
Large NLO contributions in ttW and four-top 
production from supposedly subleading  

EW contributions

Davide Pagani 
Milan Xmas Meeting 

Milano 
20-12-2017 

 based on arXiv:1711.02116 
in collaboration with R. Frederix and M. Zaro 

https://arxiv.org/abs/1711.02116


What are Complete-NLO predictions? 

2



Complete-NLO predictions
We are used to speak about NLO QCD and NLO EW corrections. 
Is there any other fixed-order SM contribution before going to NNLO?  
YES! Already with 2->2 processes (dijet, ttbar), there are other contributions.
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Why does nobody calculate the other orders inside the Complete-NLO?  
Because they are expected to be small due to the                  suppression!  
Before the recent automations, nobody wanted to calculate terms that are 
expected to be small. First complete-NLO calculations: 
Dijet:                                                             ttbar:      
 

�[%] 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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… but Complete-NLO can be large

given type of correction to a given underlying Born process. Hence, at NLO one cannot distin-

guish the different production mechanisms, in particular EW- and QCD-induced production

modes, as they are naturally mutually contaminated.

Parts of the NLO corrections to the process pp → µ+νµe+νejj have already been computed

in the literature. These calculations focused on NLO QCD corrections for both the VBS

process [7–10] and its QCD-induced irreducible background process [10–14]. We have already

reported in Ref. [15] on the surprisingly large NLO EW corrections to the VBS process. The

aim of the present article is to provide the complete NLO corrections to the µ+νµe+νejj final

state, based on the complete LO and NLO matrix elements and including all interference

contributions and all off-shell effects.

This article is organised as follows. In Sect. 2, details of the calculation are described. In

particular, the different types of real and virtual corrections, and the validation of our results

are reviewed. In Sect. 3, numerical results are presented for integrated cross sections and

differential distributions. The article concludes with a summary and final remarks in Sect. 4.

2 Details of the calculation

The hadronic process studied is defined at LO as

pp → µ+νµe+νejj. (2.1)

Owing to charge conservation, there are no gluon-induced or photon-induced contributions

at LO. Furthermore, bottom quarks in the initial state do not contribute as these would

lead to a final state with massive top quarks which falls under a different experimental sig-

nature. At the amplitude level, the process receives two different types of contributions: a

pure EW part at the order O
(

g6
)

(which we call sometimes simply VBS contribution) and

a QCD-induced part at the order O
(

g2s g
4
)

with g and gs being the EW and QCD coupling

constants, respectively. Figure 1 shows sample tree-level diagrams for the partonic sub-process

ud̄ → µ+νµe+νeūd. The top row of diagrams illustrates the actual VBS process at O
(

g6
)

with

its characteristic VBS topology of two W bosons with space-like momenta that scatter into two

W bosons with time-like momenta. These contributions are referred to as t-channel diagrams

since the two incoming quark/anti-quark lines are connected to outgoing quark/anti-quark

lines. For identical outgoing quarks or anti-quarks also u-channel diagrams are obtained by

exchanging the two outgoing quarks or anti-quarks. The s-channel diagram on the left in

the bottom row of order O
(

g6
)

contributes to the irreducible EW background. In general,

s-channel diagrams are diagrams where the incoming quark and anti-quark are connected via

fermion lines. There are also s-channel diagrams contributing to triple gauge-boson produc-

tion (W+W+W−) (bottom middle). Finally, the diagram on the bottom right is an example

of a QCD-induced contribution at order O
(

g2s g
4
)

. This contribution exclusively consists of

diagrams where a gluon is connecting the two quark lines and thus, by construction, cannot

involve VBS topologies. Thus, at the level of squared amplitudes, three gauge-invariant con-

tributions exist: the pure EW contribution of order O
(

α6
)

, the QCD-induced contribution
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Figure 1: Sample tree-level diagrams that contribute to the process pp → µ+νµe+νejj.

of order O
(

α2
sα

4
)

, and interferences of the order O
(

αsα5
)

. Owing to the colour structure,

these interferences occur only if diagrams of different quark flow between initial and final state

are multiplied with each other. Thus, order-O
(

αsα5
)

contributions appear only in partonic

channels that involve contributions of two different kinematic channels (s, t, u). For example,

in Fig. 1, the contraction of the QCD-induced diagram (bottom right) with the VBS diagrams

(top row) necessarily vanishes due to colour structure, while the corresponding contraction

with the EW s-channel background diagrams (bottom left and bottom middle) leads to a

non-zero interference contribution at order O
(

αsα5
)

. We stress that we include in our cal-

culation all possible contributions at the orders O
(

α6
)

, O
(

αsα5
)

, and O
(

α2
sα

4
)

that belong

to the hadronic process in Eq. (2.1). A list of all contributing independent partonic channels

is given in Table 1, which provides also information on contributing kinematic channels and

interferences.

At NLO, we compute both the QCD and EW corrections to each LO contribution. This

leads to four possible NLO orders: O
(

α7
)

, O
(

αsα6
)

, O
(

α2
sα

5
)

, and O
(

α3
sα

4
)

. The situation

is represented graphically in Fig. 2.1 The order O
(

α7
)

contributions are simply the NLO EW

corrections to the EW-induced LO processes. They have already been presented in Ref. [15]

for a fixed scale. Similarly, the order O
(

α3
sα

4
)

contributions furnish the QCD corrections to

the QCD-induced process, which have been computed in Refs. [11, 13, 17].

For the orders O
(

αsα6
)

and O
(

α2
sα

5
)

, a simple separation of the EW-induced process

and the QCD-induced process is not possible any more, also for the dominant uu partonic

channel. Indeed, the order O
(

αsα6
)

contains QCD corrections to the VBS process as well as

EW corrections to the LO interference. The QCD corrections have already been computed

in the VBS approximation in Refs. [7–9, 13, 14]. This means that the s-channel diagrams as

1Such a classification in powers of αs and α can also be found in Ref. [16].
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ū

νe
e+
νµ
µ+W+

W+

u

d̄

νe

e+

νµ

µ+

d
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(
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and O
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, a simple separation of the EW-induced process

and the QCD-induced process is not possible any more, also for the dominant uu partonic
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(

αsα6
)

contains QCD corrections to the VBS process as well as

EW corrections to the LO interference. The QCD corrections have already been computed
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Figure 2: All contributing orders at both LO and NLO for the process pp → µ+νµe+νejj.

well as the interference of t- and u-channel diagrams are neglected. In this approximation,

the interferences of the LO VBS and QCD-induced contribution are vanishing. Similarly, the

order O
(

α2
sα

5
)

contains EW corrections to the QCD-induced contribution as well as QCD

corrections to the LO interference. These corrections have never been computed previously

and are presented here for the first time.

All the tree-level and one-loop matrix elements have been obtained from the computer

code Recola [18, 19] based on the Collier [20, 21] library. Throughout, the complex-

mass scheme [22, 23] is used. All results have been obtained in two independent Monte

Carlo programs that have already been used for the computations of NLO QCD and EW

partonic channel interferences at O
(

αsα5
)

kinematic channels

uu → µ+νµe+νedd yes t, u

uc/cu → µ+νµe+νeds no t

cc → µ+νµe+νess yes t, u

ud̄/d̄u → µ+νµe+νedū yes t, s

ud̄/d̄u → µ+νµe+νesc̄ no s

us̄/s̄u → µ+νµe+νedc̄ no t

cd̄/d̄c → µ+νµe+νesū no t

cs̄/s̄c → µ+νµe+νedū no s

cs̄/s̄c → µ+νµe+νesc̄ yes t, s

d̄d̄ → µ+νµe+νeūū yes t, u

d̄s̄/s̄d̄ → µ+νµe+νeūc̄ no t

s̄s̄ → µ+νµe+νec̄c̄ yes t, u

Table 1: Leading-order partonic channels contributing to the hadronic process pp →
µ+νµe+νejj. The middle column indicates whether the channel gives rise to an interference

contribution at O
(

αsα5
)

or not. The right column specifies the contributing kinematic chan-

nels.
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s-channel diagrams are diagrams where the incoming quark and anti-quark are connected via

fermion lines. There are also s-channel diagrams contributing to triple gauge-boson produc-
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of a QCD-induced contribution at order O
(

g2s g
4
)

. This contribution exclusively consists of

diagrams where a gluon is connecting the two quark lines and thus, by construction, cannot

involve VBS topologies. Thus, at the level of squared amplitudes, three gauge-invariant con-
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of order O
(

α2
sα

4
)

, and interferences of the order O
(

αsα5
)

. Owing to the colour structure,

these interferences occur only if diagrams of different quark flow between initial and final state

are multiplied with each other. Thus, order-O
(

αsα5
)

contributions appear only in partonic

channels that involve contributions of two different kinematic channels (s, t, u). For example,

in Fig. 1, the contraction of the QCD-induced diagram (bottom right) with the VBS diagrams

(top row) necessarily vanishes due to colour structure, while the corresponding contraction

with the EW s-channel background diagrams (bottom left and bottom middle) leads to a

non-zero interference contribution at order O
(

αsα5
)

. We stress that we include in our cal-

culation all possible contributions at the orders O
(

α6
)

, O
(

αsα5
)

, and O
(

α2
sα

4
)

that belong

to the hadronic process in Eq. (2.1). A list of all contributing independent partonic channels

is given in Table 1, which provides also information on contributing kinematic channels and

interferences.

At NLO, we compute both the QCD and EW corrections to each LO contribution. This

leads to four possible NLO orders: O
(

α7
)

, O
(

αsα6
)

, O
(

α2
sα

5
)

, and O
(

α3
sα

4
)

. The situation

is represented graphically in Fig. 2.1 The order O
(

α7
)

contributions are simply the NLO EW

corrections to the EW-induced LO processes. They have already been presented in Ref. [15]

for a fixed scale. Similarly, the order O
(

α3
sα

4
)

contributions furnish the QCD corrections to

the QCD-induced process, which have been computed in Refs. [11, 13, 17].

For the orders O
(

αsα6
)

and O
(

α2
sα

5
)

, a simple separation of the EW-induced process

and the QCD-induced process is not possible any more, also for the dominant uu partonic

channel. Indeed, the order O
(

αsα6
)

contains QCD corrections to the VBS process as well as

EW corrections to the LO interference. The QCD corrections have already been computed

in the VBS approximation in Refs. [7–9, 13, 14]. This means that the s-channel diagrams as

1Such a classification in powers of αs and α can also be found in Ref. [16].
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Order O
(

α7
)

O
(

αsα6
)

O
(

α2
sα

5
)

O
(

α3
sα

4
)

Sum

δσNLO [fb] −0.2169(3) −0.0568(5) −0.00032(13) −0.0063(4) −0.2804(7)

δσNLO/σLO [%] −13.2 −3.5 0.0 −0.4 −17.1

Table 3: NLO corrections for the process pp → µ+νµe+νejj at the orders O
(

α7
)

, O
(

αsα6
)

,

O
(

α2
sα

5
)

, and O
(

α3
sα

4
)

and for the sum of all NLO corrections. The contribution δσNLO

corresponds to the absolute correction for the central scale choice while δσNLO/σLO gives the

relative correction normalised to the sum of all LO contributions at the central scale. The

absolute contributions are expressed in femtobarn while the relative ones are expressed in per

cent. The statistical uncertainty from the Monte Carlo integration on the last digit is given

in parenthesis.

at the fiducial cross-section level. The hierarchy of the NLO corrections follows roughly the

pattern observed at LO: at the integrated cross-section level, each NLO correction is roughly

one order of magnitude smaller than the corresponding LO contribution. Thus, one expects

that the bulk of the O
(

αsα6
)

corrections stems from the QCD corrections to the EW-induced

process, while only a small contribution results from the EW corrections to the interference.

We emphasise, however, again that QCD corrections to the EW-induced process and EW

corrections to the LO interference cannot be defined independently. Indeed, using the full

matrix element, they both contribute at the order O
(

αsα6
)

as discussed in Sect. 2.2. The

contributions at the order O
(

α2
sα

5
)

are small because the corresponding LO contributions are

already suppressed and moreover the EW corrections to the QCD-induced LO contribution

and the QCD corrections to the LO interference cancel to a large extent. Upon calculating

the NLO cross section with the different scales of Eq. (3.11), we find

σNLO = 1.3577(7)+1.2(1)%
−2.7(1)% fb, (3.13)

i.e. a reduction of the LO scale dependence by a factor five.

We have also calculated the photon-induced NLO contributions as shown in Table 4. Since

the photon PDF from the NNPDF-3.0 QED set is known to give rather sizeable contributions

with a large error, we have also calculated these contributions using the PDF of the recent

LUXqed_plus_PDF4LHC15_nnlo_100 set [51]. For LUXqed we use the MS factorisation

scheme throughout, while we have verified that the effect of the factorisation scheme is irrel-

evant at the level of accuracy of the results given. The photon-induced NLO contributions

are dominated by those of order O
(

α7
)

and amount to 2.7% based on NNPDF-3.0 QED and

1.5% based on LUXqed. The photon-induced contributions of orders O
(

αsα6
)

and O
(

α2
sα

5
)

are negligible. Hence in the following, only the photon-induced contributions of order O
(

α7
)

are displayed in the distributions. Note that in our definition of the NLO corrections at order

O
(

α7
)

, the photon-induced contributions are not included but are shown separately. This

means that for the combined distributions (Fig. 7), the NLO predictions do not include the

photon-induced contributions.
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Figure 2: All contributing orders at both LO and NLO for the process pp → µ+νµe+νejj.

well as the interference of t- and u-channel diagrams are neglected. In this approximation,

the interferences of the LO VBS and QCD-induced contribution are vanishing. Similarly, the

order O
(

α2
sα

5
)

contains EW corrections to the QCD-induced contribution as well as QCD

corrections to the LO interference. These corrections have never been computed previously

and are presented here for the first time.

All the tree-level and one-loop matrix elements have been obtained from the computer

code Recola [18, 19] based on the Collier [20, 21] library. Throughout, the complex-

mass scheme [22, 23] is used. All results have been obtained in two independent Monte

Carlo programs that have already been used for the computations of NLO QCD and EW

partonic channel interferences at O
(

αsα5
)

kinematic channels

uu → µ+νµe+νedd yes t, u

uc/cu → µ+νµe+νeds no t

cc → µ+νµe+νess yes t, u

ud̄/d̄u → µ+νµe+νedū yes t, s

ud̄/d̄u → µ+νµe+νesc̄ no s

us̄/s̄u → µ+νµe+νedc̄ no t

cd̄/d̄c → µ+νµe+νesū no t

cs̄/s̄c → µ+νµe+νedū no s

cs̄/s̄c → µ+νµe+νesc̄ yes t, s

d̄d̄ → µ+νµe+νeūū yes t, u

d̄s̄/s̄d̄ → µ+νµe+νeūc̄ no t

s̄s̄ → µ+νµe+νec̄c̄ yes t, u

Table 1: Leading-order partonic channels contributing to the hadronic process pp →
µ+νµe+νejj. The middle column indicates whether the channel gives rise to an interference

contribution at O
(

αsα5
)

or not. The right column specifies the contributing kinematic chan-

nels.

– 5 –

given type of correction to a given underlying Born process. Hence, at NLO one cannot distin-

guish the different production mechanisms, in particular EW- and QCD-induced production

modes, as they are naturally mutually contaminated.

Parts of the NLO corrections to the process pp → µ+νµe+νejj have already been computed

in the literature. These calculations focused on NLO QCD corrections for both the VBS

process [7–10] and its QCD-induced irreducible background process [10–14]. We have already

reported in Ref. [15] on the surprisingly large NLO EW corrections to the VBS process. The

aim of the present article is to provide the complete NLO corrections to the µ+νµe+νejj final

state, based on the complete LO and NLO matrix elements and including all interference

contributions and all off-shell effects.

This article is organised as follows. In Sect. 2, details of the calculation are described. In

particular, the different types of real and virtual corrections, and the validation of our results

are reviewed. In Sect. 3, numerical results are presented for integrated cross sections and

differential distributions. The article concludes with a summary and final remarks in Sect. 4.

2 Details of the calculation

The hadronic process studied is defined at LO as

pp → µ+νµe+νejj. (2.1)

Owing to charge conservation, there are no gluon-induced or photon-induced contributions

at LO. Furthermore, bottom quarks in the initial state do not contribute as these would

lead to a final state with massive top quarks which falls under a different experimental sig-

nature. At the amplitude level, the process receives two different types of contributions: a

pure EW part at the order O
(

g6
)

(which we call sometimes simply VBS contribution) and

a QCD-induced part at the order O
(

g2s g
4
)

with g and gs being the EW and QCD coupling

constants, respectively. Figure 1 shows sample tree-level diagrams for the partonic sub-process

ud̄ → µ+νµe+νeūd. The top row of diagrams illustrates the actual VBS process at O
(

g6
)

with

its characteristic VBS topology of two W bosons with space-like momenta that scatter into two

W bosons with time-like momenta. These contributions are referred to as t-channel diagrams

since the two incoming quark/anti-quark lines are connected to outgoing quark/anti-quark

lines. For identical outgoing quarks or anti-quarks also u-channel diagrams are obtained by

exchanging the two outgoing quarks or anti-quarks. The s-channel diagram on the left in

the bottom row of order O
(

g6
)

contributes to the irreducible EW background. In general,

s-channel diagrams are diagrams where the incoming quark and anti-quark are connected via

fermion lines. There are also s-channel diagrams contributing to triple gauge-boson produc-

tion (W+W+W−) (bottom middle). Finally, the diagram on the bottom right is an example

of a QCD-induced contribution at order O
(

g2s g
4
)

. This contribution exclusively consists of

diagrams where a gluon is connecting the two quark lines and thus, by construction, cannot

involve VBS topologies. Thus, at the level of squared amplitudes, three gauge-invariant con-

tributions exist: the pure EW contribution of order O
(

α6
)

, the QCD-induced contribution
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Figure 1: Sample tree-level diagrams that contribute to the process pp → µ+νµe+νejj.

of order O
(

α2
sα

4
)

, and interferences of the order O
(

αsα5
)

. Owing to the colour structure,

these interferences occur only if diagrams of different quark flow between initial and final state

are multiplied with each other. Thus, order-O
(

αsα5
)

contributions appear only in partonic

channels that involve contributions of two different kinematic channels (s, t, u). For example,

in Fig. 1, the contraction of the QCD-induced diagram (bottom right) with the VBS diagrams

(top row) necessarily vanishes due to colour structure, while the corresponding contraction

with the EW s-channel background diagrams (bottom left and bottom middle) leads to a

non-zero interference contribution at order O
(

αsα5
)

. We stress that we include in our cal-

culation all possible contributions at the orders O
(

α6
)

, O
(

αsα5
)

, and O
(

α2
sα

4
)

that belong

to the hadronic process in Eq. (2.1). A list of all contributing independent partonic channels

is given in Table 1, which provides also information on contributing kinematic channels and

interferences.

At NLO, we compute both the QCD and EW corrections to each LO contribution. This

leads to four possible NLO orders: O
(

α7
)

, O
(

αsα6
)

, O
(

α2
sα

5
)

, and O
(

α3
sα

4
)

. The situation

is represented graphically in Fig. 2.1 The order O
(

α7
)

contributions are simply the NLO EW

corrections to the EW-induced LO processes. They have already been presented in Ref. [15]

for a fixed scale. Similarly, the order O
(

α3
sα

4
)

contributions furnish the QCD corrections to

the QCD-induced process, which have been computed in Refs. [11, 13, 17].

For the orders O
(

αsα6
)

and O
(

α2
sα

5
)

, a simple separation of the EW-induced process

and the QCD-induced process is not possible any more, also for the dominant uu partonic

channel. Indeed, the order O
(

αsα6
)

contains QCD corrections to the VBS process as well as

EW corrections to the LO interference. The QCD corrections have already been computed

in the VBS approximation in Refs. [7–9, 13, 14]. This means that the s-channel diagrams as

1Such a classification in powers of αs and α can also be found in Ref. [16].
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of order O
(

α2
sα

4
)

, and interferences of the order O
(

αsα5
)

. Owing to the colour structure,

these interferences occur only if diagrams of different quark flow between initial and final state

are multiplied with each other. Thus, order-O
(

αsα5
)

contributions appear only in partonic

channels that involve contributions of two different kinematic channels (s, t, u). For example,

in Fig. 1, the contraction of the QCD-induced diagram (bottom right) with the VBS diagrams

(top row) necessarily vanishes due to colour structure, while the corresponding contraction

with the EW s-channel background diagrams (bottom left and bottom middle) leads to a

non-zero interference contribution at order O
(

αsα5
)

. We stress that we include in our cal-

culation all possible contributions at the orders O
(

α6
)

, O
(

αsα5
)

, and O
(

α2
sα

4
)

that belong

to the hadronic process in Eq. (2.1). A list of all contributing independent partonic channels

is given in Table 1, which provides also information on contributing kinematic channels and

interferences.

At NLO, we compute both the QCD and EW corrections to each LO contribution. This

leads to four possible NLO orders: O
(

α7
)

, O
(

αsα6
)

, O
(

α2
sα

5
)

, and O
(

α3
sα

4
)

. The situation

is represented graphically in Fig. 2.1 The order O
(

α7
)

contributions are simply the NLO EW

corrections to the EW-induced LO processes. They have already been presented in Ref. [15]

for a fixed scale. Similarly, the order O
(

α3
sα

4
)

contributions furnish the QCD corrections to

the QCD-induced process, which have been computed in Refs. [11, 13, 17].

For the orders O
(

αsα6
)

and O
(

α2
sα

5
)

, a simple separation of the EW-induced process

and the QCD-induced process is not possible any more, also for the dominant uu partonic

channel. Indeed, the order O
(

αsα6
)

contains QCD corrections to the VBS process as well as

EW corrections to the LO interference. The QCD corrections have already been computed

in the VBS approximation in Refs. [7–9, 13, 14]. This means that the s-channel diagrams as

1Such a classification in powers of αs and α can also be found in Ref. [16].
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Order O
(

α7
)

O
(

αsα6
)

O
(

α2
sα

5
)

O
(

α3
sα

4
)

Sum

δσNLO [fb] −0.2169(3) −0.0568(5) −0.00032(13) −0.0063(4) −0.2804(7)

δσNLO/σLO [%] −13.2 −3.5 0.0 −0.4 −17.1

Table 3: NLO corrections for the process pp → µ+νµe+νejj at the orders O
(

α7
)

, O
(

αsα6
)

,

O
(

α2
sα

5
)

, and O
(

α3
sα

4
)

and for the sum of all NLO corrections. The contribution δσNLO

corresponds to the absolute correction for the central scale choice while δσNLO/σLO gives the

relative correction normalised to the sum of all LO contributions at the central scale. The

absolute contributions are expressed in femtobarn while the relative ones are expressed in per

cent. The statistical uncertainty from the Monte Carlo integration on the last digit is given

in parenthesis.

at the fiducial cross-section level. The hierarchy of the NLO corrections follows roughly the

pattern observed at LO: at the integrated cross-section level, each NLO correction is roughly

one order of magnitude smaller than the corresponding LO contribution. Thus, one expects

that the bulk of the O
(

αsα6
)

corrections stems from the QCD corrections to the EW-induced

process, while only a small contribution results from the EW corrections to the interference.

We emphasise, however, again that QCD corrections to the EW-induced process and EW

corrections to the LO interference cannot be defined independently. Indeed, using the full

matrix element, they both contribute at the order O
(

αsα6
)

as discussed in Sect. 2.2. The

contributions at the order O
(

α2
sα

5
)

are small because the corresponding LO contributions are

already suppressed and moreover the EW corrections to the QCD-induced LO contribution

and the QCD corrections to the LO interference cancel to a large extent. Upon calculating

the NLO cross section with the different scales of Eq. (3.11), we find

σNLO = 1.3577(7)+1.2(1)%
−2.7(1)% fb, (3.13)

i.e. a reduction of the LO scale dependence by a factor five.

We have also calculated the photon-induced NLO contributions as shown in Table 4. Since

the photon PDF from the NNPDF-3.0 QED set is known to give rather sizeable contributions

with a large error, we have also calculated these contributions using the PDF of the recent

LUXqed_plus_PDF4LHC15_nnlo_100 set [51]. For LUXqed we use the MS factorisation

scheme throughout, while we have verified that the effect of the factorisation scheme is irrel-

evant at the level of accuracy of the results given. The photon-induced NLO contributions

are dominated by those of order O
(

α7
)

and amount to 2.7% based on NNPDF-3.0 QED and

1.5% based on LUXqed. The photon-induced contributions of orders O
(

αsα6
)

and O
(

α2
sα

5
)

are negligible. Hence in the following, only the photon-induced contributions of order O
(

α7
)

are displayed in the distributions. Note that in our definition of the NLO corrections at order

O
(

α7
)

, the photon-induced contributions are not included but are shown separately. This

means that for the combined distributions (Fig. 7), the NLO predictions do not include the

photon-induced contributions.
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Is same-sign WW scattering special? Do we have other processes 
with supposedly subleading contributions that are large? 
We demonstrate that also ttW and four-top have this feature.
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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.

151
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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
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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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, thus a priori our
signal cannot be generated separately from the (tt̄W+jets)
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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)
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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 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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, 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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b-tagging is modified to reproduce the performance of the medium working point of the CSV
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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.
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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
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rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
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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
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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 
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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
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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].
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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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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.
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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
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,
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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)
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
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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-

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 
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H

�H

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

63

13

Cao, Chen, Liu ‘16



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
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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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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

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
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+ 4
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SM(tt̄tt̄)H , (7)

where
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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:
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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)
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

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

8 TeV 14 TeV

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

�SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�SM(tt̄tt̄)
int

: �0.229 fb, �2.060 fb. (9)

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

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

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

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

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

at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t
production [13, 14], KF = 1.22 for the t̄tW+ channel
and KF = 1.27 for the t̄tW� channel [15], KF = 1.49
for the t̄tZ production [16–21], and KF = 0.9 for
the W±W±jj channel [22, 23]. We use Pythia [24]
to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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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
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where
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We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

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

�SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�SM(tt̄tt̄)
int

: �0.229 fb, �2.060 fb. (9)

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

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

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

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

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

at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t
production [13, 14], KF = 1.22 for the t̄tW+ channel
and KF = 1.27 for the t̄tW� channel [15], KF = 1.49
for the t̄tZ production [16–21], and KF = 0.9 for
the W±W±jj channel [22, 23]. We use Pythia [24]
to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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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)
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
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��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:
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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-

�SM(tt̄tt̄)g+Z/� : 12.390 fb, 3276 fb,

�SM(tt̄tt̄)H : 1.477 fb, 271.3 fb,

�SM(tt̄tt̄)int : �2.060 fb, �356.9 fb. (29)

The numerical results shown above are checked with CalcHEP [162]. The NLO QCD corrections to the
tt̄tt̄g background is calculated in Ref. [163], which is about 4934 fb with 25% uncertainty. Unfortunately,
as the QCD corrections to the interference and electroweak contributions is not available yet, a tree-level
simulation of the signal process is used to estimate the accuracy of Higgs width measurement.
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two same-sign top quarks. The ATLAS and CMS collaborations have extensively studied the same sign
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focus on the tt̄+X , W±W±jj and tt̄tt̄(g) backgrounds below. The cross section of the tt̄ production is
calculated with the next-to-leading-order(NLO) QCD correction using MCFM package [64]. The NLO
QCD corrections to the tt̄Z and tt̄W background are taken into account by multiplying the leading order
cross sections with a constant K-factor; for example, KF = 1.17 for the tt̄Z and KF = 2.20 for the
tt̄W production [6].

Both the signal and background events are generated at the parton level using MadEvent [161] at
the 100 TeV proton-proton collider. We use Pythia [156] to generate parton showering and hadronization
effects. The Delphes package [157] is used to simulate detector smearing effects in accord to a fairly
standard Gaussian-type detector resolution given by �E/E = A/

p
E/GeV�B, where A is a sampling

term and B is a constant term. For leptons we take A = 5% and B = 0.55%, and for jets we take
A = 100% and B = 5%. We require the charged lepton has a transverse momentum p`

T greater than 20
GeV, rapidity |⌘`|  2.5 and its overlap with jets �Rj` =

p
(�⌘)2 + (��)2 � 0.4. The 6ET is then

defined to balance the total transverse momentum of visible objects.
Figure 54 displays the numbers of reconstructed jets (a) and b-tagged jets (b) in the signal and

background processes. It is clear that the signal event exhibits often five or more jets. Demanding at least
three identified b-jets would efficiently reject those SM backgrounds. In the simulation we impose a set
of kinematics cuts as follows:

pj,`
T � 20 GeV, |⌘j,`| < 2.5, 6ET � 150 GeV,

N`± = 2, Njets � 6, Nb�jets � 3,

mT � 100 GeV, HT � 800 GeV. (30)
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where t ⌘ yHtt/ySM
Htt and b ⌘ yHbb/ySM

Hbb are the Higgs coupling scaling factors. The signal strength
µbb̄

tt̄H , defined as

µbb
tt̄H =

2
t 

2
b

R�
with R� ⌘ �H

�SM
H

, (24)

is expected to be measured with 1% precision, µbb̄
tt̄H = 1.00 ± 0.01 [133]. Since the t, b and �H

parameters are independent in µbb̄
tt̄H , one cannot determine them from the tt̄H production alone. Bounds

on the t, b and R� can be derived from a global analysis of various Higgs production channels. The
bottom Yukawa coupling would be measured precisely at electron-positron colliders. Once b is known,
a correlation between t and R� is obtained as following

2
t

R�
= µtt̄H . (25)

If the top-quark Yukawa coupling could be directly measured in a single channel, then one can probe R�

from Eq. 25.
In the SM the tt̄tt̄ production occurs either through a gluon mediator [160] or by an off-shell Higgs

mediator; see Fig. 53 for the representative Feynman diagrams. Interferences between the QCD diagrams
(tt̄tt̄g) and the Higgs diagrams (tt̄tt̄H ) are absent at the tree level. We thus name the cross section of the
QCD induced channel as �(tt̄tt̄)g and the cross section of the Higgs induced channel as �(tt̄tt̄)H . 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 , (26)

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 differ from
the SM value throughout this section. As a result, the cross section of tt̄tt̄ production is

�(tt̄tt̄) = �SM(tt̄tt̄)g+Z/� + 2
t �

SM(tt̄tt̄)int + 4
t �

SM(tt̄tt̄)H , (27)

where

�SM(tt̄tt̄)g+Z/� / ��Mg + MZ/�

��2 ,

�SM(tt̄tt̄)H / |MH |2 ,

�SM(tt̄tt̄)int / Mg+Z/�M†
H + M†

g+Z/�MH . (28)

We use MadEvent [161] to calculate the leading order cross section of tt̄tt̄ production in the SM. The
numerical results are summarized as follows:

14 TeV 100 TeV

g

g

t

t

t̄

t̄g
g

g

t

t

t̄

t̄

H

g

g

t

t

t̄

t̄Z/�

Fig. 53: Representative Feynman diagrams of the tt̄tt̄ production through the QCD interaction and the Higgs
boson mediation.

64

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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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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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
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FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.
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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-14



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
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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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FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.
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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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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-
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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)
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
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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)
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
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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,
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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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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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: �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-

�SM(tt̄tt̄)g+Z/� : 12.390 fb, 3276 fb,

�SM(tt̄tt̄)H : 1.477 fb, 271.3 fb,

�SM(tt̄tt̄)int : �2.060 fb, �356.9 fb. (29)

The numerical results shown above are checked with CalcHEP [162]. The NLO QCD corrections to the
tt̄tt̄g background is calculated in Ref. [163], which is about 4934 fb with 25% uncertainty. Unfortunately,
as the QCD corrections to the interference and electroweak contributions is not available yet, a tree-level
simulation of the signal process is used to estimate the accuracy of Higgs width measurement.
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focus on the tt̄+X , W±W±jj and tt̄tt̄(g) backgrounds below. The cross section of the tt̄ production is
calculated with the next-to-leading-order(NLO) QCD correction using MCFM package [64]. The NLO
QCD corrections to the tt̄Z and tt̄W background are taken into account by multiplying the leading order
cross sections with a constant K-factor; for example, KF = 1.17 for the tt̄Z and KF = 2.20 for the
tt̄W production [6].

Both the signal and background events are generated at the parton level using MadEvent [161] at
the 100 TeV proton-proton collider. We use Pythia [156] to generate parton showering and hadronization
effects. The Delphes package [157] is used to simulate detector smearing effects in accord to a fairly
standard Gaussian-type detector resolution given by �E/E = A/

p
E/GeV�B, where A is a sampling

term and B is a constant term. For leptons we take A = 5% and B = 0.55%, and for jets we take
A = 100% and B = 5%. We require the charged lepton has a transverse momentum p`

T greater than 20
GeV, rapidity |⌘`|  2.5 and its overlap with jets �Rj` =

p
(�⌘)2 + (��)2 � 0.4. The 6ET is then

defined to balance the total transverse momentum of visible objects.
Figure 54 displays the numbers of reconstructed jets (a) and b-tagged jets (b) in the signal and

background processes. It is clear that the signal event exhibits often five or more jets. Demanding at least
three identified b-jets would efficiently reject those SM backgrounds. In the simulation we impose a set
of kinematics cuts as follows:

pj,`
T � 20 GeV, |⌘j,`| < 2.5, 6ET � 150 GeV,

N`± = 2, Njets � 6, Nb�jets � 3,

mT � 100 GeV, HT � 800 GeV. (30)
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where t ⌘ yHtt/ySM
Htt and b ⌘ yHbb/ySM

Hbb are the Higgs coupling scaling factors. The signal strength
µbb̄

tt̄H , defined as

µbb
tt̄H =

2
t 

2
b

R�
with R� ⌘ �H

�SM
H

, (24)

is expected to be measured with 1% precision, µbb̄
tt̄H = 1.00 ± 0.01 [133]. Since the t, b and �H

parameters are independent in µbb̄
tt̄H , one cannot determine them from the tt̄H production alone. Bounds

on the t, b and R� can be derived from a global analysis of various Higgs production channels. The
bottom Yukawa coupling would be measured precisely at electron-positron colliders. Once b is known,
a correlation between t and R� is obtained as following

2
t

R�
= µtt̄H . (25)

If the top-quark Yukawa coupling could be directly measured in a single channel, then one can probe R�

from Eq. 25.
In the SM the tt̄tt̄ production occurs either through a gluon mediator [160] or by an off-shell Higgs

mediator; see Fig. 53 for the representative Feynman diagrams. Interferences between the QCD diagrams
(tt̄tt̄g) and the Higgs diagrams (tt̄tt̄H ) are absent at the tree level. We thus name the cross section of the
QCD induced channel as �(tt̄tt̄)g and the cross section of the Higgs induced channel as �(tt̄tt̄)H . 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 , (26)

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 differ from
the SM value throughout this section. As a result, the cross section of tt̄tt̄ production is

�(tt̄tt̄) = �SM(tt̄tt̄)g+Z/� + 2
t �

SM(tt̄tt̄)int + 4
t �

SM(tt̄tt̄)H , (27)

where

�SM(tt̄tt̄)g+Z/� / ��Mg + MZ/�

��2 ,

�SM(tt̄tt̄)H / |MH |2 ,

�SM(tt̄tt̄)int / Mg+Z/�M†
H + M†

g+Z/�MH . (28)

We use MadEvent [161] to calculate the leading order cross section of tt̄tt̄ production in the SM. The
numerical results are summarized as follows:

14 TeV 100 TeV

g

g

t

t

t̄

t̄g
g

g

t

t

t̄

t̄

H

g

g

t

t

t̄

t̄Z/�

Fig. 53: Representative Feynman diagrams of the tt̄tt̄ production through the QCD interaction and the Higgs
boson mediation.
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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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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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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)

63

Cao, Chen, Liu ‘16

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

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-

There are large contributions at LO, with large cancellations. 
What happens with NLO corrections? How is tt —> tt scattering affected? 
Relevant issue for precise      measurement. 

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
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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
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Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
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Abstract: We calculate the complete-NLO predictions for tt̄W± and tt̄tt̄ production in
proton–proton collisions at 13 and 100 TeV. All the non-vanishing contributions of O(↵i

s↵
j)

with i+j = 3, 4 for tt̄W± and i+j = 4, 5 for tt̄tt̄ are evaluated without any approximation.
For tt̄W± we find that, due to the presence of tW ! tW scattering, at 13(100) TeV the
O(↵s↵3) contribution is about 12(70)% of the LO, i.e., it is larger than the so-called NLO
EW corrections (the O(↵2

s↵
2) terms) and has opposite sign. In the case of tt̄tt̄ production,

large contributions from electroweak tt ! tt scattering are already present at LO in the
O(↵3

s↵) and O(↵2
s↵

2) terms. For the same reason we find that both NLO terms of O(↵4
s↵),

i.e., the NLO EW corrections, and O(↵3
s↵

2) are large (±15% of the LO) and their rela-
tive contributions strongly depend on the values of the renormalisation and factorisation
scales. However, large accidental cancellations are present (away from the threshold region)
between these two contributions. Moreover, the NLO corrections strongly depend on the
kinematics and are particularly large at the threshold, where even the relative contribution
from O(↵2

s↵
3) terms amounts to tens of percents.

1Preprint: TUM-HEP-1106/17, NIKHEF/2017-57

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 1. Representative diagrams for the Born q̄q0 ! tt̄W± amplitude. The left diagram is of
O(↵s↵1/2), the right one is of O(↵3/2).
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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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In tt̄W+(tt̄W�)production, tree-level diagrams originate only from ud̄(ūd) initial states
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Abstract: We calculate the complete-NLO predictions for tt̄W± and tt̄tt̄ production in
proton–proton collisions at 13 and 100 TeV. All the non-vanishing contributions of O(↵i

s↵
j)

with i+j = 3, 4 for tt̄W± and i+j = 4, 5 for tt̄tt̄ are evaluated without any approximation.
For tt̄W± we find that, due to the presence of tW ! tW scattering, at 13(100) TeV the
O(↵s↵3) contribution is about 12(70)% of the LO, i.e., it is larger than the so-called NLO
EW corrections (the O(↵2

s↵
2) terms) and has opposite sign. In the case of tt̄tt̄ production,

large contributions from electroweak tt ! tt scattering are already present at LO in the
O(↵3

s↵) and O(↵2
s↵

2) terms. For the same reason we find that both NLO terms of O(↵4
s↵),

i.e., the NLO EW corrections, and O(↵3
s↵

2) are large (±15% of the LO) and their rela-
tive contributions strongly depend on the values of the renormalisation and factorisation
scales. However, large accidental cancellations are present (away from the threshold region)
between these two contributions. Moreover, the NLO corrections strongly depend on the
kinematics and are particularly large at the threshold, where even the relative contribution
from O(↵2

s↵
3) terms amounts to tens of percents.

1Preprint: TUM-HEP-1106/17, NIKHEF/2017-57

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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W ) terms in the NLO1 contribution. The
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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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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.

Only initial states without gluons 
are present.
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Abstract: We calculate the complete-NLO predictions for tt̄W± and tt̄tt̄ production in
proton–proton collisions at 13 and 100 TeV. All the non-vanishing contributions of O(↵i

s↵
j)

with i+j = 3, 4 for tt̄W± and i+j = 4, 5 for tt̄tt̄ are evaluated without any approximation.
For tt̄W± we find that, due to the presence of tW ! tW scattering, at 13(100) TeV the
O(↵s↵3) contribution is about 12(70)% of the LO, i.e., it is larger than the so-called NLO
EW corrections (the O(↵2

s↵
2) terms) and has opposite sign. In the case of tt̄tt̄ production,

large contributions from electroweak tt ! tt scattering are already present at LO in the
O(↵3

s↵) and O(↵2
s↵

2) terms. For the same reason we find that both NLO terms of O(↵4
s↵),

i.e., the NLO EW corrections, and O(↵3
s↵

2) are large (±15% of the LO) and their rela-
tive contributions strongly depend on the values of the renormalisation and factorisation
scales. However, large accidental cancellations are present (away from the threshold region)
between these two contributions. Moreover, the NLO corrections strongly depend on the
kinematics and are particularly large at the threshold, where even the relative contribution
from O(↵2

s↵
3) terms amounts to tens of percents.
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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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(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

– 5 –

q̄

W±q�

t̄

t

1

q̄

W±

Z/�

q�

t̄

t

2

Figure 1. Representative diagrams for the Born q̄q0 ! tt̄W± amplitude. The left diagram is of
O(↵s↵1/2), the right one is of O(↵3/2).

q̄

W±

q̄�

t̄

t

3

t̄

t

W±

H

q̄ q̄�

4

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
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Abstract: We calculate the complete-NLO predictions for tt̄W± and tt̄tt̄ production in
proton–proton collisions at 13 and 100 TeV. All the non-vanishing contributions of O(↵i

s↵
j)

with i+j = 3, 4 for tt̄W± and i+j = 4, 5 for tt̄tt̄ are evaluated without any approximation.
For tt̄W± we find that, due to the presence of tW ! tW scattering, at 13(100) TeV the
O(↵s↵3) contribution is about 12(70)% of the LO, i.e., it is larger than the so-called NLO
EW corrections (the O(↵2

s↵
2) terms) and has opposite sign. In the case of tt̄tt̄ production,

large contributions from electroweak tt ! tt scattering are already present at LO in the
O(↵3

s↵) and O(↵2
s↵

2) terms. For the same reason we find that both NLO terms of O(↵4
s↵),

i.e., the NLO EW corrections, and O(↵3
s↵

2) are large (±15% of the LO) and their rela-
tive contributions strongly depend on the values of the renormalisation and factorisation
scales. However, large accidental cancellations are present (away from the threshold region)
between these two contributions. Moreover, the NLO corrections strongly depend on the
kinematics and are particularly large at the threshold, where even the relative contribution
from O(↵2

s↵
3) terms amounts to tens of percents.
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contribution at 
NLO4 and NLO5.

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
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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
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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
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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)

– 4 –

q̄

W±q�

t̄

t

1

q̄

W±

Z/�

q�

t̄

t

2

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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(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

– 5 –

t

t̄

t̄

t

3

t

t̄

t̄

t

H

4

t

t̄

t

t̄

H H

5

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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Calculation Framework

reduction: the OPP [48], Laurent-series expansion [49], and tensor integral reduction [50–
52]. These techniques have been automated in the module MadLoop [10], which is used for
the generation of the amplitudes and in turn exploits CutTools [53], Ninja [54, 55] and
Collier [56], together with an in-house implementation of the OpenLoops optimisation [5].

3.1 Input parameters

In the following we specify the common set of input parameters that are used in the pp !
tt̄W± and pp ! tt̄tt̄ calculations. The masses of the heavy SM particles are set to

mt = 173.34 GeV , mH = 125 GeV , mW = 80.385 GeV , mZ = 91.1876 GeV , (3.1)

while all the other masses are set equal to zero. We employ the on-shell renormalisation
for all the masses and set all the decay widths equal to zero. The renormalisation of ↵s is
performed in the MS-scheme with five active flavours, while the EW input parameters and
the associated condition for the renormalisation of ↵ are in the Gµ-scheme, with

Gµ = 1.16639 · 10�5 GeV�2 . (3.2)

The CKM matrix is set equal to the 3⇥ 3 unity matrix.
We employ dynamical definitions for the renormalisation (µr) and factorisation (µf )

scales. In particular, their common central value µc is defined as

µc =
HT

2
for tt̄W± , (3.3)

µc =
HT

4
for tt̄tt̄ , (3.4)

where

HT ⌘
X

i=1,N(+1)

mT,i , (3.5)

and mT,i ⌘
q
m2

i + p2T (i) are the transverse masses of the N(+1) final-state particles.
Our scale choice for tt̄tt̄ production is motivated by the study in ref. [38]. Theoretical
uncertainties due to the scale definition are estimated via the independent variation of µr

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

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

Concerning the PDFs, we use the LUXqed_plus_PDF4LHC15_nnlo_100 set [57, 58],
which is in turn based on the PDF4LHC set [59–62]. This PDF set includes NLO QED
effects in the DGLAP evolution and especially the most precise determination of the photon
density.
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The calculation has been performed in a completely automated way via the 
MadGraph5_aMC@NLO framework, without any customisation for the two processes 
considered. (see talk of Marco)
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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
O(↵s↵1/2), the right one is of O(↵3/2).

q̄

W±

q̄�

t̄

t

3

t̄

t

W±

H

q̄ q̄�

4

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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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”
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�[%] 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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Figure 1. Representative diagrams for the Born q̄q0 ! tt̄W± amplitude. The left diagram is of
O(↵s↵1/2), the right one is of O(↵3/2).
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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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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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Figure 5. Differential distributions for tt̄W± production at 13 TeV. For the plots on the right,
the jet veto of eq. (3.6) 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 5. Differential distributions for tt̄W± production at 13 TeV. For the plots on the right,
the jet veto of eq. (3.6) 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 6. Same as Fig. 5 but for 100 TeV collisions.
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Figure 7. Individual NLOi contributions to tt̄W± production at 13 TeV normalised to LO1 ⌘
LOQCD, for different values of the scale µ for the same distributions as considered in Fig. 5. These
plots do not directly show scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘ NLOEW.
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Figure 8. Same as Fig. 7 but for 100 TeV collisions.
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13 TeV

100 TeV

�[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 5. Differential distributions for tt̄W± production at 13 TeV. For the plots on the right,
the jet veto of eq. (3.6) 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 6. Same as Fig. 5 but for 100 TeV collisions.
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four-top 

�[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.
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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)
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�[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.
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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. 
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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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Figure 10. The HT distribution in tt̄tt̄ production. See the caption of Fig. 9 for the description
of the plots.
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Figure 10. The HT distribution in tt̄tt̄ production. See the caption of Fig. 9 for the description
of the plots.
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Figure 10. The HT distribution in tt̄tt̄ production. See the caption of Fig. 9 for the description
of the plots.
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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 12. The y(t2) distribution in tt̄tt̄ production. See the caption of Fig. 9 for the description
of the plots.
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Conclusion
NLO corrections are not only NLO QCD and NLO EW. 
The complete-NLO includes further supposedly subleading terms that can 
actually be large. 

ttW production is dominated at h.e. by ttWj configurations, arising both in NLO 
QCD and NLO3 corrections. A central-hard jet veto can kill NLO QCD 
corrections, while preserving NLO3 ones, increasing the sensitivity to new 
physics.

35

In four-top, complete-NLO ~ NLO QCD, but large cancellations are present 
within the complete-NLO. LO2 and LO3 are large and have also large 
cancellations. NLO2 and NLO3 are mainly given by ‘QCD corrections’ on top of 
them; they strongly depend on scale. Relevant for yt determination.
At inclusive level NLO2+NLO3 is stable, at differential level cancellations 
disappear and even NLO4 is large at the threshold.



EXTRA SLIDES 

36



Distributions

����

����

����

����

����

����

����

�
��
��
��
��
�	

�� ���
��� ���

���	
��� ���

����

����

����

����

����

����

���� ������� �� ��	

�
��
�
��
��
�	
��



�
�
�

�
�

�
�

�
�

�

�� �� ��� ��� ������ ����
�	��
� ���	�

��� ���
���	
��� ���

�
�

�
�

�
�

�

�� �� ��� ��� ������ ����

����� ���� 	
� ��

����

����

����

����

���

�
��
��
��
��
�	

�� ���
��� ���

���	
��� ���

����

����

����

����

���
������� ��� ���

�
��
�
��
��
�	
��



�
�
�

�	


�	�

�	


�

�� 
� ��� 
�� ��� ������� ����
������ �����

��� ���
���	
��� ���

�	


�	�

�	


�

�� 
� ��� 
�� ��� ������� ����

����� ���� 	
� ��

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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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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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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Distributions

13 TeV

100 TeV

�[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 7. Individual NLOi contributions to tt̄W± production at 13 TeV normalised to LO1 ⌘
LOQCD, for different values of the scale µ for the same distributions as considered in Fig. 5. These
plots do not directly show scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘ NLOEW.
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Figure 8. Same as Fig. 7 but for 100 TeV collisions.
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dijet and ttbar production
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Figure 6. Single-inclusive transverse momentum, for 1 < |y|  2.

the positive LO contributions eventually becoming larger than their NLO counterparts (in

absolute value). Thus, the �2 + �3 prediction crosses zero at pinclT ⇠ 1.6 TeV for |y|  1,

and at pinclT ⇠ 2.5 TeV for 1 < |y|  2 (the statistics is insu�cient to draw any conclusion

in the range 2 < |y|  2.8).

We conclude that, as far as the single-inclusive transverse momentum is concerned, the

impact of LO and NLO contributions beyond the leading ones do depend on the rapidity

range considered, and tends to decrease (increase) the pure-QCD results when moving

away from the central region for small (large) pinclT ; in all cases, the absolute values of the

overall e↵ects are relatively small. This pattern is due to a variety of reasons; in particular,

one may mention the fact that, the larger the rapidity, the more di�cult it is to reach the
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At LO top-quark pairs recoil always against V. At NLO, at large pt, they 
mainly recoil against a jet, which can emits the V, leading to a 
correction of order                                . The effects is further enhanced 
in             , where                           has a gluon in the initial state, while 
the LO has not it.  1500 % corrections at 800 GeV! 

   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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Fig. 158: Differential 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.

In fig. 157 we display for the same observable cumulative plots, i.e., we plot the dependence of
the total cross sections on the cut m(tt̄) > mcut by varying mcut. We can notice that at very high values
of mcut the luminosities of the qg(q̄g) initial states are not the dominant ones, for example the K-factor
of tt̄W± decreases accordingly. For cumulative distributions we show in the plots only results obtained
by using µg as central scale.

For particular observables and processes, like the pT of the top-quark pair (pT (tt̄)) in tt̄W± and
tt̄� production, the K factors show a strong kinematic dependence. This is shown in Figs. 158 and 159.
The origin of these effects is well understood [75,319,320]. Top-quark pairs with a large pT originate at

171

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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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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predictions. At first, one could argue that only a complete NNLO calculation for tt̄V would
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based on Maltoni, DP, Tsinikos,  arXiv:1507.05640  

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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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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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.
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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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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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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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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

174

(W,j)φcos
-1 -0.5 0 0.5 1

 [p
b]

φ
dc

osσd

-110

1

10

210
no cut

) > 0.5 TeVt(t
T

p
) > 1 TeVt(t

T
p

), LHC100
t

=mµj (±Wtt

(j) [GeV]TP
0 500 1000 1500 2000

 [p
b/

G
eV

]
T

dP
σd

-410

-310

-210

-110
no cut

) > 0.5 TeVt(t
T

p
) > 1 TeVt(t

T
p

), LHC100
t

=mµj (±Wtt

) [GeV]t(tTP
0 1000 2000 3000 4000

 [p
b/

G
eV

]
T

dP
σd

-510

-410

-310

-210

-110
no cut

(j) > 1 TeV
T

p
(W) > 1 TeV

T
p

), LHC100
t

=mµj (±Wtt

(W) [GeV]TP
0 500 1000 1500 2000

 [p
b/

G
eV

]
T

dP
σd

-510

-410

-310

-210

-110 no cut
) > 0.5 TeVt(t

T
p

) > 1 TeVt(t
T

p

), LHC100
t

=mµj (±Wtt
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Black lines are without cuts, red and blue lines are with cuts.
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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%
+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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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.

151

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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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
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⌘ �SM(pp ! tt̄H ! tt̄bb̄) ⇥ µbb̄
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and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
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FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.

and R
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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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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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: �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
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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.
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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
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-
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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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SM
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SM(tt̄tt̄)H , (7)

where
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��2 ,
�SM(tt̄tt̄)H / |MH |2 ,
�SM(tt̄tt̄)
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/ 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-

�SM(tt̄tt̄)g+Z/� : 12.390 fb, 3276 fb,

�SM(tt̄tt̄)H : 1.477 fb, 271.3 fb,

�SM(tt̄tt̄)int : �2.060 fb, �356.9 fb. (29)

The numerical results shown above are checked with CalcHEP [162]. The NLO QCD corrections to the
tt̄tt̄g background is calculated in Ref. [163], which is about 4934 fb with 25% uncertainty. Unfortunately,
as the QCD corrections to the interference and electroweak contributions is not available yet, a tree-level
simulation of the signal process is used to estimate the accuracy of Higgs width measurement.

A special signature of the four top-quark 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 [164,165]. 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 [166]; iii) charge
misidentification. As pointed out by the CMS collaboration [165], 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. From above analysis, it is clear that the major
backgrounds are tt̄ + X and W±W±jj. Another SM processes can contribute the same-sign lepton are
di-boson, while it can be highly suppressed by the request of multiple jets in the final state. Therefore we
focus on the tt̄+X , W±W±jj and tt̄tt̄(g) backgrounds below. The cross section of the tt̄ production is
calculated with the next-to-leading-order(NLO) QCD correction using MCFM package [64]. The NLO
QCD corrections to the tt̄Z and tt̄W background are taken into account by multiplying the leading order
cross sections with a constant K-factor; for example, KF = 1.17 for the tt̄Z and KF = 2.20 for the
tt̄W production [6].

Both the signal and background events are generated at the parton level using MadEvent [161] at
the 100 TeV proton-proton collider. We use Pythia [156] to generate parton showering and hadronization
effects. The Delphes package [157] is used to simulate detector smearing effects in accord to a fairly
standard Gaussian-type detector resolution given by �E/E = A/

p
E/GeV�B, where A is a sampling

term and B is a constant term. For leptons we take A = 5% and B = 0.55%, and for jets we take
A = 100% and B = 5%. We require the charged lepton has a transverse momentum p`

T greater than 20
GeV, rapidity |⌘`|  2.5 and its overlap with jets �Rj` =

p
(�⌘)2 + (��)2 � 0.4. The 6ET is then

defined to balance the total transverse momentum of visible objects.
Figure 54 displays the numbers of reconstructed jets (a) and b-tagged jets (b) in the signal and

background processes. It is clear that the signal event exhibits often five or more jets. Demanding at least
three identified b-jets would efficiently reject those SM backgrounds. In the simulation we impose a set
of kinematics cuts as follows:

pj,`
T � 20 GeV, |⌘j,`| < 2.5, 6ET � 150 GeV,

N`± = 2, Njets � 6, Nb�jets � 3,

mT � 100 GeV, HT � 800 GeV. (30)
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of kinematics cuts as follows:

pj,`
T � 20 GeV, |⌘j,`| < 2.5, 6ET � 150 GeV,

N`± = 2, Njets � 6, Nb�jets � 3,

mT � 100 GeV, HT � 800 GeV. (30)
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where t ⌘ yHtt/ySM
Htt and b ⌘ yHbb/ySM

Hbb are the Higgs coupling scaling factors. The signal strength
µbb̄

tt̄H , defined as

µbb
tt̄H =

2
t 

2
b

R�
with R� ⌘ �H

�SM
H

, (24)

is expected to be measured with 1% precision, µbb̄
tt̄H = 1.00 ± 0.01 [133]. Since the t, b and �H

parameters are independent in µbb̄
tt̄H , one cannot determine them from the tt̄H production alone. Bounds

on the t, b and R� can be derived from a global analysis of various Higgs production channels. The
bottom Yukawa coupling would be measured precisely at electron-positron colliders. Once b is known,
a correlation between t and R� is obtained as following

2
t

R�
= µtt̄H . (25)

If the top-quark Yukawa coupling could be directly measured in a single channel, then one can probe R�

from Eq. 25.
In the SM the tt̄tt̄ production occurs either through a gluon mediator [160] or by an off-shell Higgs

mediator; see Fig. 53 for the representative Feynman diagrams. Interferences between the QCD diagrams
(tt̄tt̄g) and the Higgs diagrams (tt̄tt̄H ) are absent at the tree level. We thus name the cross section of the
QCD induced channel as �(tt̄tt̄)g and the cross section of the Higgs induced channel as �(tt̄tt̄)H . 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 , (26)

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 differ from
the SM value throughout this section. As a result, the cross section of tt̄tt̄ production is

�(tt̄tt̄) = �SM(tt̄tt̄)g+Z/� + 2
t �

SM(tt̄tt̄)int + 4
t �

SM(tt̄tt̄)H , (27)

where

�SM(tt̄tt̄)g+Z/� / ��Mg + MZ/�

��2 ,

�SM(tt̄tt̄)H / |MH |2 ,

�SM(tt̄tt̄)int / Mg+Z/�M†
H + M†

g+Z/�MH . (28)

We use MadEvent [161] to calculate the leading order cross section of tt̄tt̄ production in the SM. The
numerical results are summarized as follows:

14 TeV 100 TeV
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t̄g
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g
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t

t

t̄

t̄Z/�

Fig. 53: Representative Feynman diagrams of the tt̄tt̄ production through the QCD interaction and the Higgs
boson mediation.
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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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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.
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

=
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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
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R
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= 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.

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
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where t ⌘ yHtt/y
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Hxx are the
scaling factors of Higgs couplings. The signal strength
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is expected to be measured with uncertainties [4]
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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
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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
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is
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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 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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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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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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