pecjak  ’16  
Broggio, Ferroglia, Pecjak, Yang ’16  

    Broggio, Ferroglia, Ossola, Pecjak, Sameshima  ’17  

tt̄H, tt̄W, tt̄Z

tt̄W
tt̄H
tt̄Z

Complete NLO (QCD and EW) + Resummation NNLL 

The currently most accurate predictions for                            . tt̄H, tt̄W, tt̄Z
    Broggio, Ferroglia, Frederix, DP, Pecjak, Tsinikos     arXiv:19xx.xxxxx  



    :  Complete-NLO with resummation at NNLLtt̄H, tt̄Z

We consider two different functional forms  (                                ) for the hard 
scale and we identify the envelope of the two associated scale uncertainties, 
together with PDF uncertainties, as the total theory uncertainty band.  

HT /2 and m(tt̄V )/2
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Figure 2. plots

given by the blue band, and the latter by the brown band. We warn the reader that in the
interpretation of the (absolute) cross sections care must be taken, since the y-axis are given
as cross section per bin. For the invariant mass and transverse momentum distributions
the x-axis is logarithmic, meaning that the bin sizes are not a constant when interpreting
these results as linear in the observables.

We start by discussing the invariant mass of the tt̄V system in fig. 2. In the upper
left (right) plot the the invariant mass of the tt̄W+ (tt̄W�) system is shown. From the
first ratio inset it can be seen that the resummation does not change the distribution
sizably as compared to the NLO. Even though the uncertainties are slightly reduced, they
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Figure 2. plots

given by the blue band, and the latter by the brown band. We warn the reader that in the
interpretation of the (absolute) cross sections care must be taken, since the y-axis are given
as cross section per bin. For the invariant mass and transverse momentum distributions
the x-axis is logarithmic, meaning that the bin sizes are not a constant when interpreting
these results as linear in the observables.

We start by discussing the invariant mass of the tt̄V system in fig. 2. In the upper
left (right) plot the the invariant mass of the tt̄W+ (tt̄W�) system is shown. From the
first ratio inset it can be seen that the resummation does not change the distribution
sizably as compared to the NLO. Even though the uncertainties are slightly reduced, they
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We start by discussing the invariant mass of the tt̄V system in fig. 2. In the upper
left (right) plot the the invariant mass of the tt̄W+ (tt̄W�) system is shown. From the
first ratio inset it can be seen that the resummation does not change the distribution
sizably as compared to the NLO. Even though the uncertainties are slightly reduced, they
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we compare LO, NLO results and LO predictions rescaled by a global flat K-factor for
production only. In section 4 we draw our conclusions and present an outlook.

2 Fixed-order corrections at the production level

In this section we describe the effects of fixed-order NLO QCD corrections at the production
level for tt̄V processes and tt̄H production (subsection 2.1), for tt̄V V processes (subsection
2.2) and then for tt̄tt̄ production (subsection 2.3). All the results are shown for 13 TeV
collisions at the LHC. In subsection 2.4 we provide total cross sections and global K-factors
for proton–proton collision energies from 8 to 100 TeV. With the exception of tt̄��, detailed
studies at NLO for tt̄V V processes are presented here for the first time. The other pro-
cesses have already been investigated in previous works, whose references have been listed
in introduction. Here, we (re-)perform all such calculations within the same framework,
MadGraph5_aMC@NLO, using a consistent set of input parameters and paying special
attention to features that are either universally shared or differ among the various processes.
Moreover, we investigate aspects that have been only partially studied in previous works,
such as the dependence on (the definition of) the factorisation and renormalisation scales,
both at integrated and differential level. To this aim we define the variables that will be
used as renormalisation and factorisation scales.

Besides a fixed scale, we will in general explore the effect of dynamical scales that
depend on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =
HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

. (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.2 There are two key aspects in
the definition of a dynamical scale: the normalisation and the functional form. We have
chosen a “natural” average normalisation in both cases leading to a value close to mt when
the transverse momenta in the Born configuration can be neglected. This is somewhat
conventional in our approach as the information on what could be considered a good choice
(barring the limited evidence that a NLO calculation can give for that in first place) can
be only gathered a posteriori by explicitly evaluating the scale dependence of the results.
For this reason, in our studies of the total cross section predictions, we vary scales over

2This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalisation and
factorisation scales are set equal to HT /2.
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In combination with the measurement of 

The cross section depends on       to the fourth power. 
It does not depend on        , since the Higgs is off-shell.

  and       determination via     .

Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband �NS/NS NS/NB NS/
p

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is

�(pp ! tt̄H ! tt̄bb̄) = �SM(pp ! tt̄H ! tt̄bb̄) ⇥ 2
t 

2
b
�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄bb̄) ⇥ µbb̄
tt̄H ,
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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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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) = �SM(tt̄tt̄)g+Z/� + 2
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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:
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�SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

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

�SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�SM(tt̄tt̄)
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: �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-

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) = �SM(tt̄tt̄)g+Z/� + 2
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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-

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
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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:
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�SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�SM(tt̄tt̄)
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: �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-

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.
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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
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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:
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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
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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After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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We demonstrate that four top-quark production is a powerful tool to constrain the top Yukawa
coupling. The constraint is robust in the sense that it does not rely on Higgs boson decay. Taking
into account the projection of the tt̄H production by the ATLAS collaboration, we obtain a bound
on Higgs boson width, �H  3.1 �SM

H , at the 14 TeV LHC with an integrated luminosity of 300 fb�1.
Increasing the luminosity to 500 fb�1 yields �H  2.1 �SM

H .

Four years after the Higgs boson discovery we still
know little about Higgs boson width (�H) and its
couplings to fermions in the Standard Model (SM). For
its smallness the Higgs boson width cannot be measured
directly from the line-shape of Higgs boson resonance.
One way to determine �H is through the gg ! H !
ZZ channel by comparing the production rate in the
vicinity of Higgs resonance with the rate away from
the resonance [1]. So far only an upper bounds are
obtained; for example, the current bounds on �H at 95%
confidence level are �H  (4.5 ⇠ 7.5) ⇥ �SM

H by the
ATLAS collaboration [2] and �H  5.4 �SM

H by the CMS
collaboration [3]. Similarly, the top Yukawa coupling
(yHt¯t) is not directly measured yet, although the Higgs
boson discovery indicates the Higgs boson must interact
with top quarks to generate Higgs-gluon-gluon e↵ective
coupling. The top Yukawa coupling can be measured
in the rare tt̄H production on condition that the Higgs
boson decays exactly as in the SM. Precise information of
Higgs boson width and top Yukawa coupling will help us
to decipher Higgs boson property and also shed light on
new physics beyond the SM. In this work we discuss the
measurement of �H and yHt¯t in the four top quark (tt̄tt̄)
production and the tt̄H production at the Large Hadron
Collider (LHC). We demonstrate that the combination
of the two production channels imposes stringent bounds
on �H and yHt¯t.

As reported by the ATLAS collaboration [4], the
top Yukawa coupling could be measured in the tt̄H
production with an ultimate precision of about 20% at
the 14 TeV LHC with an integrated luminosity (L) of
300 fb�1. Under the narrow width approximation the
production cross section of pp ! tt̄H ! tt̄xx is

�(pp ! tt̄H ! tt̄xx)

= �SM(pp ! tt̄H ! tt̄xx)⇥ 2

t
2

x

�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄xx)⇥ µxx
t¯tH , (1)

where t ⌘ yHtt/y
SM

Htt and x ⌘ yHxx/y
SM

Hxx are the
scaling factors of Higgs couplings. The signal strength

µxx
t¯tH , defined as

µxx
t¯tH ⌘ �

�SM

=
2

t
2

x

R
�

with R
�

⌘ �H

�SM

H

, (2)

is expected to be measured with uncertainties [4]

µ��
t¯tH = 1.00± 0.38 , µZZ

t¯tH = 1.00± 0.49 ,

µµµ
t¯tH = 1.00± 0.74 , µ comb

t¯tH = 1.00± 0.30 , (3)

at the 14 TeV LHC with L = 300 fb�1. Here µ comb

t¯tH

refers to the result of combining multiple Higgs decay
modes. The t, x and �H parameters in µt¯tH are
independent, therefore, one cannot determine them from
the tt̄H production alone. Bounds on the t, x and
R

�

could be derived from a global analysis of various
Higgs boson productions and decays [4]. Nevertheless it
is still valuable to consider one specific channel to directly
bound on the three parameters. Luckily, there is a large
hierarchy among branching ratios of Higgs decay modes.
That ensures us to consider two special cases:

i) �H ' �SM

H : it is a good approximation for the H !
µ+µ� and H ! �� modes because modifications on
those rare decays would not a↵ect the total width
dramatically. One thus can determine the bound on
the product of t and x as

2

t
2

x = µt¯tH , (4)

assuming other couplings of the Higgs boson are the
same as the SM predictions.

ii) x ' 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on t and R

�

is

2

t

R
�

= µt¯tH . (5)

If the top-quark Yukawa coupling could be directly
measured or constrained in one particular Higgs
production channel, then one can impose bounds on x
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For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband �NS/NS NS/NB NS/
p

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is

�(pp ! tt̄H ! tt̄bb̄) = �SM(pp ! tt̄H ! tt̄bb̄) ⇥ 2
t 

2
b
�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄bb̄) ⇥ µbb̄
tt̄H ,

(23)

63

for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband �NS/NS NS/NB NS/
p

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is

�(pp ! tt̄H ! tt̄bb̄) = �SM(pp ! tt̄H ! tt̄bb̄) ⇥ 2
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the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).

=

"⇣p
NS + NB

⌘2
+

✓
NBp
Nside

◆2
#1/2

= 0.013 NS . (22)

For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:
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250 29400 74700 104000 155000 0.013 0.39 107
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500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is
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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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the corresponding matrix elements as Mg, MZ/� , and
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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
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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
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we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.
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or the Higgs boson mediation in the SM. We name
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MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
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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
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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
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demanded to decay hadronically in order to maximize
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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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based on Eqs. 4 and 5, respectively. Below
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
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
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quarks have been well established, we consider only the
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�(tt̄tt̄) = �SM(tt̄tt̄)g+Z/� + 2

t�
SM

int

+ 4

t�
SM(tt̄tt̄)H , (7)

where

�SM(tt̄tt̄)g+Z/� /
��Mg +MZ/�

��2 ,
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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:
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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
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95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by
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bound, though loose, is robust in the sense that it does
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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
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we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
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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
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width; ii) the cross section proportional to the top quark
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�(tt̄tt̄)H / 4

t�
SM(tt̄tt̄)H , (6)
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section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
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quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
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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
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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-

Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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We demonstrate that four top-quark production is a powerful tool to constrain the top Yukawa
coupling. The constraint is robust in the sense that it does not rely on Higgs boson decay. Taking
into account the projection of the tt̄H production by the ATLAS collaboration, we obtain a bound
on Higgs boson width, �H  3.1 �SM

H , at the 14 TeV LHC with an integrated luminosity of 300 fb�1.
Increasing the luminosity to 500 fb�1 yields �H  2.1 �SM

H .

Four years after the Higgs boson discovery we still
know little about Higgs boson width (�H) and its
couplings to fermions in the Standard Model (SM). For
its smallness the Higgs boson width cannot be measured
directly from the line-shape of Higgs boson resonance.
One way to determine �H is through the gg ! H !
ZZ channel by comparing the production rate in the
vicinity of Higgs resonance with the rate away from
the resonance [1]. So far only an upper bounds are
obtained; for example, the current bounds on �H at 95%
confidence level are �H  (4.5 ⇠ 7.5) ⇥ �SM

H by the
ATLAS collaboration [2] and �H  5.4 �SM

H by the CMS
collaboration [3]. Similarly, the top Yukawa coupling
(yHt¯t) is not directly measured yet, although the Higgs
boson discovery indicates the Higgs boson must interact
with top quarks to generate Higgs-gluon-gluon e↵ective
coupling. The top Yukawa coupling can be measured
in the rare tt̄H production on condition that the Higgs
boson decays exactly as in the SM. Precise information of
Higgs boson width and top Yukawa coupling will help us
to decipher Higgs boson property and also shed light on
new physics beyond the SM. In this work we discuss the
measurement of �H and yHt¯t in the four top quark (tt̄tt̄)
production and the tt̄H production at the Large Hadron
Collider (LHC). We demonstrate that the combination
of the two production channels imposes stringent bounds
on �H and yHt¯t.

As reported by the ATLAS collaboration [4], the
top Yukawa coupling could be measured in the tt̄H
production with an ultimate precision of about 20% at
the 14 TeV LHC with an integrated luminosity (L) of
300 fb�1. Under the narrow width approximation the
production cross section of pp ! tt̄H ! tt̄xx is

�(pp ! tt̄H ! tt̄xx)

= �SM(pp ! tt̄H ! tt̄xx)⇥ 2

t
2

x

�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄xx)⇥ µxx
t¯tH , (1)

where t ⌘ yHtt/y
SM

Htt and x ⌘ yHxx/y
SM

Hxx are the
scaling factors of Higgs couplings. The signal strength

µxx
t¯tH , defined as

µxx
t¯tH ⌘ �

�SM

=
2

t
2

x

R
�

with R
�

⌘ �H

�SM

H

, (2)

is expected to be measured with uncertainties [4]

µ��
t¯tH = 1.00± 0.38 , µZZ

t¯tH = 1.00± 0.49 ,

µµµ
t¯tH = 1.00± 0.74 , µ comb

t¯tH = 1.00± 0.30 , (3)

at the 14 TeV LHC with L = 300 fb�1. Here µ comb

t¯tH

refers to the result of combining multiple Higgs decay
modes. The t, x and �H parameters in µt¯tH are
independent, therefore, one cannot determine them from
the tt̄H production alone. Bounds on the t, x and
R

�

could be derived from a global analysis of various
Higgs boson productions and decays [4]. Nevertheless it
is still valuable to consider one specific channel to directly
bound on the three parameters. Luckily, there is a large
hierarchy among branching ratios of Higgs decay modes.
That ensures us to consider two special cases:

i) �H ' �SM

H : it is a good approximation for the H !
µ+µ� and H ! �� modes because modifications on
those rare decays would not a↵ect the total width
dramatically. One thus can determine the bound on
the product of t and x as

2

t
2

x = µt¯tH , (4)

assuming other couplings of the Higgs boson are the
same as the SM predictions.

ii) x ' 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on t and R

�

is

2

t

R
�

= µt¯tH . (5)

If the top-quark Yukawa coupling could be directly
measured or constrained in one particular Higgs
production channel, then one can impose bounds on x
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For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband �NS/NS NS/NB NS/
p

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is

�(pp ! tt̄H ! tt̄bb̄) = �SM(pp ! tt̄H ! tt̄bb̄) ⇥ 2
t 

2
b
�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄bb̄) ⇥ µbb̄
tt̄H ,

(23)
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We demonstrate that four top-quark production is a powerful tool to constrain the top Yukawa
coupling. The constraint is robust in the sense that it does not rely on Higgs boson decay. Taking
into account the projection of the tt̄H production by the ATLAS collaboration, we obtain a bound
on Higgs boson width, �H  3.1 �SM

H , at the 14 TeV LHC with an integrated luminosity of 300 fb�1.
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One way to determine �H is through the gg ! H !
ZZ channel by comparing the production rate in the
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H by the
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H by the CMS
collaboration [3]. Similarly, the top Yukawa coupling
(yHt¯t) is not directly measured yet, although the Higgs
boson discovery indicates the Higgs boson must interact
with top quarks to generate Higgs-gluon-gluon e↵ective
coupling. The top Yukawa coupling can be measured
in the rare tt̄H production on condition that the Higgs
boson decays exactly as in the SM. Precise information of
Higgs boson width and top Yukawa coupling will help us
to decipher Higgs boson property and also shed light on
new physics beyond the SM. In this work we discuss the
measurement of �H and yHt¯t in the four top quark (tt̄tt̄)
production and the tt̄H production at the Large Hadron
Collider (LHC). We demonstrate that the combination
of the two production channels imposes stringent bounds
on �H and yHt¯t.

As reported by the ATLAS collaboration [4], the
top Yukawa coupling could be measured in the tt̄H
production with an ultimate precision of about 20% at
the 14 TeV LHC with an integrated luminosity (L) of
300 fb�1. Under the narrow width approximation the
production cross section of pp ! tt̄H ! tt̄xx is

�(pp ! tt̄H ! tt̄xx)

= �SM(pp ! tt̄H ! tt̄xx)⇥ 2

t
2

x

�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄xx)⇥ µxx
t¯tH , (1)

where t ⌘ yHtt/y
SM

Htt and x ⌘ yHxx/y
SM

Hxx are the
scaling factors of Higgs couplings. The signal strength

µxx
t¯tH , defined as

µxx
t¯tH ⌘ �

�SM

=
2

t
2

x

R
�

with R
�

⌘ �H

�SM

H

, (2)

is expected to be measured with uncertainties [4]

µ��
t¯tH = 1.00± 0.38 , µZZ

t¯tH = 1.00± 0.49 ,

µµµ
t¯tH = 1.00± 0.74 , µ comb

t¯tH = 1.00± 0.30 , (3)

at the 14 TeV LHC with L = 300 fb�1. Here µ comb

t¯tH

refers to the result of combining multiple Higgs decay
modes. The t, x and �H parameters in µt¯tH are
independent, therefore, one cannot determine them from
the tt̄H production alone. Bounds on the t, x and
R

�

could be derived from a global analysis of various
Higgs boson productions and decays [4]. Nevertheless it
is still valuable to consider one specific channel to directly
bound on the three parameters. Luckily, there is a large
hierarchy among branching ratios of Higgs decay modes.
That ensures us to consider two special cases:

i) �H ' �SM

H : it is a good approximation for the H !
µ+µ� and H ! �� modes because modifications on
those rare decays would not a↵ect the total width
dramatically. One thus can determine the bound on
the product of t and x as

2

t
2

x = µt¯tH , (4)

assuming other couplings of the Higgs boson are the
same as the SM predictions.

ii) x ' 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on t and R

�

is

2

t

R
�

= µt¯tH . (5)

If the top-quark Yukawa coupling could be directly
measured or constrained in one particular Higgs
production channel, then one can impose bounds on x
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We demonstrate that four top-quark production is a powerful tool to constrain the top Yukawa
coupling. The constraint is robust in the sense that it does not rely on Higgs boson decay. Taking
into account the projection of the tt̄H production by the ATLAS collaboration, we obtain a bound
on Higgs boson width, �H  3.1 �SM

H , at the 14 TeV LHC with an integrated luminosity of 300 fb�1.
Increasing the luminosity to 500 fb�1 yields �H  2.1 �SM

H .

Four years after the Higgs boson discovery we still
know little about Higgs boson width (�H) and its
couplings to fermions in the Standard Model (SM). For
its smallness the Higgs boson width cannot be measured
directly from the line-shape of Higgs boson resonance.
One way to determine �H is through the gg ! H !
ZZ channel by comparing the production rate in the
vicinity of Higgs resonance with the rate away from
the resonance [1]. So far only an upper bounds are
obtained; for example, the current bounds on �H at 95%
confidence level are �H  (4.5 ⇠ 7.5) ⇥ �SM

H by the
ATLAS collaboration [2] and �H  5.4 �SM

H by the CMS
collaboration [3]. Similarly, the top Yukawa coupling
(yHt¯t) is not directly measured yet, although the Higgs
boson discovery indicates the Higgs boson must interact
with top quarks to generate Higgs-gluon-gluon e↵ective
coupling. The top Yukawa coupling can be measured
in the rare tt̄H production on condition that the Higgs
boson decays exactly as in the SM. Precise information of
Higgs boson width and top Yukawa coupling will help us
to decipher Higgs boson property and also shed light on
new physics beyond the SM. In this work we discuss the
measurement of �H and yHt¯t in the four top quark (tt̄tt̄)
production and the tt̄H production at the Large Hadron
Collider (LHC). We demonstrate that the combination
of the two production channels imposes stringent bounds
on �H and yHt¯t.
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for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-

– 3 –

both      and        can be determined.

Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband �NS/NS NS/NB NS/
p

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is

�(pp ! tt̄H ! tt̄bb̄) = �SM(pp ! tt̄H ! tt̄bb̄) ⇥ 2
t 

2
b
�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄bb̄) ⇥ µbb̄
tt̄H ,

(23)
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Fig. 55: Relative uncertainty on the signal strength µtt̄H projected in the plane t and R� at a 100 TeV hadron
collider with 20 ab�1 for the Higgs decay modes H ! bb̄ (red band). The yellow (green, blue) vertical band
denotes the limit 0.927  t  1.051 ( 0.952  t  1.038, 0.962  t  1.031 ) corresponding to the 1� signal
uncertainty with the integrated luminosity of 10 ab�1 (20 ab�1, 30 ab�1).

measured at a 5� confidence level with an integrated luminosity of 8.95 fb�1. We thus expect the tt̄tt̄
production to be discovered soon after the operation of the 100 TeV machine. The great potential enables
us to discuss the precision of measuring the top Yukawa coupling in the tt̄tt̄ production. We estimate the
signal statistical fluctuation as

�NS =
p

NS + NB, (32)

assuming that the events number satisfies the Gaussian distribution. The signal uncertainty is �NS =
0.0095NS for L = 10 ab�1, �NS = 0.0067NS for L = 20 ab�1, and �NS = 0.0055NS for L =
30 ab�1, respectively. We interpret the uncertainty of the signal event as the uncertainty of the top
Yukawa coupling, i.e.

�NS = �t

h
2�SM(tt̄tt̄)int + 4�SM(tt̄tt̄)H

i
⇥ L + O(�2

t ), (33)

where �t ⌘ t�1 and the SM cross sections refer to the values after all the cuts shown in the last column
in Table 23. It yields a precision of t measurement as follows: 0.927  t  1.051 for L = 10 ab�1,
0.952  t  1.038 for L = 20 ab�1, and 0.962  t  1.031 for L = 30 ab�1, respectively.

Figure 55 displays the correlation between R� and t imposed by the projected µbb̄
tt̄H measure-

ment [133]; see the red band. The expectations of the t measurement in the tt̄tt̄ production are also
plotted where the yellow (green, blue) contour region denotes the uncertainty of t with L = 10 ab�1

(20 ab�1, 30 ab�1), respectively. Combining both the tt̄H and tt̄tt̄ productions imposes a tight
bound on the Higgs boson width; for example, 0.85 �SM

H  �H  1.12 �SM
H for L = 10 ab�1,

0.89 �SM
H  �H  1.09 �SM

H for for L = 20 ab�1, and 0.91 �SM
H  �H  1.08 �SM

H for L = 30 ab�1,
respectively.

4.6 Rare SM Exclusive Higgs decays
The measurement of the rare exclusive decays H ! V �, where V denotes a vector meson, would allow
a unique probe of the Higgs coupling to light quarks. While the absolute value of the bottom-quark
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Fig. 55: Relative uncertainty on the signal strength µtt̄H projected in the plane t and R� at a 100 TeV hadron
collider with 20 ab�1 for the Higgs decay modes H ! bb̄ (red band). The yellow (green, blue) vertical band
denotes the limit 0.927  t  1.051 ( 0.952  t  1.038, 0.962  t  1.031 ) corresponding to the 1� signal
uncertainty with the integrated luminosity of 10 ab�1 (20 ab�1, 30 ab�1).
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We demonstrate that four top-quark production is a powerful tool to constrain the top Yukawa
coupling. The constraint is robust in the sense that it does not rely on Higgs boson decay. Taking
into account the projection of the tt̄H production by the ATLAS collaboration, we obtain a bound
on Higgs boson width, �H  3.1 �SM

H , at the 14 TeV LHC with an integrated luminosity of 300 fb�1.
Increasing the luminosity to 500 fb�1 yields �H  2.1 �SM

H .

Four years after the Higgs boson discovery we still
know little about Higgs boson width (�H) and its
couplings to fermions in the Standard Model (SM). For
its smallness the Higgs boson width cannot be measured
directly from the line-shape of Higgs boson resonance.
One way to determine �H is through the gg ! H !
ZZ channel by comparing the production rate in the
vicinity of Higgs resonance with the rate away from
the resonance [1]. So far only an upper bounds are
obtained; for example, the current bounds on �H at 95%
confidence level are �H  (4.5 ⇠ 7.5) ⇥ �SM

H by the
ATLAS collaboration [2] and �H  5.4 �SM

H by the CMS
collaboration [3]. Similarly, the top Yukawa coupling
(yHt¯t) is not directly measured yet, although the Higgs
boson discovery indicates the Higgs boson must interact
with top quarks to generate Higgs-gluon-gluon e↵ective
coupling. The top Yukawa coupling can be measured
in the rare tt̄H production on condition that the Higgs
boson decays exactly as in the SM. Precise information of
Higgs boson width and top Yukawa coupling will help us
to decipher Higgs boson property and also shed light on
new physics beyond the SM. In this work we discuss the
measurement of �H and yHt¯t in the four top quark (tt̄tt̄)
production and the tt̄H production at the Large Hadron
Collider (LHC). We demonstrate that the combination
of the two production channels imposes stringent bounds
on �H and yHt¯t.

As reported by the ATLAS collaboration [4], the
top Yukawa coupling could be measured in the tt̄H
production with an ultimate precision of about 20% at
the 14 TeV LHC with an integrated luminosity (L) of
300 fb�1. Under the narrow width approximation the
production cross section of pp ! tt̄H ! tt̄xx is
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SM

Htt and x ⌘ yHxx/y
SM

Hxx are the
scaling factors of Higgs couplings. The signal strength

µxx
t¯tH , defined as

µxx
t¯tH ⌘ �

�SM

=
2

t
2

x

R
�

with R
�

⌘ �H

�SM

H

, (2)

is expected to be measured with uncertainties [4]

µ��
t¯tH = 1.00± 0.38 , µZZ

t¯tH = 1.00± 0.49 ,

µµµ
t¯tH = 1.00± 0.74 , µ comb

t¯tH = 1.00± 0.30 , (3)

at the 14 TeV LHC with L = 300 fb�1. Here µ comb

t¯tH

refers to the result of combining multiple Higgs decay
modes. The t, x and �H parameters in µt¯tH are
independent, therefore, one cannot determine them from
the tt̄H production alone. Bounds on the t, x and
R

�

could be derived from a global analysis of various
Higgs boson productions and decays [4]. Nevertheless it
is still valuable to consider one specific channel to directly
bound on the three parameters. Luckily, there is a large
hierarchy among branching ratios of Higgs decay modes.
That ensures us to consider two special cases:

i) �H ' �SM

H : it is a good approximation for the H !
µ+µ� and H ! �� modes because modifications on
those rare decays would not a↵ect the total width
dramatically. One thus can determine the bound on
the product of t and x as

2

t
2

x = µt¯tH , (4)

assuming other couplings of the Higgs boson are the
same as the SM predictions.

ii) x ' 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on t and R

�

is

2

t

R
�

= µt¯tH . (5)

If the top-quark Yukawa coupling could be directly
measured or constrained in one particular Higgs
production channel, then one can impose bounds on x
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FIG. 3. The relative uncertainty on the signal strength µtt̄H

projected in the plane of t and x (a) and in the plane of
t and R� (b) at the 14 TeV with L = 300 fb�1 for H !
�� (yellow), H ! µ+µ� (blue), H ! ZZ (gray), and also
the combination (green). The red (black) meshed region is
excluded by the tt̄tt̄ production with L = 300 (500) fb�1,
respectively, if null signal events were observed.

projected in the plane of of t and x (a) and in the
plane of t and R

�

(b). The blue band represents the
tt̄H measurement in the H ! µ+µ� mode, the yellow
band denotes the H ! �� mode, and the gray band
labels the H ! ZZ mode. The green band is the result
of combining di↵erent channels of Higgs production and
decay. See Eq. 3 for details. The red and black meshed
regions are excluded by the tt̄tt̄ production with L =
300 fb�1 and 500 fb�1, respectively, if null results were
reported on top of the SM background.

First, we consider the correlation between t and
x in the case of �H ' �SM

H . In Fig. 3(a) we plot
constraints on rare Higgs-decay modes, H ! �� (yellow)
and H ! µµ (blue), assuming all Higgs couplings except
the top Yukawa coupling the same as in the SM. The t

exclusion limit derived from the tt̄tt̄ production requires
that µ � 0.32 and � � 0.49 with L = 300 fb�1.

Accumulating more luminosities improves the t bound
and mildly tightens the x bound, e.g., µ � 0.43
and � � 0.66 with L = 500 fb�1. The combination
of multiple Higgs production channels yields a slightly
tighter constraint.

Secondly, consider all the Higgs couplings as in the SM,
i.e. x = 1. We obtain the correlation between t and R

�

shown in Fig. 3(b). The �� (ZZ, µ+µ�) mode demands
R

�

 4.1 (5.0, 9.8), respectively, at the 14 TeV LHC
with L = 300 fb�1. The combination analysis demands
�H  3.7 �SM

H . Increasing the integrated luminosity
to 500 fb�1 leads to much tighter constraints on R

�

as
follows: the �� (ZZ, µ+µ�) mode demands R

�

 2.3
(2.8, 5.5), respectively. The combined analysis requires
�H  2.1 �SM

H .
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We demonstrate that four top-quark production is a powerful tool to constrain the top Yukawa
coupling. The constraint is robust in the sense that it does not rely on Higgs boson decay. Taking
into account the projection of the tt̄H production by the ATLAS collaboration, we obtain a bound
on Higgs boson width, �H  3.1 �SM

H , at the 14 TeV LHC with an integrated luminosity of 300 fb�1.
Increasing the luminosity to 500 fb�1 yields �H  2.1 �SM

H .

Four years after the Higgs boson discovery we still
know little about Higgs boson width (�H) and its
couplings to fermions in the Standard Model (SM). For
its smallness the Higgs boson width cannot be measured
directly from the line-shape of Higgs boson resonance.
One way to determine �H is through the gg ! H !
ZZ channel by comparing the production rate in the
vicinity of Higgs resonance with the rate away from
the resonance [1]. So far only an upper bounds are
obtained; for example, the current bounds on �H at 95%
confidence level are �H  (4.5 ⇠ 7.5) ⇥ �SM

H by the
ATLAS collaboration [2] and �H  5.4 �SM

H by the CMS
collaboration [3]. Similarly, the top Yukawa coupling
(yHt¯t) is not directly measured yet, although the Higgs
boson discovery indicates the Higgs boson must interact
with top quarks to generate Higgs-gluon-gluon e↵ective
coupling. The top Yukawa coupling can be measured
in the rare tt̄H production on condition that the Higgs
boson decays exactly as in the SM. Precise information of
Higgs boson width and top Yukawa coupling will help us
to decipher Higgs boson property and also shed light on
new physics beyond the SM. In this work we discuss the
measurement of �H and yHt¯t in the four top quark (tt̄tt̄)
production and the tt̄H production at the Large Hadron
Collider (LHC). We demonstrate that the combination
of the two production channels imposes stringent bounds
on �H and yHt¯t.

As reported by the ATLAS collaboration [4], the
top Yukawa coupling could be measured in the tt̄H
production with an ultimate precision of about 20% at
the 14 TeV LHC with an integrated luminosity (L) of
300 fb�1. Under the narrow width approximation the
production cross section of pp ! tt̄H ! tt̄xx is

�(pp ! tt̄H ! tt̄xx)

= �SM(pp ! tt̄H ! tt̄xx)⇥ 2
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⌘ �SM(pp ! tt̄H ! tt̄xx)⇥ µxx
t¯tH , (1)

where t ⌘ yHtt/y
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Htt and x ⌘ yHxx/y
SM

Hxx are the
scaling factors of Higgs couplings. The signal strength

µxx
t¯tH , defined as
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t¯tH ⌘ �

�SM

=
2

t
2

x

R
�

with R
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, (2)

is expected to be measured with uncertainties [4]
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t¯tH = 1.00± 0.74 , µ comb

t¯tH = 1.00± 0.30 , (3)

at the 14 TeV LHC with L = 300 fb�1. Here µ comb

t¯tH

refers to the result of combining multiple Higgs decay
modes. The t, x and �H parameters in µt¯tH are
independent, therefore, one cannot determine them from
the tt̄H production alone. Bounds on the t, x and
R

�

could be derived from a global analysis of various
Higgs boson productions and decays [4]. Nevertheless it
is still valuable to consider one specific channel to directly
bound on the three parameters. Luckily, there is a large
hierarchy among branching ratios of Higgs decay modes.
That ensures us to consider two special cases:

i) �H ' �SM

H : it is a good approximation for the H !
µ+µ� and H ! �� modes because modifications on
those rare decays would not a↵ect the total width
dramatically. One thus can determine the bound on
the product of t and x as

2

t
2

x = µt¯tH , (4)

assuming other couplings of the Higgs boson are the
same as the SM predictions.

ii) x ' 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on t and R

�

is

2

t

R
�

= µt¯tH . (5)

If the top-quark Yukawa coupling could be directly
measured or constrained in one particular Higgs
production channel, then one can impose bounds on x
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FIG. 3. The relative uncertainty on the signal strength µtt̄H

projected in the plane of t and x (a) and in the plane of
t and R� (b) at the 14 TeV with L = 300 fb�1 for H !
�� (yellow), H ! µ+µ� (blue), H ! ZZ (gray), and also
the combination (green). The red (black) meshed region is
excluded by the tt̄tt̄ production with L = 300 (500) fb�1,
respectively, if null signal events were observed.

projected in the plane of of t and x (a) and in the
plane of t and R

�

(b). The blue band represents the
tt̄H measurement in the H ! µ+µ� mode, the yellow
band denotes the H ! �� mode, and the gray band
labels the H ! ZZ mode. The green band is the result
of combining di↵erent channels of Higgs production and
decay. See Eq. 3 for details. The red and black meshed
regions are excluded by the tt̄tt̄ production with L =
300 fb�1 and 500 fb�1, respectively, if null results were
reported on top of the SM background.

First, we consider the correlation between t and
x in the case of �H ' �SM

H . In Fig. 3(a) we plot
constraints on rare Higgs-decay modes, H ! �� (yellow)
and H ! µµ (blue), assuming all Higgs couplings except
the top Yukawa coupling the same as in the SM. The t

exclusion limit derived from the tt̄tt̄ production requires
that µ � 0.32 and � � 0.49 with L = 300 fb�1.

Accumulating more luminosities improves the t bound
and mildly tightens the x bound, e.g., µ � 0.43
and � � 0.66 with L = 500 fb�1. The combination
of multiple Higgs production channels yields a slightly
tighter constraint.

Secondly, consider all the Higgs couplings as in the SM,
i.e. x = 1. We obtain the correlation between t and R

�

shown in Fig. 3(b). The �� (ZZ, µ+µ�) mode demands
R

�

 4.1 (5.0, 9.8), respectively, at the 14 TeV LHC
with L = 300 fb�1. The combination analysis demands
�H  3.7 �SM

H . Increasing the integrated luminosity
to 500 fb�1 leads to much tighter constraints on R

�

as
follows: the �� (ZZ, µ+µ�) mode demands R

�

 2.3
(2.8, 5.5), respectively. The combined analysis requires
�H  2.1 �SM

H .
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Figure 4: The predicted SM value of s(pp ! tttt) [2], calculated at LO and scaled to the
12.0+2.2

�2.5 fb cross section obtained in Ref. [1], as a function of |yt/ySM
t | (dashed line), compared

with the observed value of s(pp ! tttt) (solid line), and with the observed 95% CL upper
limit (hatched line).

Figure 5: Cross section limits, as a function of boson mass, for heavy scalar (left) and pseu-
doscalar (right) bosons, produced in association with one or two top quarks. The bosons sub-
sequently decay to top quark pairs. The theoretical cross sections are shown with solid red
lines.
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Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband �NS/NS NS/NB NS/
p

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is

�(pp ! tt̄H ! tt̄bb̄) = �SM(pp ! tt̄H ! tt̄bb̄) ⇥ 2
t 

2
b
�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄bb̄) ⇥ µbb̄
tt̄H ,

(23)
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Already now, limits on   with the Higgs off-shell can be set. They are 
independent on the value of the Higgs total width.  
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investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).

CMS PAS TOP-18-003  

Blue band: LO calculation rescaled to the SM Complete-NLO predictions. 
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Complete-NLO

There is no gg 
contribution at 
NLO5 and NLO6.

The structure of the paper is the following. In sec. 2 we describe the calculations and
we introduce a more suitable notation for referring to the various O(↵i

s↵
j) contributions. In

sec. 3 we provide numerical results at the inclusive and differential levels for complete-NLO
predictions for proton–proton collisions at 13 and 100 TeV. We discuss in detail the impact
of the individual O(↵i

s↵
j) contributions. The common input parameters are described

in sec. 3.1, while pp ! tt̄W± and pp ! tt̄tt̄ results are described in secs. 3.2 and 3.3,
respectively. Conclusions are given in sec. 4.

2 Calculation framework for tt̄W± and tt̄tt̄ production at complete-NLO

Performing an expansion in powers of ↵s and ↵, a generic observable for the processes
pp ! tt̄W±(+X) and pp ! tt̄tt̄(+X) can be expressed as

⌃tt̄W±
(↵s,↵) =

X

m+n�2

↵m
s ↵n+1⌃tt̄W±

m+n+1,n , (2.1)

⌃tt̄tt̄(↵s,↵) =
X

m+n�4

↵m
s ↵n⌃tt̄tt̄

m+n,n , (2.2)

respectively, where m and n are positive integer numbers and we have used the notation
introduced in refs. [11, 17]. For tt̄W± production, LO contributions consist of ⌃tt̄W±

m+n+1,n

terms with m + n = 2 and are induced by tree-level diagrams only. NLO corrections are
given by the terms with m + n = 3 and are induced by the interference of diagrams from
the all the possible Born-level and one-loop amplitudes as well all the possible interferences
among tree-level diagrams involving one additional quark, gluon or photon emission. Anal-
ogously, for tt̄tt̄ production, LO contributions consist of ⌃tt̄tt̄

m+n,n terms with m + n = 4

and NLO corrections are given by the terms with m + n = 5. In this work we calculate
all the perturbative orders entering at the complete-NLO accuracy, i.e., m + n = 2, 3 for
⌃tt̄W±

(↵s,↵) and m+ n = 4, 5 for ⌃tt̄tt̄(↵s,↵).
Similarly to ref. [19], we introduce a more user-friendly notation for referring to the

different ⌃tt̄W±
m+n+1,n and ⌃tt̄tt̄

m+n,n quantities. At LO accuracy, we can denote the tt̄W± and
tt̄tt̄ observables as ⌃tt̄W±

LO and ⌃tt̄tt̄
LO and further redefine the perturbative orders entering

these two quantities as

⌃tt̄W±
LO (↵s,↵) = ↵2

s↵⌃
tt̄W±
3,0 + ↵s↵⌃

tt̄W±
3,1 + ↵2⌃tt̄W±

3,2

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 , (2.3)

⌃tt̄tt̄
LO(↵s,↵) = ↵4

s⌃
tt̄tt̄
4,0 + ↵3

s↵⌃
tt̄tt̄
4,1 + ↵2

s↵
2⌃tt̄tt̄

4,2 + ↵3
s↵⌃

tt̄tt̄
4,3 + ↵4⌃tt̄tt̄

4,4

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 + ⌃LO4 + ⌃LO5 . (2.4)

In a similar fashion the NLO corrections and their single perturbative orders can be defined
as

⌃tt̄W±
NLO (↵s,↵) = ↵3

s↵⌃
tt̄W±
4,0 + ↵2

s↵
2⌃tt̄W±

4,1 + ↵s↵
3⌃tt̄W±

4,2 + ↵4⌃tt̄W±
4,3

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 , (2.5)

⌃tt̄tt̄
NLO(↵s,↵) = ↵5

s⌃
tt̄tt̄
5,0 + ↵4

s↵
1⌃tt̄tt̄

5,1 + ↵3
s↵

2⌃tt̄tt̄
5,2 + ↵2

s↵
3⌃tt̄tt̄

5,3 + ↵1
s↵

4⌃tt̄tt̄
5,4 + ↵5⌃tt̄tt̄

5,5

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 + ⌃NLO5 + ⌃NLO6 . (2.6)
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Figure 4. Representative diagrams for the one-loop gg ! tt̄tt̄ amplitude. The left diagram is of
O(↵3

s), the central one is of O(↵2
s↵) and the right one is of O(↵s↵2). The interferences of these

diagrams with those shown in Fig. 3 lead to contributions to NLO1, NLO2, NLO3 and NLO4.

level of complexity. While the NLO1 contribution have already been calculated in refs. [11,
43] and studied in detail in ref. [38], all the other (N)LOi contributions are calculated for
the first time here.

The gg ! tt̄tt̄ Born amplitude contains only O(↵2
s) and O(↵s↵) diagrams, while the

qq̄ ! tt̄tt̄ Born amplitude contains also O(↵2) diagrams. Thus the gg initial state con-
tributes to LOi with i  3 and the qq̄ initial states contribute to all the LOi. Also the
�g and �� initial states are available at the Born level; they contributes to LOi with re-
spectively i � 2 and i � 3. However, their contributions are suppressed by the size of the
photon parton distribution function (PDF). Representative gg ! tt̄tt̄ Born diagrams are
shown in Fig. 3. As already mentioned in the introduction, LO2 and LO3 are larger than
the values naively expected from ↵s and ↵ power counting, i.e., LO2 � (↵/↵s) ⇥ LOQCD

and LO3 � (↵/↵s)2⇥LOQCD. Thus, NLO2, NLO3 and also NLO4 are expected to be non-
negligible, especially NLO2, NLO3 because they involve “QCD corrections”2 to LO2 and
LO3 contributions, respectively. As discussed in ref. [38], the tt̄tt̄ production cross-section
is mainly given by the gg initial state, for this reason we expect LO4, (N)LO5 and NLO6 to
be negligible. Representative gg ! tt̄tt̄ one-loop diagrams are shown in Fig. 4. Although
suppressed by the photon luminosity, also the �g and �� initial states contribute to NLOi

with i � 2 and i � 3 respectively,
Note that, for both the pp ! tt̄W± and pp ! tt̄tt̄ processes, we do not include the

(finite) contributions from the real-emission of heavy particles (W±, Z and H bosons and
top quarks), sometimes called the “heavy-boson-radiation (HBR) contributions”. Although
they can be formally considered as part of the inclusive predictions at complete-NLO ac-
curacy, these finite contributions are typically small and generally lead to very different
collider signatures.3

Eqs. (2.5) and (2.6) define the NLO corrections in an additive approach. Another
possibility would be applying the corrections multiplicatively, which is not uncommon when
combining NLO QCD and NLO EW corrections. The difference between the two approaches

2As discussed in ref. [17], this classification of terms entering at a given order is not well defined;
some diagrams can be viewed both as a “QCD correction” and an “EW correction” to different tree-level
diagrams. Nevertheless, this intuitive classification is useful for understanding the underlying structure of
such calculations. For this reason we use these expressions within quotation marks.

3HBR contributions to NLO2 in tt̄W± production have been provided in ref. [18].
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The structure of the paper is the following. In sec. 2 we describe the calculations and
we introduce a more suitable notation for referring to the various O(↵i

s↵
j) contributions. In

sec. 3 we provide numerical results at the inclusive and differential levels for complete-NLO
predictions for proton–proton collisions at 13 and 100 TeV. We discuss in detail the impact
of the individual O(↵i

s↵
j) contributions. The common input parameters are described

in sec. 3.1, while pp ! tt̄W± and pp ! tt̄tt̄ results are described in secs. 3.2 and 3.3,
respectively. Conclusions are given in sec. 4.

2 Calculation framework for tt̄W± and tt̄tt̄ production at complete-NLO

Performing an expansion in powers of ↵s and ↵, a generic observable for the processes
pp ! tt̄W±(+X) and pp ! tt̄tt̄(+X) can be expressed as

⌃tt̄W±
(↵s,↵) =

X

m+n�2

↵m
s ↵n+1⌃tt̄W±

m+n+1,n , (2.1)

⌃tt̄tt̄(↵s,↵) =
X

m+n�4

↵m
s ↵n⌃tt̄tt̄

m+n,n , (2.2)

respectively, where m and n are positive integer numbers and we have used the notation
introduced in refs. [11, 17]. For tt̄W± production, LO contributions consist of ⌃tt̄W±

m+n+1,n

terms with m + n = 2 and are induced by tree-level diagrams only. NLO corrections are
given by the terms with m + n = 3 and are induced by the interference of diagrams from
the all the possible Born-level and one-loop amplitudes as well all the possible interferences
among tree-level diagrams involving one additional quark, gluon or photon emission. Anal-
ogously, for tt̄tt̄ production, LO contributions consist of ⌃tt̄tt̄

m+n,n terms with m + n = 4

and NLO corrections are given by the terms with m + n = 5. In this work we calculate
all the perturbative orders entering at the complete-NLO accuracy, i.e., m + n = 2, 3 for
⌃tt̄W±

(↵s,↵) and m+ n = 4, 5 for ⌃tt̄tt̄(↵s,↵).
Similarly to ref. [19], we introduce a more user-friendly notation for referring to the

different ⌃tt̄W±
m+n+1,n and ⌃tt̄tt̄

m+n,n quantities. At LO accuracy, we can denote the tt̄W± and
tt̄tt̄ observables as ⌃tt̄W±

LO and ⌃tt̄tt̄
LO and further redefine the perturbative orders entering

these two quantities as

⌃tt̄W±
LO (↵s,↵) = ↵2

s↵⌃
tt̄W±
3,0 + ↵s↵⌃

tt̄W±
3,1 + ↵2⌃tt̄W±

3,2

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 , (2.3)

⌃tt̄tt̄
LO(↵s,↵) = ↵4

s⌃
tt̄tt̄
4,0 + ↵3

s↵⌃
tt̄tt̄
4,1 + ↵2

s↵
2⌃tt̄tt̄

4,2 + ↵3
s↵⌃

tt̄tt̄
4,3 + ↵4⌃tt̄tt̄

4,4

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 + ⌃LO4 + ⌃LO5 . (2.4)

In a similar fashion the NLO corrections and their single perturbative orders can be defined
as

⌃tt̄W±
NLO (↵s,↵) = ↵3

s↵⌃
tt̄W±
4,0 + ↵2

s↵
2⌃tt̄W±

4,1 + ↵s↵
3⌃tt̄W±

4,2 + ↵4⌃tt̄W±
4,3

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 , (2.5)

⌃tt̄tt̄
NLO(↵s,↵) = ↵5

s⌃
tt̄tt̄
5,0 + ↵4

s↵
1⌃tt̄tt̄

5,1 + ↵3
s↵

2⌃tt̄tt̄
5,2 + ↵2

s↵
3⌃tt̄tt̄

5,3 + ↵1
s↵

4⌃tt̄tt̄
5,4 + ↵5⌃tt̄tt̄

5,5

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 + ⌃NLO5 + ⌃NLO6 . (2.6)
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Figure 3. Representative diagrams for the Born gg ! tt̄tt̄ amplitude. The left diagram is of
O(↵2

s), the right one is of O(↵s↵). Both diagrams involve tt ! tt scattering contributions.

in detail in ref. [38], where giant K-factors for the pT (tt̄) distribution have been found.
Large QCD corrections are induced also by the opening of the gq ! tt̄W±q0 channels,
which depend on the gluon luminosity and are therefore enhanced for high-energy proton–
proton collisions. Moreover, the pT (tt̄) distribution receives an additional log2(p2T (tt̄)/m2

W )

enhancement in the qg initial-state subprocess (see left diagram in Fig. 2 and ref. [38] for
a detailed discussion). Also, the impact of soft-gluon emissions is non-negligible and their
resummed contribution has been calculated in refs. [39–41] up to next-to-next-to-leading-
logarithmic accuracy. The NLO2 has been calculated for the first time in ref. [18] and
further phenomenological studies have been provided in ref. [42]. In a boosted regime, due
to Sudakov logarithms, the NLO2 contribution can be as large as the NLO QCD scale
uncertainty.

The NLO3 and NLO4 contributions are calculated for the first time here. In particular,
the NLO3 contribution is expected to be sizeable since it contains gq ! tt̄W±q0 real-
emission channels that involve EW tW ! tW scattering (see right diagram in Fig. 2),
which as pointed out in ref. [33] can be quite large. Moreover, as in the case of NLO1,
due to the initial-state gluon this channel becomes even larger by increasing the energy of
proton–proton collisions.1 The tW ! tW scattering is present also in the NLO4 via the
�q ! tt̄W±q0, however in this case its contribution is suppressed by a factor ↵/↵s and
especially by the smaller luminosity of the photon. In addition to the real radiation of
quarks, also the qq̄0 ! tt̄W±g and qq̄0 ! tt̄W±� processes contribute to the NLO3 and
NLO4, respectively. Concerning virtual corrections, the NLO4 receives contributions only
from one-loop amplitudes of O(↵5/2), interfering with O(↵3/2) Born diagrams. Instead,
the NLO3 receives contributions both from O(↵5/2) and O(↵s↵3/2) one-loop amplitudes
interfering with O(↵s↵1/2) and O(↵3/2) Born diagrams, respectively. Clearly, due to the
different charges, NLOi terms are different for the tt̄W+ and tt̄W� case, however, since we
did not find large qualitative differences at the numerical level, we provide only inclusive
results for tt̄W± production.

We now turn to the case of tt̄tt̄ production, whose calculation involves a much higher

1In tt̄Z(tt̄H) production the NLO3 contributions feature tH ! tH(tZ ! tZ) scattering in gq !
tt̄Zq(gq ! tt̄Hq) real-emission channels. However, at variance with tt̄W± production, the gg initial state
is available at LOQCD. Thus, the qg luminosity is not giving an enhancement and the relative impact from
NLO3 is smaller than in tt̄W± production.
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The gg initial-state is giving  ~90% 
of LO cross section at 13 TeV and 
almost all the cross section at 100 
TeV.  
There is no gg contribution at LO4 
and LO5.
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Cross sections
13 TeV 100 TeV

�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �26.0 �28.3 �30.5

LO3 32.6 39.0 45.9

LO4 0.2 0.3 0.4

LO5 0.02 0.03 0.05

NLO1 14.0 62.7 103.5

NLO2 8.6 �3.3 �15.1

NLO3 �10.3 1.8 16.1

NLO4 2.3 2.8 3.6

NLO5 0.12 0.16 0.19

NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �1.7 �1.6 0.9

Table 7. tt̄tt̄: �(N)LOi
/�LOQCD ratios at 13 TeV, for different values of µ = µr = µf .

large. Indeed, NLO2 and NLO3 terms involve explicit logarithms of µ that compensate
the PDF and ↵s scale dependence at LO2 and LO3 accuracy, respectively. Thus, in tt̄tt̄

production, at variance with most of the other production processes studied in the literature,
quoting the relative size of NLOEW ⌘ NLO2 or NLO3 corrections without specifying the
QCD-renormalisation and factorisation scale is simply meaningless. Moreover, �NLO2 and
�NLO3 corrections can separately be very large, easily reaching ±15% (depending on the value
of µ). Surprisingly, for our central value of the renormalisation and factorisation scales, the
�NLO2 and �NLO3 are almost zero8, particularly for 13 TeV. On the other hand, if we had
taken HT /2 or even mtt̄tt̄ as our central scale choice, the NLO2 and NLO3 corrections
relative to the LO1, �NLO2 and �NLO3 , would have been much larger. Still, even for the
central value µ = HT /4, the corrections are much larger than foreseen, especially for �NLO3

which naively is expected to be of order ↵3
s↵

2/↵4
s = ↵2/↵s ⇠ 0.1% level. On the other hand,

the relative cancellation observed between NLO2 and NLO3 contributions is even larger than
in the case of LO2 and LO3. As can be seen in the last rows of Tabs. 7 and 8, at the inclusive
level the sum of the ratios �NLO2 + �NLO3 is not only small, but also stable under scale
variation,9 resulting in corrections of at most a few percents w.r.t. the LOQCD. Furthermore,
particularly at 13 TeV, �NLO2 + �NLO3 receives also additional cancellations when summed
to �NLO4 , which itself is much larger than the expected ↵2

s↵
3/↵4

s = ↵3/↵2
s ⇠ 0.01% level.

To the best of our understanding, these cancellations are accidental.
These large and accidental cancellations among the (N)LOi terms with i > 1 are

particularly relevant from a BSM perspective, since the level of these cancellations may
be altered by new physics. As an example, we can refer to the case of an anomalous yt
coupling, which, as we have already mentioned, has been considered in the tree-level analysis

8Our choice for the central value of the scales has not been tuned in order to reduce the effects from
the NLO2 and NLO3. Rather, it is motivated by the study in ref. [38], which deals only with the LO1 and
NLO1.

9We verified this feature also with different functional forms for the scale µ.
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�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �18.7 �20.7 �22.8

LO3 26.3 31.8 37.8

LO4 0.05 0.07 0.09

LO5 0.03 0.05 0.08

NLO1 33.9 68.2 98.0

NLO2 �0.3 �5.7 �11.6

NLO3 �3.9 1.7 8.9

NLO4 0.7 0.9 1.2

NLO5 0.12 0.14 0.16

NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �4.2 �4.0 2.7

Table 8. tt̄tt̄: �(N)LOi
/�LOQCD ratios at 100 TeV, for different values of µ = µr = µf .

of ref. [34]. Terms proportional to y2t are present in all the (N)LOi with i � 2 and terms
proportional to y4t are present in all the (N)LOi with i � 3, but also terms proportional to
y6t are present for any i � 3. Moreover, also contributions proportional to yt, y3t and y5t are
possible. Similar considerations apply also to other new physics effects in tt̄tt̄ production
(see, e.g., ref. [64] and references therein for scenarios already analysed in the literature).

In order to understand the hierarchy of the different (N)LOi contributions, it is impor-
tant to note that at 13 TeV and especially at 100 TeV the total cross section is dominated
by the gg initial state (see, e.g., ref. [38]). For this reason, the LO4, LO5, NLO5 and NLO6

contributions, which are vanishing for the gg initial state, are much smaller than the other
contributions. The modest scale dependence of �NLO4 is also induced by this feature; the
NLO4 contribution mainly arises from “EW corrections” to gg-induced LO3 contributions,
which do not have any explicit dependence on µ; and therefore the scale dependence of the
NLO4 follows the scale dependence of the LO3 to a large extent.

Differential distributions

We now move to the description of the results at the differential level, where we consider the
following distributions: the invariant mass of the four (anti)top quarks m(tt̄tt̄) (Fig. 9), the
sum of the transverse masses of all the particles in the final state HT as defined in eq. (3.5)
(Fig. 10), the transverse momenta of the hardest of the two top quarks pT (t1) (Fig. 11), and
the rapidity of the softest one y(t2) (Fig. 12). At variance with the case of tt̄W± production
in sec. 3.2, we organise plots according to the observable considered. In the figures we
display 13 TeV results on the left and 100 TeV results on the right. In the upper plots of
each of these figures we provide predictions at different levels of accuracy, using a similar
layout10 as in Figs. 5 and 6, which is described in detail in sec. 3.2. Also for tt̄tt̄ production,
comparisons among the scale uncertainties of the LOQCD and LOQCD+NLOQCD result have

10At variance with tt̄W± production, we do not show LOQCD + NLOQCD + NLOEW predictions. This
level of accuracy is rather artificial, since the NLOEW ⌘ NLO2 terms are dominated by “QCD corrections”
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Naive estimate

LO2 and LO3 are large and have also large cancellations. 
NLO2 and NLO3 are mainly given by ‘QCD corrections’ on top of them, so they are large 
and strongly depend on the scale choice, at variance with standard EW corrections. 
Accidentally, relatively to LO1 , NLO2+NLO3 scale dependence almost disappear. 
What happens if BSM enters into the game? Anomalous yt ? 
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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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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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13 TeV

!24

Large cancellations among (N)LO2 and (N)LO3 
are present also at the differential level,  
At the threshold also NLO4 is large.

Frederix, DP, 
Zaro ’17
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Figure 1: Schematic representation of the interplay between operators and processes,

focussing on single-top production and associated channels. Six (five at LO and one at

NLO in QCD) operators enter single-top production (tj, blue square), and are therefore

also present in Z boson (tZj, red square) and in Higgs (tHj, purple square) associated

production. Operators exist that contribute to either tZj or tHj and also to both processes

without contributing to tj. The operators entering in diboson (V V ) production are a subset

(green square) of those contributing to tZj, while some of the operators contributing to

Higgs associated production (V H) and Vector Boson Fusion (VBF, orange dashed square)

are shared between tHj and tZj.

e↵orts of automating NLO SMEFT simulations for colliders [31]. Using these results,

we perform sensitivity studies of current and future inclusive measurements of the two

processes, contrasting them with existing limits on the operators of interest. Finally, we

present di↵erential distributions for a number of selected benchmark values of the Wilson

coe�cients inspired by current limits, highlighting the possibility of large deviations in the

high energy regime of both processes.

This paper is organised as follows. In Section 2 we establish the notation and the

conventions, we identify the set of operators entering tj, tZj and tHj and we establish

which ones can lead to an energy growth. In Section 3 a summary of the current constraints

available on the Wilson coe�cients of the corresponding operators is given. In Section 4

results for total cross sections as well as distributions are presented, operator by operator

and the prospects of using tZj and tHj to constrain new interactions are discussed. The

last section presents our conclusions and the outlook.

– 3 –

tHj and tZj: the EFT perspective

SMEFT effects from the Higgs, Top and EW sectors have to be taken into 
account for consistency. On the other hand, no QCD EFT effects are present. 

A complete analysis at NLO QCD accuracy has been performed in: 
  Degrande, Maltoni, Mimasu, Vryonidou, Zhang ‘18
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SMEFT in tHj/tZj

Access the bW→tH & bW→tZ sub-amplitudes 
• Rich interplay between EFT operators from different sectors 
• Different energy growth and interference with the SM 
• Potentially bring new information at high pT
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LHC sensitivity
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r=σi/σSM

Usual EFT story: looking at high energy tails increases sensitivity 
Compare to single top which has a much larger rate

Increased sensitivity 
for weak dipoles

New energy growths 
w.r.t single top

Single top should 
eventually outperform 
tHj/tZj for four fermion 
operators

Consistent with 2→2 
subamplitude analysis

K. Mimasu talk at Higgs Coupling 2018



Conclusion

Rare top-quark processes predictions can be easily altered by NP effects 
that can appear both at LO or at NLO (QCD and EW). 

Precise predictions in top-quark physics must take into account both 
QCD  and  EW  effects  (even  Complete-NLO)  in  order  to  correctly 
identify possible BSM effects.  

!28
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m(tt̄W+)/2-based scales

Order � [fb] AC [%]

LOQCD 225.45(1)
+51.61(+22.9%)
�39.41(�17.5%)

+5.85(+2.6%)
�5.85(�2.6%) 0

NLOQCD 355.69(4)
+43.50(+12.2%)
�39.29(�11.0%)

+8.12(+2.3%)
�8.12(�2.3%) 2.58(1)

+0.50(+19.4%)
�0.37(�14.3%)

+0.08(+2.9%)
�0.08(�2.9%)

NLO 376.58(5)
+46.52(+12.4%)
�41.73(�11.1%)

+8.02(+2.1%)
�8.02(�2.1%) 2.76(2)

+0.45(+16.1%)
�0.33(�12.0%)

+0.09(+3.2%)
�0.09(�3.2%)

nNLOQCD 363.13(4)
+37.14(+10.2%)
�27.29(�7.5%)

+8.3(+2.3%)
�8.3(�2.3%) 3.33(2)

+0.16(+4.7%)
�0.12(�3.6%)

+0.08(+2.4%)
�0.08(�2.4%)

nNLO 384.02(5)
+40.16(+10.5%)
�29.73(�7.7%)

+8.20(+2.1%)
�8.20(�2.1%) 3.47(2)

+0.18(+5.1%)
�0.15(�4.3%)

+0.09(+2.7%)
�0.09(�2.7%)

NLOQCD+NNLL 347.1(1)
+23.9(+6.9%)
�14.4(�4.2%)

+7.9(+2.3%)
�7.9(�2.3%) –

NLO+NNLL 368.0(1)
+26.5(+7.2%)
�16.2(�4.4%)

+7.8(+2.1%)
�7.8(�2.1%) –

HT /2-based scales

Order � [fb] AC [%]

LOQCD 241.146(9)
+57.030(+23.6%)
�43.182(�17.9%)

+6.367(+2.6%)
�6.367(�2.6%) 0

NLOQCD 375.64(4)
+47.98(+12.8%)
�42.76(�11.4%)

+8.4(+2.2%)
�8.43(�2.2%) 2.78(1)

+0.56(+20.3%)
�0.41(�14.9%)

+0.08(+2.9%)
�0.08(�2.9%)

NLO 397.90(6)
+51.39(+12.9%)
�45.48(�11.4%)

+8.3(+2.1%)
�8.32(�2.1%) 2.94(2)

+0.51(+17.7%)
�0.38(�13.0%)

+0.10(+3.2%)
�0.10(�3.2%)

nNLOQCD 380.31(4)
+42.52(+11.2%)
�32.34(�8.5%)

+8.55(+2.2%)
�8.55(�2.2%) 3.26(3)

+0.17(+5.3%)
�0.02(�0.7%)

+0.09(+2.6%)
�0.09(�2.6%)

nNLO 402.57(6)
+45.94(+11.4%)
�35.06(�8.7%)

+8.44(+2.1%)
�8.44(�2.1%) 3.39(3)

+0.19(+5.7%)
�0.06(�1.8%)

+0.10(+2.9%)
�0.10(�2.9%)

NLOQCD+NNLL 378.1(1)
+32.4(+8.6%)
�21.7(�5.7%)

+8.5(+2.2%)
�8.5(�2.2%) –

NLO+NNLL 400.4(1)
+35.3(+8.8%)
�23.4(�5.9%)

+8.4(+2.1%)
�8.4(�2.1%) –

Combined scales

Order � [fb] AC [%]

LOQCD 233.297(8)
+64.88(+27.8%)
�47.26(�20.3%)

+6.16(+2.6%)
�6.16(�2.6%) 0

NLOQCD 365.66(3)
+57.95(+15.85%)
�49.27(�13.5%)

+8.35(+2.3%)
�8.35(�2.3%) 2.68(1)

+0.66(+24.6%)
�0.47(�17.4%)

+0.08(+2.9%)
�0.08(�2.9%)

NLO 387.24(4)
+62.05(+16.0%)
�52.39(�13.5%)

+8.25(+2.1%)
�8.25(�2.1%) 2.85(1)

+0.60(+21.1%)
�0.42(�14.7%)

+0.09(+3.2%)
�0.09(�3.2%)

nNLOQCD 371.72(3)
+51.11(+13.8%)
�35.88(�9.7%)

+8.50(+2.3%)
�8.50(�2.3%) 3.30(2)

+0.19(+5.8%)
�0.08(�2.5%)

+0.09(+2.6%)
�0.09(�2.6%)

nNLO 393.29(4)
+55.21(+14.0%)
�39.00(�9.9%)

+8.40(+2.1%)
�8.40(�2.1%) 3.43(2)

+0.21(+6.2%)
�0.11(�3.3%)

+0.10(+2.9%)
�0.10(�2.9%)

NLOQCD+NNLL 362.59(8)
+47.94(+13.2%)
�29.95(�8.3%)

+8.26(+2.3%)
�8.26(�2.3%) –

NLO+NNLL 384.17(9)
+51.52(+13.4%)
�32.36(�8.4%)

+8.16(+2.1%)
�8.16(�2.1%) –

Table 1. Cross sections and asymmetry for tt̄W+ production for the 13 TeV LHC at various
accuracies. The top part of the table corresponds to scales based on m(tt̄W+)/2, the middle part
on HT /2, while the lower part contains our best predictions based on combining the two scale
choices. For the cross sections and asymmetry, the first number in brackets corresponds to the
statistical uncertainty in the Monte Carlo integration, the second is the uncertainty coming from
missing higher orders (including their relative values) and the final is the uncertainty coming from
the parton distribution functions (including their relative values).

– 13 –

:  Complete-NLO with resummation at NNLLtt̄W+



m(tt̄H)/2-based scales

Order � [fb] AC [%]

LOQCD 327.65(4)
+94.18(+28.7%)
�68.46(�20.9%)

+7.11(+2.2%)
�7.11(�2.2%) 0

NLOQCD 463.70(8)
+45.1(+9.7%)
�49.72(�10.7%)

+11.08(+2.4%)
�11.08(�2.4%) 0.84(2)

+0.19(+22.2%)
�0.13(�15.8%)

+0.04(+4.2%)
�0.04(�4.2%)

NLO 475.68(8)
+46.94(+9.9%)
�51.11(�10.7%)

+11.21(+2.4%)
�11.21(�2.4%) 1.01(2)

+0.19(+19.0%)
�0.14(�13.6%)

+0.04(+4.0%)
�0.04(�4.0%)

nNLOQCD 490.38(8)
+18.46(+3.8%)
�9.61(�2.0%)

+11.82(+2.4%)
�11.82(�2.4%) 0.79(5)

+0.30(+38.5%)
�0.00(�0.0%)

+0.04(+5.1%)
�0.04(�5.1%)

nNLO 502.36(8)
+20.27(+4.0%)
�10.99(�2.2%)

+11.95(+2.4%)
�11.95(�2.4%) 0.95(5)

+0.28(+29.5%)
�0.00(�0.0%)

+0.05(+4.7%)
�0.05(�4.7%)

NLOQCD+NNLL 479.1(1)
+29.0(+6.1%)
�24.2(�5.0%)

+11.5(+2.4%)
�11.5(�2.4%) –

NLO+NNLL 491.1(1)
+27.8(+5.7%)
�24.0(�4.9%)

+11.6(+2.4%)
�11.6(�2.4%) –

HT /2-based scales

Order � [fb] AC [%]

LOQCD 344.86(4)
+101.38(+29.4%)
�73.22(�21.2%)

+7.61(+2.2%)
�7.61(�2.2%) 0

NLOQCD 472.22(7)
+41.31(+8.7%)
�48.83(�10.3%)

+11.41(+2.4%)
�11.41(�2.4%) 0.92(2)

+0.22(+23.9%)
�0.16(�17.1%)

+0.04(+4.2%)
�0.04(�4.2%)

NLO 484.31(7)
+43.15(+8.9%)
�50.24(�10.4%)

+11.55(+2.4%)
�11.55(�2.4%) 1.09(2)

+0.23(+20.9%)
�0.16(�14.7%)

+0.04(+4.0%)
�0.04(�4.0%)

nNLOQCD 490.17(8)
+15.35(+3.1%)
�8.95(�1.8%)

+11.92(+2.4%)
�11.92(�2.4%) 0.94(5)

+0.003(+0.3%)
�0.09(�9.4%)

+0.04(+4.6%)
�0.04(�4.6%)

nNLO 502.26(7)
+17.19(+3.4%)
�10.37(�2.1%)

+12.06(+2.4%)
�12.06(�2.4%) 1.11(5)

+0.03(+2.5%)
�0.11(�9.6%)

+0.05(+4.3%)
�0.05(�4.3%)

NLOQCD+NNLL 489.58(9)
+34.35(+7.0%)
�22.54(�4.6%)

+11.91(+2.4%)
�11.91(�2.4%) –

NLO+NNLL 501.67(9)
+33.34(+6.6%)
�22.54(�4.5%)

+12.05(+2.4%)
�12.05(�2.4%) –

Combined scales

Order � [fb] AC [%]

LOQCD 336.25(3)
+109.98(+32.7%)
�77.07(�22.9%)

+7.42(+2.2%)
�7.42(�2.2%) 0

NLOQCD 467.96(5)
+45.57(+9.7%)
�53.98(�11.5%)

+11.31(+2.4%)
�11.31(�2.4%) 0.88(1)

+0.25(+28.9%)
�0.17(�19.2%)

+0.04(+4.2%)
�0.04(�4.2%)

NLO 479.99(5)
+47.46(+9.9%)
�55.42(�11.5%)

+11.45(+2.4%)
�11.45(�2.4%) 1.05(1)

+0.27(+25.5%)
�0.18(�16.8%)

+0.04(+4.0%)
�0.04(�4.0%)

nNLOQCD 490.27(6)
+18.56(+3.8%)
�9.50(�1.9%)

+11.93(+2.4%)
�11.93(�2.4%) 0.87(4)

+0.23(+26.4%)
�0.01(�1.5%)

+0.04(+5.1%)
�0.04(�5.1%)

nNLO 502.31(6)
+20.32(+4.0%)
�10.95(�2.2%)

+12.06(+2.4%)
�12.06(�2.4%) 1.03(4)

+0.20(+19.5%)
�0.03(�2.6%)

+0.05(+4.7%)
�0.05(�4.7%)

NLOQCD+NNLL 484.33(7)
+39.60(+8.2%)
�29.43(�6.1%)

+11.78(+2.4%)
�11.78(�2.4%) –

NLO+NNLL 496.36(7)
+38.64(+7.8%)
�29.35(�5.9%)

+11.92(+2.4%)
�11.92(�2.4%) –

Table 3. Similar to tab. 1 but for tt̄H production.

NLO QCD corrections. The contributions from the EW corrections (and more subleading
EW contributions) increases the NLOQCD cross section by 2.5%, which is a small correction
when compared to the scale uncertainty which, even though the latter is more than a factor
two smaller than at LO, remains of the order of ±10%.

Including QCD corrections beyond the NLO, the agreement between the predictions
made with the two scale choices is rather remarkable at the approximate NNLO level: the

– 17 –

:  Complete-NLO with resummation at NNLLtt̄H



m(tt̄Z)/2-based scales

Order � [fb] AC [%]

LOQCD 463.90(4)
+133.53(+28.8%)
�96.96(�20.9%)

+10.30(+2.2%)
�10.30(�2.2%) 0

NLOQCD 732.9(1)
+92.7(+12.6%)
�90.1(�12.3%)

+17.0(+2.3%)
�17.0(�2.3%) 0.76(2)

+0.16(+21.6%)
�0.12(�16.1%)

+0.05(+6.3%)
�0.05(�6.3%)

NLO 741.5(1)
+92.3(+12.4%)
�89.9(�12.1%)

+17.2(+2.3%)
�17.2(�2.3%) 0.85(2)

+0.16(+18.80%)
�0.12(�13.9%)

+0.05(+5.3%)
�0.05(�5.3%)

nNLOQCD 811.9(1)
+36.7(+4.5%)
�24.7(�3.0%)

+18.9(+2.3%)
�18.9(�2.3%) 0.91(6)

+0.06(+6.8%)
�0.03(�2.9%)

+0.05(+5.9%)
�0.05(�5.9%)

nNLO 820.5(1)
+36.4(+4.4%)
�24.4(�3.0%)

+19.1(+2.3%)
�19.1(�2.3%) 0.99(6)

+0.06(+5.8%)
�0.02(�2.3%)

+0.05(+5.2%)
�0.05(�5.2%)

NLOQCD+NNLL 790.7(2)
+61.5(+7.8%)
�66.2(�8.4%)

+18.4(+2.3%)
�18.4(�2.3%) –

NLO+NNLL 799.3(2)
+61.7(+7.7%)
�66.3(�8.3%)

+18.6(+2.3%)
�18.6(�2.3%) –

HT /2-based scales

Order � [fb] AC [%]

LOQCD 504.63(8)
+150.89(+29.9%)
�108.36(�21.5%)

+11.2(+2.3%)
�11.52(�2.3%) 0

NLOQCD 769.5(3)
+92.7(+12.1%)
�93.6(�12.2%)

+18.2(+2.4%)
�18.2(�2.4%) 0.82(4)

+0.20(+24.5%)
�0.13(�16.6%)

+0.05(+5.9%)
�0.05(�5.9%)

NLO 777.4(3)
+92.1(+11.8%)
�93.2(�12.0%)

+18.3(+2.4%)
�18.3(�2.4%) 0.90(4)

+0.19(+21.7%)
�0.13(�14.1%)

+0.05(+5.1%)
�0.05(�5.1%)

nNLOQCD 822.3(3)
+37.1(+4.5%)
�25.2(�3.1%)

+19.5(+2.4%)
�19.5(�2.4%) 1.00(5)

+0.00(+0.0%)
�0.05(�4.7%)

+0.05(+5.3%)
�0.05(�5.3%)

nNLO 830.2(3)
+36.5(+4.4%)
�24.7(�3.0%)

+19.6(+2.4%)
�19.6(�2.4%) 1.08(5)

+0.00(+0.0%)
�0.05(�4.5%)

+0.05(+4.7%)
�0.05(�4.7%)

NLOQCD+NNLL 814.5(3)
+77.4(+9.5%)
�51.8(�6.4%)

+19.3(+2.4%)
�19.3(�2.4%) –

NLO+NNLL 822.5(3)
+77.7(+9.4%)
�51.9(�6.3%)

+19.4(+2.4%)
�19.4(�2.4%) –

Combined scales

Order � [fb] AC [%]

LOQCD 484.26(4)
+171.26(+35.4%)
�117.32(�24.2%)

+11.05(+2.3%)
�11.05(�2.3%) 0

NLOQCD 751.2(1)
+111.1(+14.8%)
�108.5(�14.4%)

+17.7(+2.4%)
�17.7(�2.4%) 0.79(2)

+0.23(+29.0%)
�0.15(�19.1%)

+0.05(+6.3%)
�0.05(�6.3%)

NLO 759.5(1)
+110.1(+14.5%)
�107.8(�14.2%)

+17.9(+2.4%)
�17.9(�2.4%) 0.87(2)

+0.22(+25.0%)
�0.14(�16.2%)

+0.05(+5.3%)
�0.05(�5.3%)

nNLOQCD 817.1(1)
+42.3(+5.2%)
�29.9(�3.7%)

+19.3(+2.4%)
�19.3(�2.4%) 0.96(4)

+0.02(+1.7%)
�0.07(�7.5%)

+0.06(+5.8%)
�0.06(�5.8%)

nNLO 825.4(1)
+41.3(+5.0%)
�29.3(�3.5%)

+19.5(+2.4%)
�19.5(�2.4%) 1.03(4)

+0.01(+1.4%)
�0.07(�6.3%)

+0.05(+5.2%)
�0.05(�5.2%)

NLOQCD+NNLL 802.6(2)
+89.4(+11.1%)
�78.1(�9.7%)

+19.0(+2.4%)
�19.0(�2.4%) –

NLO+NNLL 810.9(2)
+89.2(+11.0%)
�77.8(�9.6%)

+19.1(+2.4%)
�19.1(�2.4%) –

Table 4. Similar to tab. 1 but for tt̄Z production.

prediction for tt̄Z production is given by the combined-scales prediction at the NLO+NNLL
accuracy, yielding a total cross section of about 811 fb, with an uncertainty from missing
higher orders at the level of +11%

�10%. This prediction already includes the contributions from
the NLO EW corrections (and further subleading EW terms), which are rather small for
the total cross sections; they increase it by about 1% and fall therefore well within the
theory uncertainty band.
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Figure 1: Di↵erential distributions for tt̄W± production at 27 TeV. For the plots on the right,
the jet veto of eq. (??) has been applied. The main panels show the scale-uncertainty bands for
LOQCD + NLOQCD (black) and LO + NLO (pink), and central value of LOQCD; In the lower
inset the scale-uncertainty bands are normalised to the LOQCD + NLOQCD central value and
also the LOQCD +NLOQCD +NLOEW prediction (blue) is displayed.
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Figure 1: Di↵erential distributions for tt̄W± production at 27 TeV. For the plots on the right,
the jet veto of eq. (??) has been applied. The main panels show the scale-uncertainty bands for
LOQCD + NLOQCD (black) and LO + NLO (pink), and central value of LOQCD; In the lower
inset the scale-uncertainty bands are normalised to the LOQCD + NLOQCD central value and
also the LOQCD +NLOQCD +NLOEW prediction (blue) is displayed.

3

preliminary



ttWj as a probe of tW —> tW scattering
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Figure 1: tW ! tW scattering at the LHC. For definiteness, in the inset we show the diagrams
corresponding to tW� ! tW�.

To summarize, in certain two to two scattering processes the sensitivity to non-standard top-Z
couplings is enhanced at high energies, possibly overcoming the limited experimental precision.
The enhancement scales as c̄ p2/v2 ⇠ g2⇤p

2/⇤2, which can be much larger than one in models
where g⇤ � 1, without being in conflict with the e↵ective field theory expansion, that is p2 <
⇤2. This approach then takes advantage of the high scattering energies accessible at the LHC.
We explicitly demonstrate its e↵ectiveness in the next section, focusing on tW ! tW .

3 tW ! tW scattering as case study

Our goal is to study the scattering amplitudes involving tops (and/or bottoms) and W,Z or
h that increase at high energies, and to exploit this growth to probe top-Z interactions. After
examining all the possible combinations, we focus on the process tW ! tW . Our motivation
for this choice is threefold:

1. The amplitude for tW ! tW scattering grows with the square of the energy if either
the ZtLtL or the ZtRtR couplings deviate from their SM values.

2. The corresponding collider process, pp ! tt̄Wj, gives rise to same-sign leptons (SSL),
an extremely rare final state in the SM. This process arises at O(gsg3w) in the gauge
couplings, where gs denotes the strong coupling and gw any electroweak coupling, as
shown in Fig. 1.

3. The main irreducible background, pp ! tt̄W +jets at O(g2+n
s gw) with n � 0 the number

of jets, is insensitive to the details of the top sector, because the W is radiated o↵ a light
quark.

The amplitude for two to two scattering processes of the type  
1

+ �
1

!  
2

+ �
2

, where
 
1,2 = {t, b} and �

1,2 = {�± ⌘ (�
1

⌥ i�
2

)/
p
2, �

3

, h} are the longitudinal W±, Z or h, is most
conveniently expressed in the basis of chirality eigenstate spinors. Retaining only terms that
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understanding of the origin of the electroweak scale beyond what can be achieved at the LHC.

5.3 Non-Resonant Signatures
5.3.1 Measuring Top Couplings via tW/tZ Scattering
Although the top quark was discovered more than twenty years ago, some of its properties are still poorly
known. In particular, only recently the couplings of the top to the electroweak Z gauge boson have been
directly probed, in t¯tZ production at the LHC [801], though with uncertainties that are currently several
times the SM values, while projected sensitivities at Run-II are barely below 100% [802]. The lack of
experimental precision is due to the complicated environment in hadronic machines, aggravated by the
relatively high mass thresholds. However, in ref. [803] a different approach to probe the properties of the
top was put forward that takes advantage of the high energies accessible at hadronic machines: certain
scattering amplitudes, such as tW ! tW , grow quadratically with momenta whenever the electroweak
couplings of the top deviate from their SM predictions. Such a behaviour is reminiscent of WW scat-
tering when the Higgs couplings to the electroweak gauge bosons depart from the SM [804], and it is
a genuine signal of models where the top quark, along with the Higgs, is part of a strongly interacting
sector [805].20

As shown in Fig. 109, tW scattering participates in the process pp! t¯tWj, giving rise to a clean
same-sign leptons signature. A machine such as a hadron collider at 100 TeV would significantly profit
from the enhanced sensitivity to non-standard top couplings at high energies present in this channel,
thanks to the large momenta carried by the initial state partons. This is true already at the inclusive
level. The dominant background for such a search is expected to come from QCD production of pp !
t¯tW+0(1) jets, which arises at O(g2(3)s gw) and has a cross section �

QCD

⇡ 25 pb. The signal arises
at O(gsg3w), with a cross section �

EW

⇡ 4 pb (cross sections computed at LO with MadGraph5 [379]
and a custom FeynRules [104] model). These numbers should be compared with the QCD and EW
cross sections at the 13 TeV LHC, of ⇡ 0.7 pb and ⇡ 0.06 pb, respectively. Nevertheless, the potential
improvement in sensitivity can be best seen by studying the unique kinematical features of the final state
particles.

Let us be specific and focus on the Z coupling to the right-handed top quark,

cR gZtRtR
¯tR�µtRZµ , (118)

where gZtRtR = �2

3

(gs2w/cw) and cR = 1 in the SM. The effect on this coupling from heavy new
physics can be effectively parametrised by the dimension-6 operator [803]

ic̄R
v2

H† !DµH¯tR�µtR , (119)

and gives rise to a deviation from the SM, cR � 1 =

3

4

c̄R/s2w, of an expected size c̄R ⇠ g2⇤v2/⇤

2,
where ⇤ is the mass of the resonance that has been integrated out, and g⇤ its coupling to the top quark.
Such a non-standard coupling makes the scattering amplitude tW ! tW grow with energy. The leading
divergence is given by

M = � g2

2m2

W

q
ŝ(ŝ +

ˆt) c̄R + O(

p
ŝ) . (120)

The high energy behaviour of this amplitude has been explicitly shown in ref. [803].
Here we directly focus on the effects that such a high energy growth has on the kinematical vari-

ables associated with t¯tWj production. In particular, for a sizeable c̄R the particles that participate in
the strong scattering, the W and either one of the two tops (the other is a spectator), will have larger in-
variant masses than in the SM. This is depicted in Fig. 110, where we show the (normalized) distribution

20Indeed, its large mass indicates that the top quark is a key player in composite Higgs scenarios, and crucial BSM particles
such as the top-partners [623] could potentially be exchanged in tW scattering.
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(tt̄W )
QCD

(tt̄W )
EW

(tt̄Wj)
QCD

(tt̄Wj)
EW

(tt̄Wj)
full

1� �
full

�⇢⇢int

8 TeV
SM 130.6 0.99 94.0 12.6 104.1

0.19(4)
�R = 3.2 130.6 1.73 94.0 64.9 146.5

13 TeV
SM 347.9 2.85 341.3 56.0 386.1

0.02(15)
�R = 1 347.9 2.71 341.3 94.6 423.9

Table 1: Parton-level cross sections in femtobarns. By (tt̄Wj)
full

we denote the full amplitude
including the interference. For the tt̄Wj process we imposed the cuts pjT > 20 GeV and
|⌘| < 5. The quantity �

full,��int ⌘ ��

R

6=0

(t¯tWj)
full,EW

� �SM

(t¯tWj)
full,EW

is the deviation from the SM,

computed either including (‘full’) or neglecting (‘��int’) the interference. In the last column, the
uncertainty in parentheses refers to the last digit.

with the one-jet component of (tt̄W+jets)
QCD

, which we will label (tt̄Wj)
QCD

, thus a priori our
signal cannot be generated separately from the (tt̄W+jets)

QCD

process. A further subtlety
arises because the tt̄W final state can also be produced purely from weak interactions, at
O(g3w). To quantify these e↵ects, we compute inclusive parton-level cross sections for the SM
and one representative signal point, which is chosen to be �R = 3.2 at 8 TeV and �R = 1 at 13
TeV, roughly corresponding to the sensitivity of our analysis (see Figs. 3 and 5, respectively).
The cross sections are computed with MadGraph5 [49], employing a FeynRules [50] model
that allows us to add to the SM either the corrections �L,R to the top-Z couplings, or the

dim-6 operators proportional to c̄ (1)L , c̄ (3)L , c̄R. The model was validated against analytical
computations of several 2 ! 2 amplitudes, and employed for all the MC simulations used in
this paper. For the SM parameters we take the values

mZ = 91.19 GeV , ↵(mZ) = 1/127.9 , GF = 1.166⇥ 10�5 GeV�2 ,

↵s(mZ) = 0.1184 , mt = 173 GeV . (4.1)

Inspection of the inclusive cross sections in Table 1 shows that the pure electroweak contribu-
tion to tt̄W is very small, thus we will neglect it in our study. On the other hand, the e↵ect
of the interference between the (tt̄Wj)

QCD

and (tt̄Wj)
EW

amplitudes on the deviation from
the SM cross section in presence of anomalous top-Z couplings is at most 20%. Given the
exploratory nature of our study, for simplicity we choose to perform our analysis neglecting
the interference, and take into account its e↵ect by including a conservative 20% systematic
uncertainty on the (tt̄Wj)

EW

signal.

Because we neglect the interference, to compute the constraints on top-Z interactions we need
to apply the CMS cuts to the (tt̄Wj)

EW

process, and extract the dependence of the signal event
yield on the parameters �L,R and c̄L,R. The signal yield will then be summed to those of the
processes already simulated in Ref. [19], including (tt̄W+jets)

QCD

. Signal events are generated
with MadGraph5, employing our FeynRules model. Showering and hadronization e↵ects are
accounted for with Pythia 6.4 [51], and the detector simulation is performed using PGS4 [52].
To match Ref. [19], the following changes are made to the default CMS settings in PGS: the
b-tagging is modified to reproduce the performance of the medium working point of the CSV
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ttWj is part of inclusive ttW production, but the tW-scattering component 
does not appear neither at NLO QCD nor (squared) at NLO EW. 
It appears beyond NLO EW, in an EW subleading contribution, which 
anyway induces large NLO corrections.

!34



Complete-NLO

The structure of the paper is the following. In sec. 2 we describe the calculations and
we introduce a more suitable notation for referring to the various O(↵i

s↵
j) contributions. In

sec. 3 we provide numerical results at the inclusive and differential levels for complete-NLO
predictions for proton–proton collisions at 13 and 100 TeV. We discuss in detail the impact
of the individual O(↵i

s↵
j) contributions. The common input parameters are described

in sec. 3.1, while pp ! tt̄W± and pp ! tt̄tt̄ results are described in secs. 3.2 and 3.3,
respectively. Conclusions are given in sec. 4.

2 Calculation framework for tt̄W± and tt̄tt̄ production at complete-NLO

Performing an expansion in powers of ↵s and ↵, a generic observable for the processes
pp ! tt̄W±(+X) and pp ! tt̄tt̄(+X) can be expressed as

⌃tt̄W±
(↵s,↵) =

X

m+n�2

↵m
s ↵n+1⌃tt̄W±

m+n+1,n , (2.1)

⌃tt̄tt̄(↵s,↵) =
X

m+n�4

↵m
s ↵n⌃tt̄tt̄

m+n,n , (2.2)

respectively, where m and n are positive integer numbers and we have used the notation
introduced in refs. [11, 17]. For tt̄W± production, LO contributions consist of ⌃tt̄W±

m+n+1,n

terms with m + n = 2 and are induced by tree-level diagrams only. NLO corrections are
given by the terms with m + n = 3 and are induced by the interference of diagrams from
the all the possible Born-level and one-loop amplitudes as well all the possible interferences
among tree-level diagrams involving one additional quark, gluon or photon emission. Anal-
ogously, for tt̄tt̄ production, LO contributions consist of ⌃tt̄tt̄

m+n,n terms with m + n = 4

and NLO corrections are given by the terms with m + n = 5. In this work we calculate
all the perturbative orders entering at the complete-NLO accuracy, i.e., m + n = 2, 3 for
⌃tt̄W±

(↵s,↵) and m+ n = 4, 5 for ⌃tt̄tt̄(↵s,↵).
Similarly to ref. [19], we introduce a more user-friendly notation for referring to the

different ⌃tt̄W±
m+n+1,n and ⌃tt̄tt̄

m+n,n quantities. At LO accuracy, we can denote the tt̄W± and
tt̄tt̄ observables as ⌃tt̄W±

LO and ⌃tt̄tt̄
LO and further redefine the perturbative orders entering

these two quantities as

⌃tt̄W±
LO (↵s,↵) = ↵2

s↵⌃
tt̄W±
3,0 + ↵s↵⌃

tt̄W±
3,1 + ↵2⌃tt̄W±

3,2

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 , (2.3)

⌃tt̄tt̄
LO(↵s,↵) = ↵4

s⌃
tt̄tt̄
4,0 + ↵3

s↵⌃
tt̄tt̄
4,1 + ↵2

s↵
2⌃tt̄tt̄

4,2 + ↵3
s↵⌃

tt̄tt̄
4,3 + ↵4⌃tt̄tt̄

4,4

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 + ⌃LO4 + ⌃LO5 . (2.4)

In a similar fashion the NLO corrections and their single perturbative orders can be defined
as

⌃tt̄W±
NLO (↵s,↵) = ↵3

s↵⌃
tt̄W±
4,0 + ↵2

s↵
2⌃tt̄W±

4,1 + ↵s↵
3⌃tt̄W±

4,2 + ↵4⌃tt̄W±
4,3

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 , (2.5)

⌃tt̄tt̄
NLO(↵s,↵) = ↵5

s⌃
tt̄tt̄
5,0 + ↵4

s↵
1⌃tt̄tt̄

5,1 + ↵3
s↵

2⌃tt̄tt̄
5,2 + ↵2

s↵
3⌃tt̄tt̄

5,3 + ↵1
s↵

4⌃tt̄tt̄
5,4 + ↵5⌃tt̄tt̄

5,5

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 + ⌃NLO5 + ⌃NLO6 . (2.6)
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Figure 2. Representative diagrams for the q̄g ! tt̄W±q̄0 real-emission amplitudes. The left
diagram is of O(↵3/2

s ↵1/2) and leads to log2(p2T (tt̄)/m
2
W ) terms in the NLO1 contribution. The

right one is of O(↵1/2
s ↵3/2), involves the tW ! tW scattering and contributes to the NLO3.

In the following we will use the symbols ⌃(N)LOi
or interchangeably their shortened

aliases (N)LOi for referring to the different perturbative orders. Clearly the ⌃(N)LOi
terms

in tt̄W± production, eqs. (2.3) and (2.5), and in tt̄tt̄ production, eqs. (2.4) and (2.6), are
different quantities. One should bear in mind that, usually, with the term “LO” one refers
only to LO1, which here we will also denote as LOQCD, while an observable at NLO QCD
accuracy is ⌃LO1 +⌃NLO1 , which we will also denote as LOQCD +NLOQCD. The so-called
NLO EW corrections which are of O(↵) w.r.t. the LO1, are the ⌃NLO2 terms, so we will also
denote it as NLOEW. Since in this article we will use the (N)LOi notation, the term “LO”
will refer to the sum of all the LOi contributions rather than LO1 alone. The prediction
at complete-NLO accuracy, which is the sum of all the LOi and NLOi terms, will be also
denoted as “LO +NLO”.

We now turn to the description of the structures underlying the calculation of tt̄W±

and tt̄tt̄ predictions at complete-NLO accuracy. We start with tt̄W± production, which is
in turn composed by tt̄W+ and tt̄W� production, and then we move to tt̄tt̄ production.

In tt̄W+(tt̄W�)production, tree-level diagrams originate only from ud̄(ūd) initial states
(u and d denote generic up- and down-type quarks), where a W+(W�) is radiated from the
u(d) quark and the tt̄ pair is produced either via a gluon or a photon/Z boson (see Fig. 1).
The former class of diagrams leads to the LO1 via squared amplitude, the latter to LO3.
The interference between these two classes of diagrams is absent due to colour, thus LO2

is analytically zero. Conversely, all the NLOi contributions are non-vanishing.
The NLO1 is in general large, it has been calculated in refs. [10, 35–37] and studied
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The structure of the paper is the following. In sec. 2 we describe the calculations and
we introduce a more suitable notation for referring to the various O(↵i

s↵
j) contributions. In

sec. 3 we provide numerical results at the inclusive and differential levels for complete-NLO
predictions for proton–proton collisions at 13 and 100 TeV. We discuss in detail the impact
of the individual O(↵i

s↵
j) contributions. The common input parameters are described

in sec. 3.1, while pp ! tt̄W± and pp ! tt̄tt̄ results are described in secs. 3.2 and 3.3,
respectively. Conclusions are given in sec. 4.

2 Calculation framework for tt̄W± and tt̄tt̄ production at complete-NLO

Performing an expansion in powers of ↵s and ↵, a generic observable for the processes
pp ! tt̄W±(+X) and pp ! tt̄tt̄(+X) can be expressed as

⌃tt̄W±
(↵s,↵) =

X

m+n�2

↵m
s ↵n+1⌃tt̄W±

m+n+1,n , (2.1)

⌃tt̄tt̄(↵s,↵) =
X

m+n�4

↵m
s ↵n⌃tt̄tt̄

m+n,n , (2.2)

respectively, where m and n are positive integer numbers and we have used the notation
introduced in refs. [11, 17]. For tt̄W± production, LO contributions consist of ⌃tt̄W±

m+n+1,n

terms with m + n = 2 and are induced by tree-level diagrams only. NLO corrections are
given by the terms with m + n = 3 and are induced by the interference of diagrams from
the all the possible Born-level and one-loop amplitudes as well all the possible interferences
among tree-level diagrams involving one additional quark, gluon or photon emission. Anal-
ogously, for tt̄tt̄ production, LO contributions consist of ⌃tt̄tt̄

m+n,n terms with m + n = 4

and NLO corrections are given by the terms with m + n = 5. In this work we calculate
all the perturbative orders entering at the complete-NLO accuracy, i.e., m + n = 2, 3 for
⌃tt̄W±

(↵s,↵) and m+ n = 4, 5 for ⌃tt̄tt̄(↵s,↵).
Similarly to ref. [19], we introduce a more user-friendly notation for referring to the

different ⌃tt̄W±
m+n+1,n and ⌃tt̄tt̄

m+n,n quantities. At LO accuracy, we can denote the tt̄W± and
tt̄tt̄ observables as ⌃tt̄W±

LO and ⌃tt̄tt̄
LO and further redefine the perturbative orders entering

these two quantities as

⌃tt̄W±
LO (↵s,↵) = ↵2

s↵⌃
tt̄W±
3,0 + ↵s↵⌃

tt̄W±
3,1 + ↵2⌃tt̄W±

3,2

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 , (2.3)

⌃tt̄tt̄
LO(↵s,↵) = ↵4

s⌃
tt̄tt̄
4,0 + ↵3

s↵⌃
tt̄tt̄
4,1 + ↵2

s↵
2⌃tt̄tt̄

4,2 + ↵3
s↵⌃

tt̄tt̄
4,3 + ↵4⌃tt̄tt̄

4,4

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 + ⌃LO4 + ⌃LO5 . (2.4)

In a similar fashion the NLO corrections and their single perturbative orders can be defined
as

⌃tt̄W±
NLO (↵s,↵) = ↵3

s↵⌃
tt̄W±
4,0 + ↵2

s↵
2⌃tt̄W±

4,1 + ↵s↵
3⌃tt̄W±

4,2 + ↵4⌃tt̄W±
4,3

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 , (2.5)

⌃tt̄tt̄
NLO(↵s,↵) = ↵5

s⌃
tt̄tt̄
5,0 + ↵4

s↵
1⌃tt̄tt̄

5,1 + ↵3
s↵

2⌃tt̄tt̄
5,2 + ↵2

s↵
3⌃tt̄tt̄

5,3 + ↵1
s↵

4⌃tt̄tt̄
5,4 + ↵5⌃tt̄tt̄

5,5

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 + ⌃NLO5 + ⌃NLO6 . (2.6)
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Figure 2. Representative diagrams for the q̄g ! tt̄W±q̄0 real-emission amplitudes. The left
diagram is of O(↵3/2

s ↵1/2) and leads to log2(p2T (tt̄)/m
2
W ) terms in the NLO1 contribution. The

right one is of O(↵1/2
s ↵3/2), involves the tW ! tW scattering and contributes to the NLO3.

In the following we will use the symbols ⌃(N)LOi
or interchangeably their shortened

aliases (N)LOi for referring to the different perturbative orders. Clearly the ⌃(N)LOi
terms

in tt̄W± production, eqs. (2.3) and (2.5), and in tt̄tt̄ production, eqs. (2.4) and (2.6), are
different quantities. One should bear in mind that, usually, with the term “LO” one refers
only to LO1, which here we will also denote as LOQCD, while an observable at NLO QCD
accuracy is ⌃LO1 +⌃NLO1 , which we will also denote as LOQCD +NLOQCD. The so-called
NLO EW corrections which are of O(↵) w.r.t. the LO1, are the ⌃NLO2 terms, so we will also
denote it as NLOEW. Since in this article we will use the (N)LOi notation, the term “LO”
will refer to the sum of all the LOi contributions rather than LO1 alone. The prediction
at complete-NLO accuracy, which is the sum of all the LOi and NLOi terms, will be also
denoted as “LO +NLO”.

We now turn to the description of the structures underlying the calculation of tt̄W±

and tt̄tt̄ predictions at complete-NLO accuracy. We start with tt̄W± production, which is
in turn composed by tt̄W+ and tt̄W� production, and then we move to tt̄tt̄ production.

In tt̄W+(tt̄W�)production, tree-level diagrams originate only from ud̄(ūd) initial states
(u and d denote generic up- and down-type quarks), where a W+(W�) is radiated from the
u(d) quark and the tt̄ pair is produced either via a gluon or a photon/Z boson (see Fig. 1).
The former class of diagrams leads to the LO1 via squared amplitude, the latter to LO3.
The interference between these two classes of diagrams is absent due to colour, thus LO2

is analytically zero. Conversely, all the NLOi contributions are non-vanishing.
The NLO1 is in general large, it has been calculated in refs. [10, 35–37] and studied
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aliases (N)LOi for referring to the different perturbative orders. Clearly the ⌃(N)LOi
terms

in tt̄W± production, eqs. (2.3) and (2.5), and in tt̄tt̄ production, eqs. (2.4) and (2.6), are
different quantities. One should bear in mind that, usually, with the term “LO” one refers
only to LO1, which here we will also denote as LOQCD, while an observable at NLO QCD
accuracy is ⌃LO1 +⌃NLO1 , which we will also denote as LOQCD +NLOQCD. The so-called
NLO EW corrections which are of O(↵) w.r.t. the LO1, are the ⌃NLO2 terms, so we will also
denote it as NLOEW. Since in this article we will use the (N)LOi notation, the term “LO”
will refer to the sum of all the LOi contributions rather than LO1 alone. The prediction
at complete-NLO accuracy, which is the sum of all the LOi and NLOi terms, will be also
denoted as “LO +NLO”.

We now turn to the description of the structures underlying the calculation of tt̄W±

and tt̄tt̄ predictions at complete-NLO accuracy. We start with tt̄W± production, which is
in turn composed by tt̄W+ and tt̄W� production, and then we move to tt̄tt̄ production.

In tt̄W+(tt̄W�)production, tree-level diagrams originate only from ud̄(ūd) initial states
(u and d denote generic up- and down-type quarks), where a W+(W�) is radiated from the
u(d) quark and the tt̄ pair is produced either via a gluon or a photon/Z boson (see Fig. 1).
The former class of diagrams leads to the LO1 via squared amplitude, the latter to LO3.
The interference between these two classes of diagrams is absent due to colour, thus LO2

is analytically zero. Conversely, all the NLOi contributions are non-vanishing.
The NLO1 is in general large, it has been calculated in refs. [10, 35–37] and studied
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Cross sections

�[fb] LOQCD LOQCD +NLOQCD LO LO +NLO LO+NLO
LOQCD+NLOQCD

µ = HT /2 363+24%
�18% 544+11%

�11% (456+5%
�7%) 366+23%

�18% 577+11%
�11% (476+5%

�7%) 1.06 (1.04)

Table 1. Cross sections for tt̄W± production at 13 TeV in various approximations. The numbers
in parentheses are obtained with the jet veto of eq. (3.6) applied.

�[pb] LOQCD LOQCD +NLOQCD LO LO +NLO LO+NLO
LOQCD+NLOQCD

µ = HT /2 6.64+28%
�21% 16.58+17%

�15% (11.37+11%
�12%) 6.72+27%

�21% 20.86+15%
�14% (14.80+11%

�11%) 1.26 (1.30)

Table 2. Same as in Tab. 1 but for 100 TeV.

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.4 The purpose of this jet veto will become
clear in the discussion below. Further details about the size of the individual (N)LOi 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

4We 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.
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Figure 1. Representative diagrams for the Born q̄q0 ! tt̄W± amplitude. The left diagram is of
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Figure 2. Representative diagrams for the q̄g ! tt̄W±q̄0 real-emission amplitudes. The left
diagram is of O(↵3/2

s ↵1/2) and leads to log2(p2T (tt̄)/m
2
W ) terms in the NLO1 contribution. The

right one is of O(↵1/2
s ↵3/2), involves the tW ! tW scattering and contributes to the NLO3.

In the following we will use the symbols ⌃(N)LOi
or interchangeably their shortened

aliases (N)LOi for referring to the different perturbative orders. Clearly the ⌃(N)LOi
terms

in tt̄W± production, eqs. (2.3) and (2.5), and in tt̄tt̄ production, eqs. (2.4) and (2.6), are
different quantities. One should bear in mind that, usually, with the term “LO” one refers
only to LO1, which here we will also denote as LOQCD, while an observable at NLO QCD
accuracy is ⌃LO1 +⌃NLO1 , which we will also denote as LOQCD +NLOQCD. The so-called
NLO EW corrections which are of O(↵) w.r.t. the LO1, are the ⌃NLO2 terms, so we will also
denote it as NLOEW. Since in this article we will use the (N)LOi notation, the term “LO”
will refer to the sum of all the LOi contributions rather than LO1 alone. The prediction
at complete-NLO accuracy, which is the sum of all the LOi and NLOi terms, will be also
denoted as “LO +NLO”.

We now turn to the description of the structures underlying the calculation of tt̄W±

and tt̄tt̄ predictions at complete-NLO accuracy. We start with tt̄W± production, which is
in turn composed by tt̄W+ and tt̄W� production, and then we move to tt̄tt̄ production.

In tt̄W+(tt̄W�)production, tree-level diagrams originate only from ud̄(ūd) initial states
(u and d denote generic up- and down-type quarks), where a W+(W�) is radiated from the
u(d) quark and the tt̄ pair is produced either via a gluon or a photon/Z boson (see Fig. 1).
The former class of diagrams leads to the LO1 via squared amplitude, the latter to LO3.
The interference between these two classes of diagrams is absent due to colour, thus LO2

is analytically zero. Conversely, all the NLOi contributions are non-vanishing.
The NLO1 is in general large, it has been calculated in refs. [10, 35–37] and studied
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At LO top-quark pairs recoil always against the W. 
At NLO QCD, at large pt, they mainly recoil against a jet, which 
can emit  a W and thus a correction of order                                . 
The effect is further enhanced since                            has a gluon 
in the initial state. 

t t̄ t t̄

W

W

j

Figure 5. Representative kinematical configurations for tt̄W final state. At LO (left) a high-pT tt̄

pair recoils against the W boson. At NLO (right), the dominant configuration is the one where the
jet takes most of the recoil and the W boson is soft.

tt̄� production. In the following we investigate the origin of these large K-factors.
Top-quark pairs with a large pT originate at LO from the recoil against a hard vector

or scalar boson. Conversely, at NLO, the largest contribution to this kinetic configuration
emerges from the recoil of the top-quark pair against a hard jet and a soft scalar or vector
boson (see the sketches in fig. 5). In particular, the cross section for a top-quark pair with a
large pT receives large corrections from (anti)quark–gluon initial state, which appears for the
first time in the NLO QCD corrections. This effect is further enhanced in tt̄W± production
for two different reasons. First, at LO tt̄W± production does not originate, unlike the other
production processes, form the gluon–gluon initial state, which has the largest partonic
luminosity. Thus, the relative corrections induced by (anti)quark–gluon initial states have
a larger impact. Second, the emission of a W collinear to the final-state (anti)quark in
qg ! tt̄W±q0 can be approximated as the qg ! tt̄q process times a q ! q0W± splitting. For
the W momentum, the splitting involves a soft and collinear singularity which is regulated
by the W mass. Thus, once the W momentum is integrated, the qg ! tt̄W±q0 process yields
contributions to the pT (tt̄) distributions that are proportional to ↵s log

2 [pT (tt̄)/mW ].4 The
same effect has been already observed for the pT distribution of one vector boson in NLO
QCD and EW corrections to W±W⌥,W±Z and ZZ bosons hadroproduction [49–51].

The argument above clarifies the origin of the enhancement at high pT of the tt̄ pair, yet
it raises the question of the reliability of the NLO predictions for tt̄V in this region of the
phase space. In particular the giant K-factors and the large scale dependence call for better
predictions. At first, one could argue that only a complete NNLO calculation for tt̄V would
settle this issue. However, since the dominant kinematic configurations (see the sketch on
the right in fig. 5) feature a hard jet, it is possible to start from the tt̄V j final state and
reduce the problem to the computation of NLO corrections to tt̄V j. Such predictions can
be automatically obtained within MadGraph5_aMC@NLO. We have therefore computed

4In tt̄Z the same argument holds for the q ! qZ splitting in qg ! tt̄Zq. However, the larger mass of
the Z boson and especially the presence of the gluon–gluon initial state at LO suppress this effect.
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Fig. 159: Cumulative distributions for the pT of top-quark pair, pT (tt̄) at 100 TeV. The format of the
plots is described in detail in the text.

LO from the recoil against a hard vector or a hard scalar boson. Conversely, at NLO, in this kinematical
configuration the largest contribution emerges from the recoil of the top-quark pair against a hard jet and
a soft scalar or vector boson. In particular, the cross section for a top-quark pair with a large pT receives
large corrections from the qg initial state, which appears for the first time only at NLO.

In the case of tt̄W± production, for instance, the emission of a W collinear to the final-state
quark in qg ! tt̄W±q0 can be approximated as the qg ! tt̄q process times the q ! q0W± splitting.
For the W momentum, the splitting involves a soft and collinear singularity that is regulated by the W
mass. Thus, once the W momentum is integrated, the qg ! tt̄W±q0 process yields a contribution to
the pT (tt̄) distributions that is proportional to ↵s log2 [pT (tt̄)/mW ], leading to large corrections. The
same argument clearly applies also to tt̄Z for the q ! qZ splitting in qg ! tt̄Zq. However, in the
case of tt̄W±, this effect is further enhanced also by a different reason. Unlike the other production
processes, tt̄W± production does not originate at LO from the gluon–gluon initial state, which has the
largest partonic luminosity. Consequently, the relative corrections induced by the quark–gluon initial
states have a larger impact.

The argument above clarifies the origin of the enhancement at high pT of the tt̄ pairs, yet it raises
the question of the reliability of NLO predictions for tt̄V in this region of the phase space. In partic-
ular, the giant K-factors and the large scale dependence call for better predictions. One could argue
that only a complete NNLO calculation for tt̄V would settle this issue. However, since the dominant
kinematic configurations involve a hard jet, it is possible to start from the tt̄V j final state and reduce the
problem to the analysis of NLO corrections to tt̄V j, which can be automatically obtained with MAD-
GRAPH5_AMC@NLO. We have therefore computed results for different minimum pT for the additional
jet both at NLO and LO accuracy. In fig. 160, we summarise the most important features of the tt̄W±(j)
cross section as a function of the pT (tt̄) as obtained from different calculations. Similar results, even
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           can be used for studying top and 
W scattering. Limits on       are expected 
at the percent/permill level.  

   distribution in 

torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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than for the tt̄V -type processes. As we said, all these features are not peculiar for the m(tt̄)

distribution, and are consistent with fig. 1 and table 1. From fig. 3 one can see that the two
dynamical scales µg and µa yield flatter K-factors than those from the fixed scale mt. This
feature is in general valid, but there are important exceptions. This is particular evident
for the distribution of the pT of top-quark pair (pT (tt̄)), where the differential K-factors
strongly depend on the value of pT (tt̄) for both dynamical and fixed scales. The relative size
of QCD corrections grows with the values of pT (tt̄) and this effect is particularly large in
tt̄W± and tt̄� production. We explain in the following the origin of these large K-factors.

Top-quark pairs with a large pT originate at LO from the recoil against an hard vector
or scalar boson. Conversely, at NLO, the largest contribution to this kinetic configuration
emerges from the recoil of the top-quark pair against an hard jet and a soft scalar or
vector boson. In particular, the cross section for top-quark pair with a large pT receives
large corrections from (anti)quark–gluon initial state, which appears only at NLO. This
effect is further enhanced in tt̄W± production for two different reasons. First, at LO
tt̄W± production does not originate, unlike the other production processes, form the gluon–
gluon initial state, which has the largest partonic luminosity. Thus, the relative corrections
induced by (anti)quark–gluon initial states have a larger impact. Second, the emission of
a W collinear to the final-state (anti)quark in qg ! tt̄W±q0 can be approximated as the
qg ! tt̄q process times a q ! q0W splitting. For the W momentum, the splitting involves
a soft and collinear singularity which is regulated by the W mass. Thus, once the the
W momentum is integrated, the qg ! tt̄W±q0 process yields contributions to the pT (tt̄)

distributions that are proportional to ↵ log2 [pT (tt̄)/mW ].5 The same effect has been already
observed for the pT distribution of one vector boson in NLO QCD and EW corrections to
WW,WZ and ZZ bosons hadroproduction [32–34]. This mechanism is also the source
of the giant K-factors in tt̄� production. This process can originate from the gluon–gluon
initial state at LO, however, the emission of a photon involves soft and collinear singularities,
which are not regulated by physical masses. When the photon is collinear to the final-state
(anti)quark, the qg ! tt̄�q process can be approximated as the qg ! tt̄q process times
a q ! q� splitting. Here, soft and collinear divergencies are regulated by both the cut
on the pT of the photon (pcutT ) and the Frixione isolation parameter R0. We checked that,
increasing the values of pcutT and/or R0, the size of the K-factors is reduced. It is interesting
to note also that corrections in the tail are much larger for µ = µg than µ = µa. This is due
to the fact that the softest photons, which give the largest contributions, sizably reduce the
value of µg, whereas µa is by construction larger than 2pT (tt̄).

In figs. 5 and 6 we respectively show the pT distributions for the top quark and the
vector or scalar boson, pT (t) and pT (V ). For these two observables, we find the general
features which have already been addressed for the m(tt̄) distributions in fig. 3. [Davide: I
don’t know what to write more]

In fig. 7 we display the distributions for the rapidity of the vector or scalar boson, y(V ).
In the four processes considered here, the vector or scalar boson is radiated in different ways

5In tt̄Z the same arguments holds for the q ! qZ splitting in qg ! tt̄Zq. However, the larger mass of
the Z boson and especially the presence of the gluon–gluon initial state at LO suppress this effect.
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though less extreme, hold for tt̄Z and tt̄H final states and therefore we do not show them for sake of
brevity. In fig. 160, the solid blue and red curves correspond to the predictions of pT (tt̄) as obtained from
tt̄W± calculation at LO and NLO accuracy, respectively. The dashed light blue, purple and light-grey
curves are obtained by calculating tt̄W±j at LO (with NLO PDFs and ↵s and same scale choice in order
to consistently compare them with NLO tt̄W± results) with a minimum pT cut for the jets of 50, 100,
and 150 GeV, respectively. The three curves, while having a different threshold behaviour, they all tend
smoothly to the tt̄W± prediction at NLO at high pT (tt̄), clearly illustrating that the dominant contribu-
tions come from kinematic configurations with a hard jet. Finally, the dashed green line is the pT (tt̄) as
obtained from tt̄W±j at NLO in QCD with the minimum pT cut of the jet of 100 GeV. This prediction
for pT (tt̄) at high pT is stable and reliable, and in particular it does not feature any large K-factor, as can
be seen in the lower inset, which displays the differential K-factor for tt̄W±j production with the pT cut
of the jet of 100 GeV. For large pT (tt̄), NLO corrections to tt̄W±j reduce the scale dependence of the
LO predictions, but do not increase their central value. Consequently, since we do not expect large ef-
fects from NNLO corrections in tt̄W± production at large pT (tt̄), a simulation of NLO tt̄V +jets merged
sample à la FxFx [441] should be sufficient in order to provide reliable predictions over the entire phase
space.
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Fig. 160: Comparison at 100 TeV between differential distribution of the tt̄ transverse momentum in
tt̄W± from calculations performed at different orders in QCD. The blue and red solid histograms are
obtained from the tt̄W± calculation at LO and NLO, respectively. The dashed histograms are obtained
from the tt̄W±j calculation at LO (light blue, purple, and light grey) and at NLO (green), for different
minimum cuts (50, 100, 150 GeV) on the jet pT . The lower inset shows the differential K-factor as well
as the residual uncertainties given by the tt̄W±j calculation.

For completeness, we provide in table 55 the total cross sections at LO and NLO accuracy for
tt̄W±j, tt̄Zj and tt̄Hj production, with a cut pT (j) > 100 GeV. At variance with what has been done
in Fig.160 LO cross sections are calculated with LO PDFs and the corresponding ↵s.

In fig. 161 we show additional proofs for the argument discussed so far. We plot relevant distribu-
tions for the tt̄W±j production. One can see that the W and the jet tends to be collinear, especially for
large pT (tt̄), and that the W is typically soft.
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Fig. 161: Relevant distributions for tt̄W±j production, where the fixed scale µ = mt has been used.
Black lines are without cuts, red and blue lines are with cuts.

100 TeV �[pb] tt̄Hj tt̄Zj tt̄W±j

NLO 19.42+0.7%
�4.9%

+1.0%
�1.2% 32.38+2.4%

�7.4%
+0.9%
�1.1% 17.16+14.9%

�13.7%
+0.7%
�0.6%

LO 27.02+39.3%
�26.4%

+1.1%
�1.6% 39.81+39.8%

�26.7%
+1.1%
�1.6% 15.67+37.7%

�25.5%
+0.5%
�1.1%

K-factor 0.72 0.81 1.10

Table 55: Cross sections with pT (j) > 100 GeV. The renormalisation and factorisation scales are set
equal to µg for the tt̄V . The (N)LO cross sections are calculated with (N)LO PDFs, the relative statistical
integration error is equal or smaller than one permille.

The mechanism discussed in detail in previous paragraphs is also the source of the giant K-factors
for large pT (tt̄) in tt̄� production, see fig. 158. This process can originate from the gg initial state at
LO. However, the emission of a photon involves soft and collinear singularities that are not regulated by
physical masses. When the photon is collinear to the final-state quark, the qg ! tt̄�q process can be
approximated as the qg ! tt̄q process times a q ! q� splitting. In this case, soft and collinear diver-
gences are regulated by both the cut on the pT of the photon (pcut

T ) and the Frixione-isolation parameter
R0. We have checked that, increasing the values of pcut

T and/or R0, the size of the K-factors is reduced.
It is interesting to note that also corrections in the tail are much larger for µ = µg than µ = µa. This is
due to the fact that the softest photons, which give the largest contributions, sizeably reduce the value of
the scale µg, whereas µa is by construction larger than 2pT (tt̄). This also suggests that µg might be an
appropriate scale choice for this process only when the minimum pT cut and the isolation parameters on
the photon are harder.

In figs. 162 and 163 we respectively show the pT distributions for the top quark and the vector or
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Fig. 161: Relevant distributions for tt̄W±j production, where the fixed scale µ = mt has been used.
Black lines are without cuts, red and blue lines are with cuts.

100 TeV �[pb] tt̄Hj tt̄Zj tt̄W±j

NLO 19.42+0.7%
�4.9%

+1.0%
�1.2% 32.38+2.4%

�7.4%
+0.9%
�1.1% 17.16+14.9%

�13.7%
+0.7%
�0.6%

LO 27.02+39.3%
�26.4%

+1.1%
�1.6% 39.81+39.8%

�26.7%
+1.1%
�1.6% 15.67+37.7%

�25.5%
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�1.1%

K-factor 0.72 0.81 1.10

Table 55: Cross sections with pT (j) > 100 GeV. The renormalisation and factorisation scales are set
equal to µg for the tt̄V . The (N)LO cross sections are calculated with (N)LO PDFs, the relative statistical
integration error is equal or smaller than one permille.

The mechanism discussed in detail in previous paragraphs is also the source of the giant K-factors
for large pT (tt̄) in tt̄� production, see fig. 158. This process can originate from the gg initial state at
LO. However, the emission of a photon involves soft and collinear singularities that are not regulated by
physical masses. When the photon is collinear to the final-state quark, the qg ! tt̄�q process can be
approximated as the qg ! tt̄q process times a q ! q� splitting. In this case, soft and collinear diver-
gences are regulated by both the cut on the pT of the photon (pcut

T ) and the Frixione-isolation parameter
R0. We have checked that, increasing the values of pcut

T and/or R0, the size of the K-factors is reduced.
It is interesting to note that also corrections in the tail are much larger for µ = µg than µ = µa. This is
due to the fact that the softest photons, which give the largest contributions, sizeably reduce the value of
the scale µg, whereas µa is by construction larger than 2pT (tt̄). This also suggests that µg might be an
appropriate scale choice for this process only when the minimum pT cut and the isolation parameters on
the photon are harder.

In figs. 162 and 163 we respectively show the pT distributions for the top quark and the vector or
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Fig. 109: Feynman diagram for the tW ! tW scattering in pp collisions. Anomalous top couplings lead to the
final tW pair having large invariant masses, providing a unique handle to identify the signal.

Fig. 110: Invariant mass distributions for the t¯tWj electroweak production at a 100 TeV collider. We applied
some benchmark cuts (inset top-right) on the tops and the W , specifically on the transverse momentum (p

T

),
pseudorapidity (⌘), and invariant mass (m).

of events in a 100 TeV collider as a function of the maximum invariant mass between the pairs tW and
¯tW , for the set of cuts shown in the legend.21 The events in the presence of anomalous ZtRtR couplings
are typically harder than in the SM (c̄R = 0). The power of a 100 TeV collider in performing this type of
“precision” probes of the top couplings is apparent once we notice that the values of c̄R used for the dis-
tributions are an order of magnitude smaller than those that the LHC will be able to probe after 300 fb�1

of integrated luminosity (c̄R ⇡ 0.3 [803]). Awaiting for a detailed study, the improvement in sensitivity
can be estimated by assuming that the a 100 TeV collider will be able to measure cross sections with
absolute uncertainties at the same level as at the LHC (a sensible assumption given L = 10 ab�1), but
for energies a factor

p
s100 TeV/s13 TeV = 100/13 ⇡ 8 larger. Recalling that the new physics effects we

are interested in grow as c̄Rŝ (see eq. (120)), we can then expect to probe at a 100 TeV collider values of
c̄R at the per cent to per mille level (similar conclusions hold for the couplings of the left-handed top).

It is conceivable then that through a careful study of pp ! t¯tWj production, a 100 TeV collider
would be able to greatly improve our sensitivity to new physics modifying the top-Z couplings. Further-
more, as explained in ref. [803] this is not the only process which shows a strong high energy behaviour

21One should be aware that at a 100 TeV collider and for large invariant masses there could be large logarithms arising from
the collinear singularity of the gluon splitting. These have been partly tamed by cutting on the pT of the tops.
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Fig. 161: Relevant distributions for tt̄W±j production, where the fixed scale µ = mt has been used.
Black lines are without cuts, red and blue lines are with cuts.

100 TeV �[pb] tt̄Hj tt̄Zj tt̄W±j

NLO 19.42+0.7%
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Table 55: Cross sections with pT (j) > 100 GeV. The renormalisation and factorisation scales are set
equal to µg for the tt̄V . The (N)LO cross sections are calculated with (N)LO PDFs, the relative statistical
integration error is equal or smaller than one permille.

The mechanism discussed in detail in previous paragraphs is also the source of the giant K-factors
for large pT (tt̄) in tt̄� production, see fig. 158. This process can originate from the gg initial state at
LO. However, the emission of a photon involves soft and collinear singularities that are not regulated by
physical masses. When the photon is collinear to the final-state quark, the qg ! tt̄�q process can be
approximated as the qg ! tt̄q process times a q ! q� splitting. In this case, soft and collinear diver-
gences are regulated by both the cut on the pT of the photon (pcut

T ) and the Frixione-isolation parameter
R0. We have checked that, increasing the values of pcut

T and/or R0, the size of the K-factors is reduced.
It is interesting to note that also corrections in the tail are much larger for µ = µg than µ = µa. This is
due to the fact that the softest photons, which give the largest contributions, sizeably reduce the value of
the scale µg, whereas µa is by construction larger than 2pT (tt̄). This also suggests that µg might be an
appropriate scale choice for this process only when the minimum pT cut and the isolation parameters on
the photon are harder.

In figs. 162 and 163 we respectively show the pT distributions for the top quark and the vector or
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Fig. 161: Relevant distributions for tt̄W±j production, where the fixed scale µ = mt has been used.
Black lines are without cuts, red and blue lines are with cuts.
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Table 55: Cross sections with pT (j) > 100 GeV. The renormalisation and factorisation scales are set
equal to µg for the tt̄V . The (N)LO cross sections are calculated with (N)LO PDFs, the relative statistical
integration error is equal or smaller than one permille.

The mechanism discussed in detail in previous paragraphs is also the source of the giant K-factors
for large pT (tt̄) in tt̄� production, see fig. 158. This process can originate from the gg initial state at
LO. However, the emission of a photon involves soft and collinear singularities that are not regulated by
physical masses. When the photon is collinear to the final-state quark, the qg ! tt̄�q process can be
approximated as the qg ! tt̄q process times a q ! q� splitting. In this case, soft and collinear diver-
gences are regulated by both the cut on the pT of the photon (pcut

T ) and the Frixione-isolation parameter
R0. We have checked that, increasing the values of pcut

T and/or R0, the size of the K-factors is reduced.
It is interesting to note that also corrections in the tail are much larger for µ = µg than µ = µa. This is
due to the fact that the softest photons, which give the largest contributions, sizeably reduce the value of
the scale µg, whereas µa is by construction larger than 2pT (tt̄). This also suggests that µg might be an
appropriate scale choice for this process only when the minimum pT cut and the isolation parameters on
the photon are harder.

In figs. 162 and 163 we respectively show the pT distributions for the top quark and the vector or
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Fig. 161: Relevant distributions for tt̄W±j production, where the fixed scale µ = mt has been used.
Black lines are without cuts, red and blue lines are with cuts.
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Table 55: Cross sections with pT (j) > 100 GeV. The renormalisation and factorisation scales are set
equal to µg for the tt̄V . The (N)LO cross sections are calculated with (N)LO PDFs, the relative statistical
integration error is equal or smaller than one permille.

The mechanism discussed in detail in previous paragraphs is also the source of the giant K-factors
for large pT (tt̄) in tt̄� production, see fig. 158. This process can originate from the gg initial state at
LO. However, the emission of a photon involves soft and collinear singularities that are not regulated by
physical masses. When the photon is collinear to the final-state quark, the qg ! tt̄�q process can be
approximated as the qg ! tt̄q process times a q ! q� splitting. In this case, soft and collinear diver-
gences are regulated by both the cut on the pT of the photon (pcut

T ) and the Frixione-isolation parameter
R0. We have checked that, increasing the values of pcut

T and/or R0, the size of the K-factors is reduced.
It is interesting to note that also corrections in the tail are much larger for µ = µg than µ = µa. This is
due to the fact that the softest photons, which give the largest contributions, sizeably reduce the value of
the scale µg, whereas µa is by construction larger than 2pT (tt̄). This also suggests that µg might be an
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Fig. 161: Relevant distributions for tt̄W±j production, where the fixed scale µ = mt has been used.
Black lines are without cuts, red and blue lines are with cuts.

100 TeV �[pb] tt̄Hj tt̄Zj tt̄W±j
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�4.9%

+1.0%
�1.2% 32.38+2.4%

�7.4%
+0.9%
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�13.7%
+0.7%
�0.6%

LO 27.02+39.3%
�26.4%

+1.1%
�1.6% 39.81+39.8%

�26.7%
+1.1%
�1.6% 15.67+37.7%

�25.5%
+0.5%
�1.1%

K-factor 0.72 0.81 1.10

Table 55: Cross sections with pT (j) > 100 GeV. The renormalisation and factorisation scales are set
equal to µg for the tt̄V . The (N)LO cross sections are calculated with (N)LO PDFs, the relative statistical
integration error is equal or smaller than one permille.
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understanding of the origin of the electroweak scale beyond what can be achieved at the LHC.

5.3 Non-Resonant Signatures
5.3.1 Measuring Top Couplings via tW/tZ Scattering
Although the top quark was discovered more than twenty years ago, some of its properties are still poorly
known. In particular, only recently the couplings of the top to the electroweak Z gauge boson have been
directly probed, in t¯tZ production at the LHC [801], though with uncertainties that are currently several
times the SM values, while projected sensitivities at Run-II are barely below 100% [802]. The lack of
experimental precision is due to the complicated environment in hadronic machines, aggravated by the
relatively high mass thresholds. However, in ref. [803] a different approach to probe the properties of the
top was put forward that takes advantage of the high energies accessible at hadronic machines: certain
scattering amplitudes, such as tW ! tW , grow quadratically with momenta whenever the electroweak
couplings of the top deviate from their SM predictions. Such a behaviour is reminiscent of WW scat-
tering when the Higgs couplings to the electroweak gauge bosons depart from the SM [804], and it is
a genuine signal of models where the top quark, along with the Higgs, is part of a strongly interacting
sector [805].20

As shown in Fig. 109, tW scattering participates in the process pp! t¯tWj, giving rise to a clean
same-sign leptons signature. A machine such as a hadron collider at 100 TeV would significantly profit
from the enhanced sensitivity to non-standard top couplings at high energies present in this channel,
thanks to the large momenta carried by the initial state partons. This is true already at the inclusive
level. The dominant background for such a search is expected to come from QCD production of pp !
t¯tW+0(1) jets, which arises at O(g2(3)s gw) and has a cross section �

QCD

⇡ 25 pb. The signal arises
at O(gsg3w), with a cross section �

EW

⇡ 4 pb (cross sections computed at LO with MadGraph5 [379]
and a custom FeynRules [104] model). These numbers should be compared with the QCD and EW
cross sections at the 13 TeV LHC, of ⇡ 0.7 pb and ⇡ 0.06 pb, respectively. Nevertheless, the potential
improvement in sensitivity can be best seen by studying the unique kinematical features of the final state
particles.

Let us be specific and focus on the Z coupling to the right-handed top quark,

cR gZtRtR
¯tR�µtRZµ , (118)

where gZtRtR = �2

3

(gs2w/cw) and cR = 1 in the SM. The effect on this coupling from heavy new
physics can be effectively parametrised by the dimension-6 operator [803]

ic̄R
v2

H† !DµH¯tR�µtR , (119)

and gives rise to a deviation from the SM, cR � 1 =

3

4

c̄R/s2w, of an expected size c̄R ⇠ g2⇤v2/⇤

2,
where ⇤ is the mass of the resonance that has been integrated out, and g⇤ its coupling to the top quark.
Such a non-standard coupling makes the scattering amplitude tW ! tW grow with energy. The leading
divergence is given by

M = � g2

2m2

W

q
ŝ(ŝ +

ˆt) c̄R + O(

p
ŝ) . (120)

The high energy behaviour of this amplitude has been explicitly shown in ref. [803].
Here we directly focus on the effects that such a high energy growth has on the kinematical vari-

ables associated with t¯tWj production. In particular, for a sizeable c̄R the particles that participate in
the strong scattering, the W and either one of the two tops (the other is a spectator), will have larger in-
variant masses than in the SM. This is depicted in Fig. 110, where we show the (normalized) distribution

20Indeed, its large mass indicates that the top quark is a key player in composite Higgs scenarios, and crucial BSM particles
such as the top-partners [623] could potentially be exchanged in tW scattering.
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�[fb] LOQCD LOQCD +NLOQCD LO LO +NLO LO(+NLO)
LOQCD(+NLOQCD)

µ = HT /4 6.83+70%
�38% 11.12+19%

�23% 7.59+64%
�36% 11.97+18%

�21% 1.11 (1.08)

Table 5. Cross section for pp ! tt̄tt̄ at 13 TeV in various approximations.

�[pb] LOQCD LOQCD +NLOQCD LO LO +NLO LO(+NLO)
LOQCD(+NLOQCD)

µ = HT /4 2.37+49%
�31% 3.98+18%

�19% 2.63+44%
�28% 4.18+17%

�17% 1.11 (1.05)

Table 6. Same as in Tab. 5 but for 100 TeV.

3.3 Results for pp ! tt̄tt̄ production

Similarly to the previous section, we start by presenting predictions for tt̄tt̄ total cross
sections at 13 and 100 TeV proton–proton collisions and then we discuss results at the
differential level. Using a layout that is similar to Tab. 1, in Tab. 5 we show 13 TeV
predictions at LOQCD, LOQCD+NLOQCD, LO and LO+NLO accuracies. We also display
the LO/LOQCD and, in brackets, (LO+NLO)/(LOQCD +NLOQCD) ratios. Results at 100
TeV are in Tab. 6. In Tab. 7, similarly to Tab. 3, we show 13 TeV predictions for the
�(N)LOi

(µ) ratios, and analogous results at 100 TeV are in Tab. 8.
As can be seen in Tabs. 5 and 6, the scale dependence is very large at LOQCD and LO

accuracy and it is strongly reduced both in the NLO QCD and complete-NLO predictions
to about 20%. Nevertheless, it is still larger than the impact of the non-purely-QCD
contributions, which is also reduced moving from LO to NLO accuracy, halved in the 100
TeV case. At the inclusive level, the difference between LO+NLO and LOQCD +NLOQCD

predictions is well within their respective scale uncertainties, especially at 100 TeV where
this difference is merely 5% of the LOQCD + NLOQCD result. However, the numbers in
Tabs. 5 and 6 hide the most important feature of the complete-NLO result, i.e., very large
and scale-dependent cancellations among the (N)LOi terms with i � 2. This will become
clear from the discussion in the next paragraph.

As anticipated in sec. 2, in tt̄tt̄ production the LO2 and LO3 contributions are not so
suppressed w.r.t. the LOQCD, at variance with tt̄W± production (see Tabs. 7 and 8, c.f.

Tabs. 3 and 4). For tt̄tt̄ production, due to sizeable contributions from the EW tt ! tt

scattering, LO2 and LO3 can induce corrections of the order �30% and +40% on top of
the LO1, respectively.7 Therefore, also the NLO2 and NLO3 contributions are large, since
they contain “QCD corrections” to LO2 and LO3 terms, respectively. The fact that a large
fraction of NLO2 and NLO3 contributions is of QCD origin can be understood by the µ-
dependencies of �NLO2 and �NLO3 ratios, which, as can be seen in Tabs. 7 and 8, are very

7Similarly to the case of the LO3 in tt̄W± production, the scale dependences of the LO2 and especially
of the LO3 are much smaller than that of LO1, due to the different powers of ↵s associated to them. Hence,
with larger(smaller) values of the scales and consequently smaller(larger) values of LO1, the �LO2 and �LO3

become larger(smaller) in absolute value.

– 22 –

�[fb] LOQCD LOQCD +NLOQCD LO LO +NLO LO(+NLO)
LOQCD(+NLOQCD)

µ = HT /4 6.83+70%
�38% 11.12+19%

�23% 7.59+64%
�36% 11.97+18%

�21% 1.11 (1.08)

Table 5. Cross section for pp ! tt̄tt̄ at 13 TeV in various approximations.

�[pb] LOQCD LOQCD +NLOQCD LO LO +NLO LO(+NLO)
LOQCD(+NLOQCD)

µ = HT /4 2.37+49%
�31% 3.98+18%

�19% 2.63+44%
�28% 4.18+17%

�17% 1.11 (1.05)

Table 6. Same as in Tab. 5 but for 100 TeV.

3.3 Results for pp ! tt̄tt̄ production

Similarly to the previous section, we start by presenting predictions for tt̄tt̄ total cross
sections at 13 and 100 TeV proton–proton collisions and then we discuss results at the
differential level. Using a layout that is similar to Tab. 1, in Tab. 5 we show 13 TeV
predictions at LOQCD, LOQCD+NLOQCD, LO and LO+NLO accuracies. We also display
the LO/LOQCD and, in brackets, (LO+NLO)/(LOQCD +NLOQCD) ratios. Results at 100
TeV are in Tab. 6. In Tab. 7, similarly to Tab. 3, we show 13 TeV predictions for the
�(N)LOi

(µ) ratios, and analogous results at 100 TeV are in Tab. 8.
As can be seen in Tabs. 5 and 6, the scale dependence is very large at LOQCD and LO

accuracy and it is strongly reduced both in the NLO QCD and complete-NLO predictions
to about 20%. Nevertheless, it is still larger than the impact of the non-purely-QCD
contributions, which is also reduced moving from LO to NLO accuracy, halved in the 100
TeV case. At the inclusive level, the difference between LO+NLO and LOQCD +NLOQCD

predictions is well within their respective scale uncertainties, especially at 100 TeV where
this difference is merely 5% of the LOQCD + NLOQCD result. However, the numbers in
Tabs. 5 and 6 hide the most important feature of the complete-NLO result, i.e., very large
and scale-dependent cancellations among the (N)LOi terms with i � 2. This will become
clear from the discussion in the next paragraph.

As anticipated in sec. 2, in tt̄tt̄ production the LO2 and LO3 contributions are not so
suppressed w.r.t. the LOQCD, at variance with tt̄W± production (see Tabs. 7 and 8, c.f.

Tabs. 3 and 4). For tt̄tt̄ production, due to sizeable contributions from the EW tt ! tt

scattering, LO2 and LO3 can induce corrections of the order �30% and +40% on top of
the LO1, respectively.7 Therefore, also the NLO2 and NLO3 contributions are large, since
they contain “QCD corrections” to LO2 and LO3 terms, respectively. The fact that a large
fraction of NLO2 and NLO3 contributions is of QCD origin can be understood by the µ-
dependencies of �NLO2 and �NLO3 ratios, which, as can be seen in Tabs. 7 and 8, are very

7Similarly to the case of the LO3 in tt̄W± production, the scale dependences of the LO2 and especially
of the LO3 are much smaller than that of LO1, due to the different powers of ↵s associated to them. Hence,
with larger(smaller) values of the scales and consequently smaller(larger) values of LO1, the �LO2 and �LO3

become larger(smaller) in absolute value.

– 22 –

13 TeV

100 TeV

!38



Distributions

����

����

����

����

�
��
��
��
��
�	

�� ���
��� ���

���	
��� ���

����

����

����

����
������� �� ��	

�
��
�
��
��
�	
��



�
�
�

�
�

�
�

�
�
�

�� � �� � �  �
�����

��� ���
���	
��� ����
�

�
�

�
�
�

�� � �� � �  �

����� ���� 	
� ��
����

����

���

�
��
��
��
��
�	

�� ���
��� ���

���	
��� ���

����

����

���
������� ��� ���

�
��
�
��
��
�	
��



�
�
�

�	


�	�

�	

�

�� � �� � �  �
�����

��� ���
���	
��� ����	


�	�

�	

�

�� � �� � �  �

����� ���� 	
� ��

Figure 12. The y(t2) distribution in tt̄tt̄ production. See the caption of Fig. 9 for the description
of the plots.
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Figure 11. The pT (t1) distribution in tt̄tt̄ production. See the caption of Fig. 9 for the description
of the plots.
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