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A view from the top
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CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 35.9 fb≤13 TeV CMS measurement (L 

Theory prediction

CDF and D0: discovery  
of the top quark (1995)

This talk



Outline

(Beyond) Standard Model tttt Theory 

Overview of Experimental Measurements 

Focus on latest result: 
CMS same-sign and multilepton search, with 35.9 fb-1 at 13 TeV 

Disclaimer:  
Many BSM theories predict boosted tttt or tttt+MET 
• The featured result grew out of a tttt+MET search for gluino pair-production 
I will focus on SM-like tttt production (at rest) 
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Intro to (B)SM tttt Theory
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Basic question: what is the tttt cross section?
Scale/PDF choices lead to different NLO/LO k-Factors: 

[1] 14 TeV, NLO:  
• Scale choice (µ = 2mt vs HT/4) gives 20% (10%) variations at LO (NLO) 
• NLO/LO k-factor: 1.27 (1.21) for µ = 2mt (HT/4) 
• σNLO(tttt) = 15.3+4.0

-3.8  or 16.8+4.0
-4.2 fb 

[2] 13 TeV, NLO 
• µ = HT/2. LO and NLO results based on NLO PDF 
• NLO/LO k-factor: 2.04 
• σNLO(tttt) = 9.2+2.9

-2.4 fb 

[3] 13 TeV, LO including Higgs contribution and interference 
• µ = MG default  
• σLO(tttt) = 9.6+3.9

-3.5  fb 

• —> With 1.27 k-factor from [1]: σLO(tttt)*k = 12.2+5.0
-4.4 fb 

Summary:  
1) Calculation is not straightforward 
2) Measurement might shed some light, and encourage investigation 
3) NLO calculation including Higgs contributions is missing 
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σ(tttt) includes diagrams with off-shell Higgs bosons 
Small, but proportional to 4th power of top-Higgs coupling 
• Unique: production and decay through same Yukawa 
• |yt| > |yt

SM|  would significantly enhance tttt cross section 

Additional contributions from off-shell Higgs
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Probing Higgs width and top quark Yukawa coupling
from tt̄H and tt̄tt̄ productions
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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 the Higgs boson decay. Taking into account the
projection of the tt̄H production by the ATLAS Collaboration, we obtained a bound on the Higgs boson
width, ΓH ≤ 2.57ΓSM

H , at the 14 TeV Large Hadron Collider with an integrated luminosity of 300 fb−1.

DOI: 10.1103/PhysRevD.95.053004

I. INTRODUCTION

Four years after the Higgs boson discovery we still know
little about the Higgs boson width (ΓH) and its couplings to
fermions in the Standard Model (SM). For its smallness, the
Higgs bosonwidth cannot bemeasureddirectly from the line
shape of the Higgs boson resonance. One way to determine
ΓH is through the gg → H → ZZ channel by comparing the
production rate in the vicinity of the Higgs resonance with
the rate away from the resonance [1]. So far, only upper
bounds are obtained; for example, the current bounds on ΓH
at a 95% confidence level are ΓH ≤ ð4.5 ∼ 7.5Þ × ΓSM

H by
the ATLASCollaboration [2] and ΓH ≤ 5.4ΓSM

H by the CMS
Collaboration [3]. Similarly, the top Yukawa coupling (yHtt̄)
is not directly measured yet, although the Higgs boson
discovery indicates that the Higgs boson must interact with
top quarks to generate Higgs-gluon-gluon effective cou-
pling. The top Yukawa coupling can be measured in the rare
tt̄H production on the condition that theHiggs boson decays
exactly as in the SM. Precise information about the Higgs
boson width and the top Yukawa coupling will help us to
decipher the Higgs boson properties and also shed light on
new physics (NP) beyond the SM. In this work we discuss
the measurement of ΓH and yHtt̄ 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 ΓH
and yHtt̄.
As reported by the ATLAS Collaboration [4], the signal

strength of the tt̄H production process could be measured
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

σðpp → tt̄H → tt̄xxÞ

¼ σSMðpp → tt̄H → tt̄xxÞ × κ2t κ2x
ΓSM
H

ΓH

≡ σSMðpp → tt̄H → tt̄xxÞ × μxxtt̄H; ð1Þ

where κt ≡ yHtt=ySMHtt and κx ≡ yHxx=ySMHxx are the scaling
factors of the Higgs couplings. The signal strength μxxtt̄H,
defined as

μxxtt̄H ≡ σ
σSM

¼ κ2t κ2x
RΓ

with RΓ ≡ ΓH

ΓSM
H

ð2Þ

is expected to be measured with uncertainties [4]

μ̄γγtt̄H ¼ 1.00$ 0.38; μ̄ZZtt̄H ¼ 1.00$ 0.49;

μ̄μμtt̄H ¼ 1.00$ 0.74; μ̄comb
tt̄H ¼ 1.00$ 0.32; ð3Þ

at the 14 TeV LHC with L ¼ 300 fb−1. Here μ̄comb
tt̄H refers to

the result of combining multiple Higgs decay modes. The
κt, κx, and ΓH parameters in μtt̄H are independent; therefore,
one cannot determine them from the tt̄H production alone.
Bounds on the κt, κx, and RΓ 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 the
Higgs decay modes. That ensures that we consider two
special cases:

(i) ΓH ≃ ΓSM
H : it is a good approximation for the

H → μþμ− and H → γγ modes, because modifica-
tions on those rare decays would not dramatically
affect the total width. Thus, one can determine the
bound on the product of κt and κx as

*qinghongcao@pku.edu.cn
†chensl@mail.ccnu.edu.cn
‡ydliu@pku.edu.cn
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FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.

and R
�

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

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

�(tt̄tt̄)H / 4

t�
SM(tt̄tt̄)H , (6)

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

�(tt̄tt̄) = �SM(tt̄tt̄)g+Z/� + 2

t�
SM

int

+ 4

t�
SM(tt̄tt̄)H , (7)

where

�SM(tt̄tt̄)g+Z/� /
��Mg +MZ/�

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

int

/ Mg+Z/�M†
H +M†

g+Z/�MH . (8)

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

8 TeV 14 TeV

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

�SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�SM(tt̄tt̄)
int

: �0.229 fb, �2.060 fb. (9)

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

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

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

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

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

at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t
production [13, 14], KF = 1.22 for the t̄tW+ channel
and KF = 1.27 for the t̄tW� channel [15], KF = 1.49
for the t̄tZ production [16–21], and KF = 0.9 for
the W±W±jj channel [22, 23]. We use Pythia [24]
to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.

and R
�

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

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

�(tt̄tt̄)H / 4

t�
SM(tt̄tt̄)H , (6)

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

�(tt̄tt̄) = �SM(tt̄tt̄)g+Z/� + 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-

κ2t κ2x ¼ μ̄tt̄H; ð4Þ

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

(ii) κx ≃ 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on κt and RΓ is

κ2t
RΓ

¼ μ̄tt̄H: ð5Þ

If the top quark Yukawa coupling could be directly
measured or constrained in one particular Higgs production
channel, then one can impose bounds on κx and RΓ based
on Eqs. (4) and (5), respectively. Below we show that the
tt̄tt̄ production is a powerful tool to constrain the top
Yukawa coupling.

II. COLLIDER SIMULATION

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=γ , 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.,

σðtt̄tt̄ÞH ∝ κ4t σSMðtt̄tt̄ÞH; ð6Þ

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

σðtt̄tt̄Þ ¼ σSMðtt̄tt̄ÞgþZ=γ þ κ2t σSMint þ κ4t σSMðtt̄tt̄ÞH; ð7Þ

where

σSMðtt̄tt̄ÞgþZ=γ ∝ jMg þMZ=γj2

¼ jMgj2 þ jMZ=γj2

þMgM
†
Z=γ þM†

gMZ=γ

¼ σSMðtt̄tt̄Þg þ σSMðtt̄tt̄ÞZ=γ
þ σSMðtt̄tt̄ÞgþZ=γ;int;

σSMðtt̄tt̄ÞH ∝ jMHj2;

σSMðtt̄tt̄Þint ∝ MgþZ=γM
†
H þM†

gþZ=γMH: ð8Þ

As shown in the above equation, σSMðtt̄tt̄Þint denotes the
interference between the Higgs mediation processes and the
gluon and Z=γ mediation precesses. 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 13 TeV 14 TeV

σSMðtt̄tt̄ÞgþZ=γ∶ 1.344 fb; 9.997 fb; 13.140 fb;

σSMðtt̄tt̄ÞH∶ 0.171 fb; 1.168 fb; 1.515 fb;

σSMðtt̄tt̄Þint∶ −0.224 fb; −1.547 fb; −2.007 fb:

ð9Þ

The numerical results shown above are checked with
CalcHEP [6]. A highly integrated luminosity is needed
to reach a 5σ 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% C.L. bound, σðtt̄tt̄Þ ≤ 23 fb, is reported by the
ATLAS [7] and the CMS Collaborations [8] at the 8 TeV
LHC. The upper limit of the σðtt̄tt̄Þ is about 18 times larger
than the SM theory prediction. That yields a bound of
κt ≤ 3.45 in terms of Eq. (7) and the tree-level cross section
listed in Eq. (9). Recently, the CMS Collaboration updated
their measurement of the four top quark production at the
13 TeV with an integrated luminosity of 2.6 fb−1, yielding
an upper limit of σðtt̄tt̄Þ=σðtt̄tt̄ÞSM < 10.2 [9]. That gives
rise to an improved bound of κt < 3.03.
We notice that including higher order QCD corrections

to the tt̄tt̄ production mildly affects the limit of κt. For
example, we take the QCD corrections into account by
introducing a constant K factor. Reference [10] calculated
the next-leading order QCD corrections to the tt̄tt̄ pro-
duction only through the gluon mediated channels and
obtained a factor of KF ¼ 1.27. Since the interference term
contains a QCD contribution as well, we multiply the tree-
level cross section σðtt̄tt̄Þ in Eq. (7) by a constant K factor
of 1.27. The upper limit of κt changes from 3.45 to 3.25.
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 theFIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.
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σ(tttt) includes diagrams with off-shell Higgs bosons 
Small, but proportional to 4th power of top-Higgs coupling 
• Unique: production and decay through same Yukawa 
• |yt| > |yt

SM|  would significantly enhance tttt cross section 
Proposal from Cao et al. [PRD 95, 053004 (2017) and FCC Yellow Report] 

Combine tttt and ttH measurements to constrain total Higgs width, assuming SM 
branching ratio to µµ/ΖΖ/γγ, or vice-versa 

Additional contributions from off-shell Higgs
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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 the Higgs boson decay. Taking into account the
projection of the tt̄H production by the ATLAS Collaboration, we obtained a bound on the Higgs boson
width, ΓH ≤ 2.57ΓSM

H , at the 14 TeV Large Hadron Collider with an integrated luminosity of 300 fb−1.

DOI: 10.1103/PhysRevD.95.053004

I. INTRODUCTION

Four years after the Higgs boson discovery we still know
little about the Higgs boson width (ΓH) and its couplings to
fermions in the Standard Model (SM). For its smallness, the
Higgs bosonwidth cannot bemeasureddirectly from the line
shape of the Higgs boson resonance. One way to determine
ΓH is through the gg → H → ZZ channel by comparing the
production rate in the vicinity of the Higgs resonance with
the rate away from the resonance [1]. So far, only upper
bounds are obtained; for example, the current bounds on ΓH
at a 95% confidence level are ΓH ≤ ð4.5 ∼ 7.5Þ × ΓSM

H by
the ATLASCollaboration [2] and ΓH ≤ 5.4ΓSM

H by the CMS
Collaboration [3]. Similarly, the top Yukawa coupling (yHtt̄)
is not directly measured yet, although the Higgs boson
discovery indicates that the Higgs boson must interact with
top quarks to generate Higgs-gluon-gluon effective cou-
pling. The top Yukawa coupling can be measured in the rare
tt̄H production on the condition that theHiggs boson decays
exactly as in the SM. Precise information about the Higgs
boson width and the top Yukawa coupling will help us to
decipher the Higgs boson properties and also shed light on
new physics (NP) beyond the SM. In this work we discuss
the measurement of ΓH and yHtt̄ 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 ΓH
and yHtt̄.
As reported by the ATLAS Collaboration [4], the signal

strength of the tt̄H production process could be measured
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

σðpp → tt̄H → tt̄xxÞ

¼ σSMðpp → tt̄H → tt̄xxÞ × κ2t κ2x
ΓSM
H

ΓH

≡ σSMðpp → tt̄H → tt̄xxÞ × μxxtt̄H; ð1Þ

where κt ≡ yHtt=ySMHtt and κx ≡ yHxx=ySMHxx are the scaling
factors of the Higgs couplings. The signal strength μxxtt̄H,
defined as

μxxtt̄H ≡ σ
σSM

¼ κ2t κ2x
RΓ

with RΓ ≡ ΓH

ΓSM
H

ð2Þ

is expected to be measured with uncertainties [4]

μ̄γγtt̄H ¼ 1.00$ 0.38; μ̄ZZtt̄H ¼ 1.00$ 0.49;

μ̄μμtt̄H ¼ 1.00$ 0.74; μ̄comb
tt̄H ¼ 1.00$ 0.32; ð3Þ

at the 14 TeV LHC with L ¼ 300 fb−1. Here μ̄comb
tt̄H refers to

the result of combining multiple Higgs decay modes. The
κt, κx, and ΓH parameters in μtt̄H are independent; therefore,
one cannot determine them from the tt̄H production alone.
Bounds on the κt, κx, and RΓ 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 the
Higgs decay modes. That ensures that we consider two
special cases:

(i) ΓH ≃ ΓSM
H : it is a good approximation for the

H → μþμ− and H → γγ modes, because modifica-
tions on those rare decays would not dramatically
affect the total width. Thus, one can determine the
bound on the product of κt and κx as
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I. INTRODUCTION

Four years after the Higgs boson discovery we still know
little about the Higgs boson width (ΓH) and its couplings to
fermions in the Standard Model (SM). For its smallness, the
Higgs bosonwidth cannot bemeasureddirectly from the line
shape of the Higgs boson resonance. One way to determine
ΓH is through the gg → H → ZZ channel by comparing the
production rate in the vicinity of the Higgs resonance with
the rate away from the resonance [1]. So far, only upper
bounds are obtained; for example, the current bounds on ΓH
at a 95% confidence level are ΓH ≤ ð4.5 ∼ 7.5Þ × ΓSM

H by
the ATLASCollaboration [2] and ΓH ≤ 5.4ΓSM

H by the CMS
Collaboration [3]. Similarly, the top Yukawa coupling (yHtt̄)
is not directly measured yet, although the Higgs boson
discovery indicates that the Higgs boson must interact with
top quarks to generate Higgs-gluon-gluon effective cou-
pling. The top Yukawa coupling can be measured in the rare
tt̄H production on the condition that theHiggs boson decays
exactly as in the SM. Precise information about the Higgs
boson width and the top Yukawa coupling will help us to
decipher the Higgs boson properties and also shed light on
new physics (NP) beyond the SM. In this work we discuss
the measurement of ΓH and yHtt̄ 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 ΓH
and yHtt̄.
As reported by the ATLAS Collaboration [4], the signal

strength of the tt̄H production process could be measured
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

σðpp → tt̄H → tt̄xxÞ

¼ σSMðpp → tt̄H → tt̄xxÞ × κ2t κ2x
ΓSM
H

ΓH

≡ σSMðpp → tt̄H → tt̄xxÞ × μxxtt̄H; ð1Þ

where κt ≡ yHtt=ySMHtt and κx ≡ yHxx=ySMHxx are the scaling
factors of the Higgs couplings. The signal strength μxxtt̄H,
defined as

μxxtt̄H ≡ σ
σSM

¼ κ2t κ2x
RΓ

with RΓ ≡ ΓH

ΓSM
H

ð2Þ

is expected to be measured with uncertainties [4]

μ̄γγtt̄H ¼ 1.00$ 0.38; μ̄ZZtt̄H ¼ 1.00$ 0.49;

μ̄μμtt̄H ¼ 1.00$ 0.74; μ̄comb
tt̄H ¼ 1.00$ 0.32; ð3Þ

at the 14 TeV LHC with L ¼ 300 fb−1. Here μ̄comb
tt̄H refers to

the result of combining multiple Higgs decay modes. The
κt, κx, and ΓH parameters in μtt̄H are independent; therefore,
one cannot determine them from the tt̄H production alone.
Bounds on the κt, κx, and RΓ 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 the
Higgs decay modes. That ensures that we consider two
special cases:

(i) ΓH ≃ ΓSM
H : it is a good approximation for the

H → μþμ− and H → γγ modes, because modifica-
tions on those rare decays would not dramatically
affect the total width. Thus, one can determine the
bound on the product of κt and κx as
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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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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-

κ2t κ2x ¼ μ̄tt̄H; ð4Þ

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

(ii) κx ≃ 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on κt and RΓ is

κ2t
RΓ

¼ μ̄tt̄H: ð5Þ

If the top quark Yukawa coupling could be directly
measured or constrained in one particular Higgs production
channel, then one can impose bounds on κx and RΓ based
on Eqs. (4) and (5), respectively. Below we show that the
tt̄tt̄ production is a powerful tool to constrain the top
Yukawa coupling.

II. COLLIDER SIMULATION

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=γ , 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.,

σðtt̄tt̄ÞH ∝ κ4t σSMðtt̄tt̄ÞH; ð6Þ

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

σðtt̄tt̄Þ ¼ σSMðtt̄tt̄ÞgþZ=γ þ κ2t σSMint þ κ4t σSMðtt̄tt̄ÞH; ð7Þ

where

σSMðtt̄tt̄ÞgþZ=γ ∝ jMg þMZ=γj2

¼ jMgj2 þ jMZ=γj2

þMgM
†
Z=γ þM†

gMZ=γ

¼ σSMðtt̄tt̄Þg þ σSMðtt̄tt̄ÞZ=γ
þ σSMðtt̄tt̄ÞgþZ=γ;int;

σSMðtt̄tt̄ÞH ∝ jMHj2;

σSMðtt̄tt̄Þint ∝ MgþZ=γM
†
H þM†

gþZ=γMH: ð8Þ

As shown in the above equation, σSMðtt̄tt̄Þint denotes the
interference between the Higgs mediation processes and the
gluon and Z=γ mediation precesses. 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 13 TeV 14 TeV

σSMðtt̄tt̄ÞgþZ=γ∶ 1.344 fb; 9.997 fb; 13.140 fb;

σSMðtt̄tt̄ÞH∶ 0.171 fb; 1.168 fb; 1.515 fb;

σSMðtt̄tt̄Þint∶ −0.224 fb; −1.547 fb; −2.007 fb:

ð9Þ

The numerical results shown above are checked with
CalcHEP [6]. A highly integrated luminosity is needed
to reach a 5σ 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% C.L. bound, σðtt̄tt̄Þ ≤ 23 fb, is reported by the
ATLAS [7] and the CMS Collaborations [8] at the 8 TeV
LHC. The upper limit of the σðtt̄tt̄Þ is about 18 times larger
than the SM theory prediction. That yields a bound of
κt ≤ 3.45 in terms of Eq. (7) and the tree-level cross section
listed in Eq. (9). Recently, the CMS Collaboration updated
their measurement of the four top quark production at the
13 TeV with an integrated luminosity of 2.6 fb−1, yielding
an upper limit of σðtt̄tt̄Þ=σðtt̄tt̄ÞSM < 10.2 [9]. That gives
rise to an improved bound of κt < 3.03.
We notice that including higher order QCD corrections

to the tt̄tt̄ production mildly affects the limit of κt. For
example, we take the QCD corrections into account by
introducing a constant K factor. Reference [10] calculated
the next-leading order QCD corrections to the tt̄tt̄ pro-
duction only through the gluon mediated channels and
obtained a factor of KF ¼ 1.27. Since the interference term
contains a QCD contribution as well, we multiply the tree-
level cross section σðtt̄tt̄Þ in Eq. (7) by a constant K factor
of 1.27. The upper limit of κt changes from 3.45 to 3.25.
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 theFIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.
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σ(tttt) includes diagrams with off-shell Higgs bosons 
Small, but proportional to 4th power of top-Higgs coupling 
• Unique: production and decay through same Yukawa 
• |yt| > |yt

SM|  would significantly enhance tttt cross section 
Proposal from Cao et al. [PRD 95, 053004 (2017) and FCC Yellow Report] 

Combine tttt and ttH measurements to constrain total Higgs width, assuming SM 
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I. INTRODUCTION

Four years after the Higgs boson discovery we still know
little about the Higgs boson width (ΓH) and its couplings to
fermions in the Standard Model (SM). For its smallness, the
Higgs bosonwidth cannot bemeasureddirectly from the line
shape of the Higgs boson resonance. One way to determine
ΓH is through the gg → H → ZZ channel by comparing the
production rate in the vicinity of the Higgs resonance with
the rate away from the resonance [1]. So far, only upper
bounds are obtained; for example, the current bounds on ΓH
at a 95% confidence level are ΓH ≤ ð4.5 ∼ 7.5Þ × ΓSM

H by
the ATLASCollaboration [2] and ΓH ≤ 5.4ΓSM

H by the CMS
Collaboration [3]. Similarly, the top Yukawa coupling (yHtt̄)
is not directly measured yet, although the Higgs boson
discovery indicates that the Higgs boson must interact with
top quarks to generate Higgs-gluon-gluon effective cou-
pling. The top Yukawa coupling can be measured in the rare
tt̄H production on the condition that theHiggs boson decays
exactly as in the SM. Precise information about the Higgs
boson width and the top Yukawa coupling will help us to
decipher the Higgs boson properties and also shed light on
new physics (NP) beyond the SM. In this work we discuss
the measurement of ΓH and yHtt̄ 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 ΓH
and yHtt̄.
As reported by the ATLAS Collaboration [4], the signal

strength of the tt̄H production process could be measured
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

σðpp → tt̄H → tt̄xxÞ

¼ σSMðpp → tt̄H → tt̄xxÞ × κ2t κ2x
ΓSM
H

ΓH

≡ σSMðpp → tt̄H → tt̄xxÞ × μxxtt̄H; ð1Þ

where κt ≡ yHtt=ySMHtt and κx ≡ yHxx=ySMHxx are the scaling
factors of the Higgs couplings. The signal strength μxxtt̄H,
defined as

μxxtt̄H ≡ σ
σSM

¼ κ2t κ2x
RΓ

with RΓ ≡ ΓH

ΓSM
H

ð2Þ

is expected to be measured with uncertainties [4]

μ̄γγtt̄H ¼ 1.00$ 0.38; μ̄ZZtt̄H ¼ 1.00$ 0.49;

μ̄μμtt̄H ¼ 1.00$ 0.74; μ̄comb
tt̄H ¼ 1.00$ 0.32; ð3Þ

at the 14 TeV LHC with L ¼ 300 fb−1. Here μ̄comb
tt̄H refers to

the result of combining multiple Higgs decay modes. The
κt, κx, and ΓH parameters in μtt̄H are independent; therefore,
one cannot determine them from the tt̄H production alone.
Bounds on the κt, κx, and RΓ 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 the
Higgs decay modes. That ensures that we consider two
special cases:

(i) ΓH ≃ ΓSM
H : it is a good approximation for the

H → μþμ− and H → γγ modes, because modifica-
tions on those rare decays would not dramatically
affect the total width. Thus, one can determine the
bound on the product of κt and κx as
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pl1

T ETð1 − cosΔϕÞ
q

; ð11Þ

where Δϕ is the azimuthal angle between the l1 lepton
and the ET . The mT cut is to remove those backgrounds
involving leptonically decayed W bosons. The HT is the
scalar sum of the transverse momenta of all the visible
particles and the missing energy ET.
Table I shows thenumbersof the signal and thebackground

events after a series of kinematics cuts at the14TeVLHCwith
an integrated luminosity of 300 fb−1. The tt̄tt̄ production
channels through the gluon, the electroweak gauge-boson,
and the Higgs boson mediation share similar kinematics;
therefore, all the tt̄tt̄ production channels exhibit similar
efficiencies for each cut shown in Table I. The major back-
grounds in the SM are from the tt̄W$ and tt̄Z productions.
About 22.5 background events remain after all the cuts.
Next we discuss how well the top Yukawa coupling can

be probed in the tt̄tt̄ production at the future LHC. As there
are few events of both the signal and the backgrounds after
the kinematics cuts, we obtain a 2σ exclusion limit on the
tt̄tt̄ production rate using [27]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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#
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$
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%s
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where ns and nb are the numbers of signal and background
events, respectively. If a null result is observed on top of the
22.5 background events, then the number of signal events
cannot exceed 10.9, from which we obtain κt ≤ 1.34 with
L ¼ 300 fb−1 using Eq. (7) with a confidence level of 95%.
Bounds for other integrated luminosities can be derived
similarly, yielding κt ≤ 1.94 for L ¼ 100 fb−1. In our
analysis, we focus on the κt ≥ 0 region. The option of
negative κt is forbidden by the current experiment con-
straints of Hγγ coupling [28,29].

TABLE I. The numbers of the signal and background events at the 14 TeV LHC with an integrated luminosity of
300 fb−1. The kinematics cuts listed in each row are applied sequentially.

Basic SSL Jets ET mT HT

t̄tt̄tH 577.22 9.82 4.68 2.43 1.33 1.21

t̄tt̄tgþZ=γ 5006.34 78.15 37.02 19.25 11.09 10.16

t̄tt̄tint −764.67 −12.79 −6.19 −3.23 −1.93 −1.77

t̄t 2.5 × 108 28802.4 44.1 18.9 0 0

t̄tWþ 32670 2359.5 36.9 17.7 12.3 8.7

t̄tW− 16758 1397.1 49.5 9.9 4.5 4.5

t̄tZ 24516 2309.4 20.1 10.8 10.8 9.3

W$W$jj 4187.7 1147.5 0.11 0 0 0

(a)

(b)

FIG. 3. The relative uncertainty on the signal strength μtt̄H
projected in the plane of κt and κx (a) and in the plane of κt and
RΓ (b) at the 14 TeV with L ¼ 300 fb−1 for H → γγ (yellow),
H → μþμ− (blue), H → ZZ (gray), and also the combination
(green). The red meshed region is excluded by the tt̄tt̄ production
with L ¼ 300 fb−1 with a 95% confidence level, respectively, if
null signal events were observed.
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I. INTRODUCTION

Four years after the Higgs boson discovery we still know
little about the Higgs boson width (ΓH) and its couplings to
fermions in the Standard Model (SM). For its smallness, the
Higgs bosonwidth cannot bemeasureddirectly from the line
shape of the Higgs boson resonance. One way to determine
ΓH is through the gg → H → ZZ channel by comparing the
production rate in the vicinity of the Higgs resonance with
the rate away from the resonance [1]. So far, only upper
bounds are obtained; for example, the current bounds on ΓH
at a 95% confidence level are ΓH ≤ ð4.5 ∼ 7.5Þ × ΓSM

H by
the ATLASCollaboration [2] and ΓH ≤ 5.4ΓSM

H by the CMS
Collaboration [3]. Similarly, the top Yukawa coupling (yHtt̄)
is not directly measured yet, although the Higgs boson
discovery indicates that the Higgs boson must interact with
top quarks to generate Higgs-gluon-gluon effective cou-
pling. The top Yukawa coupling can be measured in the rare
tt̄H production on the condition that theHiggs boson decays
exactly as in the SM. Precise information about the Higgs
boson width and the top Yukawa coupling will help us to
decipher the Higgs boson properties and also shed light on
new physics (NP) beyond the SM. In this work we discuss
the measurement of ΓH and yHtt̄ 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 ΓH
and yHtt̄.
As reported by the ATLAS Collaboration [4], the signal

strength of the tt̄H production process could be measured
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

σðpp → tt̄H → tt̄xxÞ

¼ σSMðpp → tt̄H → tt̄xxÞ × κ2t κ2x
ΓSM
H

ΓH

≡ σSMðpp → tt̄H → tt̄xxÞ × μxxtt̄H; ð1Þ

where κt ≡ yHtt=ySMHtt and κx ≡ yHxx=ySMHxx are the scaling
factors of the Higgs couplings. The signal strength μxxtt̄H,
defined as

μxxtt̄H ≡ σ
σSM

¼ κ2t κ2x
RΓ

with RΓ ≡ ΓH

ΓSM
H

ð2Þ

is expected to be measured with uncertainties [4]

μ̄γγtt̄H ¼ 1.00$ 0.38; μ̄ZZtt̄H ¼ 1.00$ 0.49;

μ̄μμtt̄H ¼ 1.00$ 0.74; μ̄comb
tt̄H ¼ 1.00$ 0.32; ð3Þ

at the 14 TeV LHC with L ¼ 300 fb−1. Here μ̄comb
tt̄H refers to

the result of combining multiple Higgs decay modes. The
κt, κx, and ΓH parameters in μtt̄H are independent; therefore,
one cannot determine them from the tt̄H production alone.
Bounds on the κt, κx, and RΓ 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 the
Higgs decay modes. That ensures that we consider two
special cases:

(i) ΓH ≃ ΓSM
H : it is a good approximation for the

H → μþμ− and H → γγ modes, because modifica-
tions on those rare decays would not dramatically
affect the total width. Thus, one can determine the
bound on the product of κt and κx as
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where Δϕ is the azimuthal angle between the l1 lepton
and the ET . The mT cut is to remove those backgrounds
involving leptonically decayed W bosons. The HT is the
scalar sum of the transverse momenta of all the visible
particles and the missing energy ET.
Table I shows thenumbersof the signal and thebackground

events after a series of kinematics cuts at the14TeVLHCwith
an integrated luminosity of 300 fb−1. The tt̄tt̄ production
channels through the gluon, the electroweak gauge-boson,
and the Higgs boson mediation share similar kinematics;
therefore, all the tt̄tt̄ production channels exhibit similar
efficiencies for each cut shown in Table I. The major back-
grounds in the SM are from the tt̄W$ and tt̄Z productions.
About 22.5 background events remain after all the cuts.
Next we discuss how well the top Yukawa coupling can

be probed in the tt̄tt̄ production at the future LHC. As there
are few events of both the signal and the backgrounds after
the kinematics cuts, we obtain a 2σ exclusion limit on the
tt̄tt̄ production rate using [27]
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where ns and nb are the numbers of signal and background
events, respectively. If a null result is observed on top of the
22.5 background events, then the number of signal events
cannot exceed 10.9, from which we obtain κt ≤ 1.34 with
L ¼ 300 fb−1 using Eq. (7) with a confidence level of 95%.
Bounds for other integrated luminosities can be derived
similarly, yielding κt ≤ 1.94 for L ¼ 100 fb−1. In our
analysis, we focus on the κt ≥ 0 region. The option of
negative κt is forbidden by the current experiment con-
straints of Hγγ coupling [28,29].

TABLE I. The numbers of the signal and background events at the 14 TeV LHC with an integrated luminosity of
300 fb−1. The kinematics cuts listed in each row are applied sequentially.

Basic SSL Jets ET mT HT

t̄tt̄tH 577.22 9.82 4.68 2.43 1.33 1.21

t̄tt̄tgþZ=γ 5006.34 78.15 37.02 19.25 11.09 10.16

t̄tt̄tint −764.67 −12.79 −6.19 −3.23 −1.93 −1.77

t̄t 2.5 × 108 28802.4 44.1 18.9 0 0

t̄tWþ 32670 2359.5 36.9 17.7 12.3 8.7

t̄tW− 16758 1397.1 49.5 9.9 4.5 4.5

t̄tZ 24516 2309.4 20.1 10.8 10.8 9.3

W$W$jj 4187.7 1147.5 0.11 0 0 0

(a)

(b)

FIG. 3. The relative uncertainty on the signal strength μtt̄H
projected in the plane of κt and κx (a) and in the plane of κt and
RΓ (b) at the 14 TeV with L ¼ 300 fb−1 for H → γγ (yellow),
H → μþμ− (blue), H → ZZ (gray), and also the combination
(green). The red meshed region is excluded by the tt̄tt̄ production
with L ¼ 300 fb−1 with a 95% confidence level, respectively, if
null signal events were observed.
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I. INTRODUCTION

Four years after the Higgs boson discovery we still know
little about the Higgs boson width (ΓH) and its couplings to
fermions in the Standard Model (SM). For its smallness, the
Higgs bosonwidth cannot bemeasureddirectly from the line
shape of the Higgs boson resonance. One way to determine
ΓH is through the gg → H → ZZ channel by comparing the
production rate in the vicinity of the Higgs resonance with
the rate away from the resonance [1]. So far, only upper
bounds are obtained; for example, the current bounds on ΓH
at a 95% confidence level are ΓH ≤ ð4.5 ∼ 7.5Þ × ΓSM

H by
the ATLASCollaboration [2] and ΓH ≤ 5.4ΓSM

H by the CMS
Collaboration [3]. Similarly, the top Yukawa coupling (yHtt̄)
is not directly measured yet, although the Higgs boson
discovery indicates that the Higgs boson must interact with
top quarks to generate Higgs-gluon-gluon effective cou-
pling. The top Yukawa coupling can be measured in the rare
tt̄H production on the condition that theHiggs boson decays
exactly as in the SM. Precise information about the Higgs
boson width and the top Yukawa coupling will help us to
decipher the Higgs boson properties and also shed light on
new physics (NP) beyond the SM. In this work we discuss
the measurement of ΓH and yHtt̄ 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 ΓH
and yHtt̄.
As reported by the ATLAS Collaboration [4], the signal

strength of the tt̄H production process could be measured
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

σðpp → tt̄H → tt̄xxÞ

¼ σSMðpp → tt̄H → tt̄xxÞ × κ2t κ2x
ΓSM
H

ΓH

≡ σSMðpp → tt̄H → tt̄xxÞ × μxxtt̄H; ð1Þ

where κt ≡ yHtt=ySMHtt and κx ≡ yHxx=ySMHxx are the scaling
factors of the Higgs couplings. The signal strength μxxtt̄H,
defined as

μxxtt̄H ≡ σ
σSM

¼ κ2t κ2x
RΓ

with RΓ ≡ ΓH

ΓSM
H

ð2Þ

is expected to be measured with uncertainties [4]

μ̄γγtt̄H ¼ 1.00$ 0.38; μ̄ZZtt̄H ¼ 1.00$ 0.49;

μ̄μμtt̄H ¼ 1.00$ 0.74; μ̄comb
tt̄H ¼ 1.00$ 0.32; ð3Þ

at the 14 TeV LHC with L ¼ 300 fb−1. Here μ̄comb
tt̄H refers to

the result of combining multiple Higgs decay modes. The
κt, κx, and ΓH parameters in μtt̄H are independent; therefore,
one cannot determine them from the tt̄H production alone.
Bounds on the κt, κx, and RΓ 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 the
Higgs decay modes. That ensures that we consider two
special cases:

(i) ΓH ≃ ΓSM
H : it is a good approximation for the

H → μþμ− and H → γγ modes, because modifica-
tions on those rare decays would not dramatically
affect the total width. Thus, one can determine the
bound on the product of κt and κx as
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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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SM

int
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SM(tt̄tt̄)H , (7)

where

�SM(tt̄tt̄)g+Z/� /
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��2 ,
�SM(tt̄tt̄)H / |MH |2 ,
�SM(tt̄tt̄)

int

/ Mg+Z/�M†
H +M†
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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-

κ2t κ2x ¼ μ̄tt̄H; ð4Þ

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

(ii) κx ≃ 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on κt and RΓ is

κ2t
RΓ

¼ μ̄tt̄H: ð5Þ

If the top quark Yukawa coupling could be directly
measured or constrained in one particular Higgs production
channel, then one can impose bounds on κx and RΓ based
on Eqs. (4) and (5), respectively. Below we show that the
tt̄tt̄ production is a powerful tool to constrain the top
Yukawa coupling.

II. COLLIDER SIMULATION

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=γ , 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.,

σðtt̄tt̄ÞH ∝ κ4t σSMðtt̄tt̄ÞH; ð6Þ

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

σðtt̄tt̄Þ ¼ σSMðtt̄tt̄ÞgþZ=γ þ κ2t σSMint þ κ4t σSMðtt̄tt̄ÞH; ð7Þ

where

σSMðtt̄tt̄ÞgþZ=γ ∝ jMg þMZ=γj2

¼ jMgj2 þ jMZ=γj2

þMgM
†
Z=γ þM†

gMZ=γ

¼ σSMðtt̄tt̄Þg þ σSMðtt̄tt̄ÞZ=γ
þ σSMðtt̄tt̄ÞgþZ=γ;int;

σSMðtt̄tt̄ÞH ∝ jMHj2;

σSMðtt̄tt̄Þint ∝ MgþZ=γM
†
H þM†

gþZ=γMH: ð8Þ

As shown in the above equation, σSMðtt̄tt̄Þint denotes the
interference between the Higgs mediation processes and the
gluon and Z=γ mediation precesses. 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 13 TeV 14 TeV

σSMðtt̄tt̄ÞgþZ=γ∶ 1.344 fb; 9.997 fb; 13.140 fb;

σSMðtt̄tt̄ÞH∶ 0.171 fb; 1.168 fb; 1.515 fb;

σSMðtt̄tt̄Þint∶ −0.224 fb; −1.547 fb; −2.007 fb:

ð9Þ

The numerical results shown above are checked with
CalcHEP [6]. A highly integrated luminosity is needed
to reach a 5σ 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% C.L. bound, σðtt̄tt̄Þ ≤ 23 fb, is reported by the
ATLAS [7] and the CMS Collaborations [8] at the 8 TeV
LHC. The upper limit of the σðtt̄tt̄Þ is about 18 times larger
than the SM theory prediction. That yields a bound of
κt ≤ 3.45 in terms of Eq. (7) and the tree-level cross section
listed in Eq. (9). Recently, the CMS Collaboration updated
their measurement of the four top quark production at the
13 TeV with an integrated luminosity of 2.6 fb−1, yielding
an upper limit of σðtt̄tt̄Þ=σðtt̄tt̄ÞSM < 10.2 [9]. That gives
rise to an improved bound of κt < 3.03.
We notice that including higher order QCD corrections

to the tt̄tt̄ production mildly affects the limit of κt. For
example, we take the QCD corrections into account by
introducing a constant K factor. Reference [10] calculated
the next-leading order QCD corrections to the tt̄tt̄ pro-
duction only through the gluon mediated channels and
obtained a factor of KF ¼ 1.27. Since the interference term
contains a QCD contribution as well, we multiply the tree-
level cross section σðtt̄tt̄Þ in Eq. (7) by a constant K factor
of 1.27. The upper limit of κt changes from 3.45 to 3.25.
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 theFIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.
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Massive (pseudo) scalars: H/A
Two-Higgs-doublet models (2HDM) 

Realized in many new physics scenarios, such as SUSY 
Lowest mass scalar can match the SM Higgs (“h”), in the “alignment limit” 

Introduce a scalar (H) and a pseudoscalar (A) 
Currently unprobed region (alignment limit, low tanβ, mH/A ≳ 2*mt) where bb/WW couplings are 
suppressed, and H/A decays preferentially to tt 

  
Largest cross section is direct production pp→H/A→tt 

Problem 1: large background (and interference with) QCD tt production 
Problem 2: shape of signal mass peak depends on coupling  
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Figure 3: Distributions of the invariant mass of the tt̄ pair from the decay of a scalar resonance H at parton level
for the pure resonance signal S (blue) and signal+interference contribution S + I (red) before the event selection.
Left column: mH = 500 GeV for tan � values of (a) 0.4 (c) 0.68 (e) 9.0. Right column: mH = 750 GeV for tan �
values of (b) 0.4 (d) 0.7 (f) 2.0. The parameter sin(� � ↵) is set unity in all cases. All tt̄ decay modes are included,
namely semileptonic, dileptonic and fully hadronic. All distributions are normalised to an integrated luminosity of
20.3 fb�1.
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Signal shape in mtt for different assumptions of signal strength

http://cds.cern.ch/record/2206229/files/
ATLAS-CONF-2016-073.pdf



ATLAS search for mtt features in 8 TeV data [CONF-2016-073]  
Exclude mA(H)~500 GeV for very small values of tanβ<0.85 (0.45) 
• Expected sensitivity for tanβ ≲ 1.2 (1.0).   
Search loses sensitivity quickly as higher tanβ reduces cross section and narrows width 
• Searches for this signature are constrained by systematics on reconstructed mtt 

• Difficult to probe 350-450 GeV region due to background shape 

 Constraints from pp→H/A→tt
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Figure 7: The mreco
t t̄

distribution of the events in the µ+jets channel signal regions after the profile-likelihood fit.
Figure (a) shows the category 1, (b) the category 2, and (c) the category 3. The insert at the bottom of each plot
shows the ratio of the data to the total background. The total background before the fit is indicated by a dashed line.
The solid red line shows the expected distribution (scaled by a factor of 7 for better visibility) for a hypothetical
pseudoscalar A with a mass of mA = 750 GeV.
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Figure 9: Observed (solid line) and expected (dashed line) upper limits on the signal strength parameter µ as a
function of the parameter tan � for a neutral pseudoscalar A with mass (a) mA = 500 GeV and (b) mA = 750 GeV.
The blue line at µ = 1 corresponds to the signal strength in the type-II 2HDM.
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H/A associated production
Proposal by N. Craig et al [arXiv:1605.08744] 

2HDM predicts enhancement in several top-associated production channels 
Can easily probe down to 2*mt, where enhancement of σtttt is a factor of > 2.5
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Contact interactions (explored by ATLAS-CONF-2016-020 and 032) 
Generic non-resonant tttt production, as long as Λ is much larger than the scale of the process 

Even more generic: Effective Field Theory operators 
• http://feynrules.irmp.ucl.ac.be/wiki/4topEFT 
First: can set limits based on cross-section enhancement 
Next (300 fb-1): can start studying kinematics 

Generic interpretations
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1 Introduction

The Standard Model (SM) has been repeatedly confirmed experimentally. Nonetheless there is a strong
motivation for physics beyond the SM (BSM) at about the TeV scale, with additional features that, for
example, specify the nature of dark matter and provide a mechanism to naturally stabilize the Higgs
boson mass at its observed value of approximately 125 GeV [1, 2]. This paper reports on a search for
BSM processes resulting in pairs of isolated high-transverse-momentum (high-pT) leptons1 with the same
electric charge, hereafter denoted as same-sign leptons, missing transverse momentum, and b-jets. This
is a promising search channel since the SM yields of such events are small and several types of BSM
physics may contribute.

Among the models that predict enhanced same-sign lepton production are those that postulate the exis-
tence of vector-like quarks (VLQ) and those that predict additional production modes for the four-top-
quark final state. A common data sample is used to search for each of these signatures.

Several extensions to the SM that regulate the Higgs boson mass in a natural way require the existence
of vector-like quarks [3–21], where ‘vector-like’ means that the left- and right-handed components trans-
form identically under the SU(2)L weak isospin gauge symmetry. Since quarks with this structure do not
receive their mass from the Higgs mechanism, their existence would not enhance the Higgs boson pro-
duction cross section and thus the motivation persists for a direct search [22]. There are several possible
varieties of VLQs. Those having the same electric charge as the SM bottom and top quarks are denoted
B and T . In addition, the exotic charge states T5/3 and B�4/3 may occur, where the subscripts indicate the
electric charge. Vector-like quarks may exist as isospin singlets, doublets, or triplets. Arguments based
on naturalness suggest that VLQs may not interact strongly with light SM quarks [23, 24]. Thus it is as-
sumed for this analysis that VLQs decay predominantly to third-generation SM quarks. For the B and T
quarks, charged- and neutral-current decays may both occur (B ! Wt, Zb, or Hb; T ! W b, Zt, or Ht),
providing many paths for same-sign lepton production for events with BB̄ or TT̄ pairs.

The branching fractions to each allowed final state are model-dependent, and the ones occurring in models
where the B and T exist as singlets [25] are used as a reference. For a B (T) quark with a mass of 0.75 TeV,
these branching ratios are Wt : Zb : Hb = 46% : 28% : 26% (W b : Zt : Ht = 49% : 21% : 29%). Since
the pair production of heavy quarks is mediated by the strong interaction, the cross section is identical
for di↵erent types of vector-like quarks of a given mass. The next-to-next-to-leading-order (NNLO)
cross sections from top++ v2.0 [26, 27] are used in this paper. The T5/3 quark must decay to W+t, and
therefore both single and pair production of this quark can result in same-sign lepton pairs; currently only
pair production is considered in this analysis.

Same-sign lepton pairs may also arise from the production of four top quarks (tt̄tt̄). The SM rate for
this production is small (⇡ 9 fb [28, 29]), but there are several BSM scenarios that can enhance the rate,
such as top compositeness models [30–32] or Randall-Sundrum models with SM fields in the bulk [33].
For a certain range of model parameters, these can be described by an e↵ective four-fermion contact
interaction with coupling strength C4t/⇤2, where C4t is the coupling constant and ⇤ is the scale of the
BSM physics [32]. The Lagrangian for this interaction is

L4t =
C4t

⇤2
�
t̄R�

µtR
� ⇣

t̄R�µtR
⌘

(1)

1 “Lepton” means “charged lepton” is this paper. Only electrons and muons are considered in the search. Tau leptons are not
explicitly reconstructed, but electrons and muons from ⌧ decay may enter the selected samples.
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Figure 1: Leading-order diagrams for (a) vector-like top quark pair production, and (b) four-top production from
the contact interaction model.

where tR is the right handed top spinor and the �µ are the Dirac matrices. Direct constraints limit any
contact interaction between left-handed top quarks to be too small to be to be observed at the LHC. A
model with two universal extra dimensions under the real projective plane geometry (2UED/RPP) [34] is
also considered. In this model, the compactification of the extra dimensions leads to discretization of the
momenta along their directions. The model is parameterized by the radii R4 and R5 of the extra dimen-
sions or, equivalently, by mKK = 1/R4 and ⇠ = R4/R5. This model predicts the pair production of tier2
(1,1) Kaluza–Klein (KK) excitations of the photon (A(1,1)

µ ) with a leading-order mass of
p

1 + ⇠2 mKK
that decay to tt̄ with an unknown branching fraction, assumed here to be 100%.

Leading-order Feynman diagrams for the production in pp collisions of some of the signals searched for
in this analysis are presented in figure 1.

Previous searches by the ATLAS collaboration using an integrated luminosity of 20.3 fb�1 of pp collisions
at a centre-of-mass energy

p
s = 8 TeV [35], and the CMS collaboration using an integrated luminosity

19.5 fb�1 of pp collisions at
p

s = 8 TeV [36] and 2.3 fb�1 at 13 TeV [37], did not observe a significant
excess of same-sign dilepton production. However, in the ATLAS search, a modest excess was observed,
reaching 2.5 standard deviations in the set of signal regions defined for searching for four-top-quark
production. The ATLAS result was used to set limits at 95% confidence level on various models, including
on VLQ and four-top-quark production. The CMS result was also used to set limits on various models,
including on SM four-top-quark production. The upper limit on the four-top-quark production cross
section, set by CMS, was 49 fb. In separate analyses the CMS collaboration used the same-sign lepton
signature as part of a search for T5/3 quarks [38], ruling out left-handed (right-handed) T5/3 quarks with
mass below 0.94 (0.96) TeV, and as part of a broader search for vector-like T quarks [39], ruling out such
quarks with mass less than 0.69 TeV. Other searches by the ATLAS collaboration using pp collisions atp

s = 8 and 13 TeV [40, 41] with similar final states to those reported here were interpreted in the context
of supersymmetric models. The present analysis uses an analysis strategy that is similar to the

p
s = 8

TeV ATLAS analysis, using a data set recorded at
p

s = 13 TeV with an integrated luminosity of 3.2
fb�1. This allows for a check of the modest excess observed at 8 TeV. Because of the increased cross
sections, the sensitivity of the search was improved from the 8 TeV search, despite the smaller integrated
luminosity of the data set.

2 A tier of the Kaluza–Klein towers is labeled by two integers, corresponding to the two extra dimensions.
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Table 3: Expected and observed 95% CL upper limits on SM tttt production as a multiple of sSM
tttt

and in fb. The results for the two analyses from this paper are shown separately and combined.
The values quoted for the uncertainties on the expected limits are the one standard deviation
values and include all statistical and systematic uncertainties.

Channel Expected limit Observed limit Expected limit Observed limit
(⇥sSM

tttt ) (⇥sSM
tttt ) (fb) (fb)

Single lepton 5.6+ 2.8
� 1.9 NNN 51+ 26

� 17 NNN

Dilepton 3.9+ 2.7
� 1.5 NNN 35+ 25

� 13 NNN
Combined 2.9+ 1.7

� 1.0 NNN 27+ 16
� 9 NNN

C(6)

t

t

t̄

t̄
Figure 15: Feynman diagram with dimension-6 EFT operator contributing to tttt production.

BSM processes. The cross section is parametrised (Eq. 1) as a function of Wilson coefficients, ci,
of the operators listed in Eqs. 2–6,

stt̄tt̄ = s0
tt̄tt̄ + Â

i

ci
L2 s1

tt̄tt̄ + Â
i<j

cicj

L4 s2
tt̄tt̄, (1)

where the high energy cut-off assumes the value L = 1 TeV.300

OR =(t̄RgµtR)
�
t̄RgµtR

�
(2)

O(1)
L =(Q̄LgµQL)

�
Q̄LgµQL

�
(3)

O(8)
L =

⇣
Q̄LgµTAQL

⌘⇣
Q̄LgµTAQL

⌘
(4)

O(1)
B =

�
Q̄LgµQL

��
t̄RgµtR

�
(5)

O(8)
B =

⇣
Q̄LgµTAQL

⌘⇣
t̄RgµTAtR

⌘
, (6)

The EFT interactions of the SM fields were implemented in the FEYNRULES [64] model and301

interfaced to MG5 aMC@NLO [2] for the cross section calculation. A representative Feynman302

diagram of the contributing EFT process is shown in Fig. 15.303

In the calculations NNPDF3.0LO [15] PDF set and aS(MZ0) = 0.137 were used. In order to304

obtain the constraints on EFT operators, two approaches were considered. Independent lim-305

its were obtained under assumption that only one operator contributes to tttt cross section,306
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Overview of tttt searches
All-hadronic 

Powerful in boosted searches for new physics, not yet explored at rest 
1 lepton and opposite-sign 2 lepton  

Large tt pair-production background  
2 same-sign or ≥ 3 leptons 

Comparable branching to OS2L, reject top pairs 
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CMS 1L and opposite-sign 2L analyses
Huge tt background motivates interesting strategies 

Reconstruct hadronic tops with a BDT, trained on tt: 
• BDT1 variables: m(jj), m(jjj), b-tag disc.(j), ΔR(jjj, “W”), ΔR(jjj, “b”), pTjjj/ (ΣpTj) 
Use kinematic variables (including BDT1) to train a BDT2: tttt vs tt 

Classify according to N(jets), N(b-jets), BDT2 
• O(100) signal regions 
• Take advantage of high-statistics bins to constrain tt shape systematics 
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ATLAS analyses
Simpler analysis strategy for single lepton [ATLAS-CONF-2016-020] 

Define SRs using: Njets, Nb, HT, MET 
• Upper Limit with 3.2 fb-1: 21*σSM obs. (16 exp.) 
• [ CMS with 2.6 fb-1: 17*σSM obs. (16 exp.) ] 

Same-sign dilepton [ATLAS-CONF-2016-032] 
• 95% CL UL: 7*σSM obs., 12*σSM exp.
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Focus on latest results
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2017-262
2017/10/31

CMS-TOP-17-009

Search for standard model production of four top quarks
with same-sign and multilepton final states in

proton-proton collisions at
p

s = 13 TeV

The CMS Collaboration⇤

Abstract

A search for standard model production of four top quarks (tttt) is reported using
events containing at least three leptons (e, µ) or a same-sign lepton pair. The events
are produced in proton-proton collisions at a center-of-mass energy of 13 TeV at the
LHC, and the data sample, recorded in 2016, corresponds to an integrated luminosity
of 35.9 fb�1. Jet multiplicity and flavor are used to enhance signal sensitivity, and ded-
icated control regions are used to constrain the dominant backgrounds. The observed
and expected signal significances are, respectively, 1.6 and 1.0 standard deviations,
and the tttt cross section is measured to be 16.9+13.8

�11.4 fb, in agreement with next-to-
leading-order standard model predictions. These results are also used to constrain
the Yukawa coupling between the top quark and the Higgs boson to be less than 2.1
times its expected standard model value at 95% confidence level.

Submitted to the European Physical Journal C

c� 2017 CERN for the benefit of the CMS Collaboration. CC-BY-3.0 license

⇤See Appendix A for the list of collaboration members
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Same-sign and multilepton CMS search 
with 2016 data: 35.9 fb at 13 TeV

Object Selection (leptons and b-jets) 

Triggers and Event Selection  

Background Estimates 

Signal and Background Kinematics 
Definition of Signal Regions 

Results and Discussion 

Additional Interpretations
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Lepton selection optimized for high multiplicity environments 
Optimize isolation by defining 3 variables: 
• A) Mini-isolation (cone [0.2, 0.05], shrinking with pT) 
• B) Large cone isolation: cone = jet in which lepton is clustered 
• C) Lepton momentum transverse to the lepton-subtracted jet  
A is always required, then B OR C 
• B rejects most fake/nonprompt leptons 
• C recovers leptons overlapping with jets due to boost/multiplicity 

Latest b-tagging of jets, using deep learning  
Based on standard tagger (CSV), but using more tracks and featuring 4 hidden layers 

Leptons and jets

19

  3

Cut Based IDs and MiniIsolation

● Cut based EGM-Ids are used without standard 
RelIso03.

● We use MiniIsolation(WP: 0.4, 0.1):

– Pt dependent isolation cone size.

– Standard Iso is good for low HT, low jet-
multiplicities, but not for boosted ttbar.

– Better efficiency for higher HT and lepton 
Pt.

– Lesser chances of overlap with other jets 
and with b-jets in case of boosted ttbar.

More info: HN, Talk
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Trigger and Baseline selection
Dilepton triggers: ee, µµ, eµ 

Use non-isolated triggers with pTlep > 8 GeV, HT > 300 GeV  
• > 95% (92%) for ee, eµ (µµ) 

Object kinematics: 

Baseline selection: 
2 same-sign or ≥ 3 leptons  
• DY veto: mll > 12 GeV and |mll  - mΖ| > 15 GeV with pTlep3 >  5(7) GeV for e(µ) 
Njets ≥ 2, Nb ≥ 2 
HT > 300, MET > 50 GeV 

tttt:     Branching Ratio ~ 9%     Baseline Selection ~ 1.5%
21
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Main Backgrounds
Processes with same-sign WW (or WZ with a lost Z lepton) and b-jets 

ttW, ttZ, ttH (H to WW, ZZ), “ttVV” 
“Rare”: VV, VVV, tWZ, tZq 

Processes with Wγ/Zγ, and an untagged γ conversion 
“Xγ”: tγ, ttγ  

Single-lepton or opposite-sign dilepton processes 
1) with an additional fake/nonprompt lepton 
2) with a charge-misidentified electron 

22

Main diagrams for 
ttW and ttZ:



Processes with same-sign WW (or WZ with a lost Z lepton) and b-jets 
ttW, ttZ, ttH (H to WW, ZZ), “ttVV” 
“Rare”: VV, VVV, tWZ, tZq 

Processes with Wγ/Zγ, and an untagged γ conversion 
“Xγ”: tγ, ttγ  
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23

Data
Wtt
Htt

Nonprompt lep.
Ztt
VVtt
γX

Rare
Charge misid.

 x 5tttt

Data

Simulation,  
normalized 
to data

Simulation

Main diagrams for 
ttW and ttZ:



Where do the extra (b-)jets come from?
Main backgrounds, ttW, ttZ, ttH(WW) have 
2 b-jets: why 3 b-tags? 

Check ttW at generator level:  
• Nb = 3 region dominated by ttW+c  
• Nb = 4 region dominated by ttW+bb 

Are ttV+jets and ttV+bb well understood? 
Use tt+jets and tt+bb as proxy for ttV 
• tt+jets measurement is below theory 
• σ(ttbb)/σ(ttjj) measurement is 1 σ above 

theory (1.7 ± 0.6) [arXiv:1705.10141] 
Correct ttV simulation using tt Data/MC 
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ttW
Define a Control Region (CRW) to normalize the simulation 

Baseline selection, with: Nlep = 2, Njets ≤ 5, Nb = 2 
• ttW purity ~ 40% 

Scaling (post-fit): 1.2 ± 0.3 
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ttZ
Do the same for ttZ, inverting the DY veto 

Baseline selection, Nlep = 3, |mll  - mΖ| < 15 GeV 
• ttZ purity ~ 75% 

Scaling (post-fit): 1.3 ± 0.3 
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Compare to ttW and ttZ measurements
CMS measures ttW and ttZ with the same dataset 

Cannot use directly, as they use the same events (2LSS, ≥3L) 

Main result is consistent with our estimates: 1.2 (1.3) ± 0.3 for ttW (ttZ) 
• ttW signal strength:  
• ttZ signal strength: 
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ttH
Second largest background (after ttW) and less well known 

Mainly enters signal regions through H(WW): 500 fb * 20% ~ 100 fb 

Latest measurements motivate a 50% uncertainty (rather than ~10% theory unc.) 
CMS multileptons: HIG-17-004 —> Signal strength µ =  1.5 ± 0.5 
ATLAS multilep. (including tau): ATLAS-CONF-2017-077: µ = 1.2 ± 0.3 
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ttVV
Several not-yet-observed rare backgrounds with t’s and V’s 

Generate LO samples, use NLO cross-sections 
• Largest contribution: ttWW (σ ~ 10 fb) 

Interesting measurements for Run 3 and beyond!
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Figure 96: Fixed-order NLO predictions for differential tt̄W+ observables at 13 TeV. Ratio plots as in Figure 95.

Table 42: NLO and LO cross sections for tt̄V V processes (V = Z, W±, H) at 13 TeV. The renormalization and
factorization scales are set equal to half of the sum of the masses of the final-state particles.

13 TeV � [ab] tt̄W+Z tt̄W�Z tt̄ZZ

NLO QCD 2705(3)+9.9%
�10.6%

+2.7%
�2.7% 1179(2)+11.2%

�11.2%
+3.7%
�3.7% 1982(2)+5.2%

�9.0%
+2.6%
�2.6%

LO 1982(2)+28.4%
�20.6%

+3.3%
�3.3% 839.4(6)+28.2%

�20.5%
+4.2%
�4.2% 1611(1)+31.4%

�22.1%
+2.7%
�2.7%

K-factor 1.36 1.40 1.23

13 TeV � [ab] tt̄W+H tt̄W�H tt̄ZH

NLO QCD 1089(1)+1.8%
�5.9%

+2.6%
�2.6% 493.0(5)+2.6%

�6.4%
+3.4%
�3.4% 1535(2)+1.9%

�6.8%
+3.0%
�3.0%

LO 997.0(9)+26.9%
�19.8%

+3.0%
�3.0% 440.0(4)+26.9%

�19.8%
+3.8%
�3.8% 1391(1)+32.2%

�22.6%
+2.8%
�2.8%

K-factor 1.09 1.12 1.10

13 TeV � [ab] tt̄W+W� tt̄W+W� (4f) tt̄HH

NLO QCD – 11500(10)+8.1%
�10.9%

+3.0%
�3.0% 756.5(7)+1.1%

�4.4%
+3.3%
�3.3%

LO 8380(5)+33.2%
�23.1%

+3.0%
�3.0% 8357(5)+33.3%

�23.1%
+3.0%
�3.0% 765.4(5)+31.8%

�22.4%
+2.9%
�2.9%

K-factor – 1.38 0.99

arXiv:1610.07922 (Handbook of LHC cross-sections 4)
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X+γ and Rares
X+γ: ttγ, tγ 

Asymmetric prompt γ —> dilepton, with one lepton lost 
• Internal conversions: γ* —> e+e-, µ+µ- 
• External conversions: γ —> e+e-  interacting with the detector 

Estimated from simulation in tttt analysis 
• But could also define a Z—>llγ* and γ*—> ll CR,  

as in arXiv:1709.05406 
• CR: Nlep = 3, mll < 75 GeV, MET < 50 GeV 

Rares: 
• VVV: WWW, WWZ, WZZ, ZZZ, WWγ, WZγ 
• tZq, ggH, WH, ZH, W±W±, tttV, tttq 
• Estimated from simulation
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           Nonprompt leptons
Different sources of “nonprompt” leptons 

1) Leptons from decays of heavy-flavor and light-flavor hadrons 
2) Hadrons misidentified as leptons 
3) Conversions of γ in jets (Note: prompt photons included in X+γ) 

Due to the huge tt cross-section, this should be the main background in 
the same sign final state 

We use dedicated IDs to reduce it, and dedicated methods to understand it 

Basic estimate based on “fake rate” method (aka ABCD) 
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Nonprompt leptons (2)
ABCD works well, as long as two variables are uncorrelated and 
the transfer factor applies to SR: 

Differences can be understood and parametrized 
• 1st cause of difference: lepton kinematics: 
• 2nd: pT and flavor (b/c/light) of lepton’s parton parent (p) 

• Could be solved by:   
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Nonprompt leptons (2)
ABCD works well, as long as two variables are uncorrelated and 
the transfer factor applies to SR: 

Differences can be understood and parametrized 
• 1st cause of difference: lepton kinematics: 
• 2nd: pT and flavor (b/c/light) of lepton’s parton parent (p) 

• Could be solved by:   

Two ideas to avoid a 4D TF:  
• Tune the “Loose” selection:  
• Combine pTl and pTp:  
• Use  

Improvements bring “closure” of ABCD  
well within ±30%, across sample kinematics 
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   Charge misidentification
Charge misidentification is negligible for muons, and for 
electrons we reduce it by requiring “triple-charge agreement” 

Agreement between 3 available charge measurements 
• Pion-like track, Electron-like track (with Brehm), Δφ( Pixel hits, Supercluster) 

Estimate based on “ABCD-like” method 
Use Z MC to estimate  
• Validate TF in Z-enriched (low-MET) data 
Apply TF to OS events in data 
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Signal and Background Kinematics

Signal peaks at Njets = 6 
• Expect 8 jets from dilepton tttt 
• Lost jets: acceptance, overlaps 
• Extra jets: ISR 

Signal peaks at Nb = 3 
• Expect 4 b-jets 
• Loss due to b-tagging  

efficiency (55-70%) 

In any case, Njets and Nb are the most discriminant variables
35
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Signal Region definitions
Use Njets, Nb, and separate 2 lepton and ≥3 lepton events 

Group regions with similar S/B 
Avoid empty regions, or regions with << 1 signal event expected
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Statistics and Systematics
In current setup, few events expected in each signal region 

Combining all SRs, expect ~5.5 tttt and 16 background events  
Statistically limited: Systematics only account for 10% of tot. unc. 

Results (limit, significance, cross-section) obtained through a maximum-
likelihood fit to all CRs and SRs 

Systematic uncertainties profiled as nuisance parameters 
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6 6 Systematic uncertainties

50%. The shape uncertainty resulting from variations of the renormalization and factorization
scales is as large as 15% for the ttW, ttZ, and ttH backgrounds, and 10% for the tttt signal,
while the effect from the PDF is only 1%. For the signal, the uncertainty in the acceptance
from variations of the scales (PDFs) is 2% (1%). In addition, for the tttt signal, the scales that
determine ISR and final-state radiation (FSR) in the parton shower are also varied, resulting in
a 6% change in the acceptance and shape variations as large as 15%.

For nonprompt and charge-misidentified lepton backgrounds, the statistical uncertainty from
the application region depends on the SR considered. The background from misidentified
charge is assigned a systematic uncertainty of 20%, based on comparisons of the expected
number of same-sign events estimated from an OS control sample and the observed same-sign
yield in a control sample enriched in Z ! e+e� events with one electron or positron having a
misidentified charge.

In addition to the statistical uncertainty, the nonprompt lepton background is assigned an over-
all normalization uncertainty of 30% to cover variations observed in closure tests performed
with simulated multijet and tt events. This uncertainty is increased to 60% for electrons with
pT > 50 GeV, to account for trends observed at high pT in the closure tests. We also include
an uncertainty related to the subtraction of events with prompt leptons (from electroweak pro-
cesses with a W or Z boson) in the measurement region, which has an effect between 1% and
50%, depending on the SR. The prompt lepton contamination was also checked in the applica-
tion region, where it was found to be below 1%.

Experimental uncertainties are treated as correlated among signal regions for all signal and
background processes. Systematic uncertainties in data-driven estimates and theoretical un-
certainties are treated as uncorrelated between processes, but correlated among signal regions.
Statistical uncertainties from the limited number of simulated events or in the number of events
in data control regions are considered uncorrelated.

Table 3: Summary of the sources of uncertainty and their effect on signal and background
yields. The first group lists experimental and theoretical uncertainties in simulated signal and
background processes. The second group lists normalization uncertainties in the estimated
backgrounds.

Source Uncertainty (%)
Integrated luminosity 2.5
Pileup 0–6
Trigger efficiency 2
Lepton selection 4–10
Jet energy scale 1–15
Jet energy resolution 1–5
b tagging 1–15
Size of simulated sample 1–10
Scale and PDF variations 10–15
ISR/FSR (signal) 5–15
ttH (normalization) 50
Rare, Xg, ttVV (norm.) 50
ttZ, ttW (normalization) 40
Charge misidentification 20
Nonprompt leptons 30–60B

ac
kg
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un

ds
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B
ac

kg
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un
ds

Expected results of the fit: 
ttW constrained to ±30% 
ttΖ constrained to ±30% 
ttH stays at ±50% 
other nuisances unconstrained 

tttt constrained to ~ ±100% 
in other words, 1.0 sigma  
expected significance 



Opening the box (pre-fit)
Small underestimate when 
using pre-fit ttW, ttZ 

Interesting excess in  
Nb = 3 bin 

Checked individual events, 
found no suspicious behavior 
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Full Post-Fit results
Post-fit normalization parameters: 

ttW: 1.2 ± 0.3   
ttZ: 1.3 ± 0.3  
ttH:  1.1 ± 0.5  
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Post-fit kinematics
Reduced tension in Nb=3 region. Good agreement for leptons.
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Results: tttt
95% Confidence Level Upper Limit 

Expected (assuming no SM tttt) : 20.8+11.2
-6.9 fb 

Observed : 41.7 fb 

Signal significance w.r.t. background-only hypothesis: 
Expected : 1.0 
Observed : 1.6 

Cross section measurement: 
Expected (based on 9.2 fb theory): 9.2+11

-8.6 fb 
Observed : 16.9 +13.8

-11.4 fb 

Reminder of theory predictions:  
NLO: 9.2+2.9

-2.4 fb 
LO*k-Factor: 12.2+5.0

-4.4 fb  

Measured cross-section is high, but well within experimental uncertainty
41
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Results: 2HDM heavy (pseudo)scalar *
Exclude mA(H) < 430 (360) GeV for tanβ = 1 
Several advantages over mtt interference search:  

(1) statistics limited, large enhancement over SM tttt 
(2) no dependence on H(tt) width —> can extend sensitivity to higher tanβ 
(3) can probe H/A masses at the low end of mtt spectrum (350 GeV) 

42* From generic 2016 same-sign analysis, arXiv:1704.07323, which inspired the dedicated tttt analysis
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Results: Top-Higgs Yukawa
First simplified attempt:  

Compare measurement with σ(tttt) as a function of κt = |yt/ytSM| 

• Assume that tttt acceptance is  
not affected by production 

… but not the whole story…
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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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κ2t κ2x ¼ μ̄tt̄H; ð4Þ

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

(ii) κx ≃ 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on κt and RΓ is

κ2t
RΓ

¼ μ̄tt̄H: ð5Þ

If the top quark Yukawa coupling could be directly
measured or constrained in one particular Higgs production
channel, then one can impose bounds on κx and RΓ based
on Eqs. (4) and (5), respectively. Below we show that the
tt̄tt̄ production is a powerful tool to constrain the top
Yukawa coupling.

II. COLLIDER SIMULATION

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=γ , 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.,

σðtt̄tt̄ÞH ∝ κ4t σSMðtt̄tt̄ÞH; ð6Þ

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

σðtt̄tt̄Þ ¼ σSMðtt̄tt̄ÞgþZ=γ þ κ2t σSMint þ κ4t σSMðtt̄tt̄ÞH; ð7Þ

where

σSMðtt̄tt̄ÞgþZ=γ ∝ jMg þMZ=γj2

¼ jMgj2 þ jMZ=γj2

þMgM
†
Z=γ þM†

gMZ=γ

¼ σSMðtt̄tt̄Þg þ σSMðtt̄tt̄ÞZ=γ
þ σSMðtt̄tt̄ÞgþZ=γ;int;

σSMðtt̄tt̄ÞH ∝ jMHj2;

σSMðtt̄tt̄Þint ∝ MgþZ=γM
†
H þM†

gþZ=γMH: ð8Þ

As shown in the above equation, σSMðtt̄tt̄Þint denotes the
interference between the Higgs mediation processes and the
gluon and Z=γ mediation precesses. 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 13 TeV 14 TeV

σSMðtt̄tt̄ÞgþZ=γ∶ 1.344 fb; 9.997 fb; 13.140 fb;

σSMðtt̄tt̄ÞH∶ 0.171 fb; 1.168 fb; 1.515 fb;

σSMðtt̄tt̄Þint∶ −0.224 fb; −1.547 fb; −2.007 fb:

ð9Þ

The numerical results shown above are checked with
CalcHEP [6]. A highly integrated luminosity is needed
to reach a 5σ 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% C.L. bound, σðtt̄tt̄Þ ≤ 23 fb, is reported by the
ATLAS [7] and the CMS Collaborations [8] at the 8 TeV
LHC. The upper limit of the σðtt̄tt̄Þ is about 18 times larger
than the SM theory prediction. That yields a bound of
κt ≤ 3.45 in terms of Eq. (7) and the tree-level cross section
listed in Eq. (9). Recently, the CMS Collaboration updated
their measurement of the four top quark production at the
13 TeV with an integrated luminosity of 2.6 fb−1, yielding
an upper limit of σðtt̄tt̄Þ=σðtt̄tt̄ÞSM < 10.2 [9]. That gives
rise to an improved bound of κt < 3.03.
We notice that including higher order QCD corrections

to the tt̄tt̄ production mildly affects the limit of κt. For
example, we take the QCD corrections into account by
introducing a constant K factor. Reference [10] calculated
the next-leading order QCD corrections to the tt̄tt̄ pro-
duction only through the gluon mediated channels and
obtained a factor of KF ¼ 1.27. Since the interference term
contains a QCD contribution as well, we multiply the tree-
level cross section σðtt̄tt̄Þ in Eq. (7) by a constant K factor
of 1.27. The upper limit of κt changes from 3.45 to 3.25.
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 theFIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.

CAO, CHEN, and LIU PHYSICAL REVIEW D 95, 053004 (2017)

053004-2

κ2t κ2x ¼ μ̄tt̄H; ð4Þ

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

(ii) κx ≃ 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on κt and RΓ is

κ2t
RΓ

¼ μ̄tt̄H: ð5Þ

If the top quark Yukawa coupling could be directly
measured or constrained in one particular Higgs production
channel, then one can impose bounds on κx and RΓ based
on Eqs. (4) and (5), respectively. Below we show that the
tt̄tt̄ production is a powerful tool to constrain the top
Yukawa coupling.

II. COLLIDER SIMULATION

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=γ , 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.,

σðtt̄tt̄ÞH ∝ κ4t σSMðtt̄tt̄ÞH; ð6Þ

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

σðtt̄tt̄Þ ¼ σSMðtt̄tt̄ÞgþZ=γ þ κ2t σSMint þ κ4t σSMðtt̄tt̄ÞH; ð7Þ

where

σSMðtt̄tt̄ÞgþZ=γ ∝ jMg þMZ=γj2

¼ jMgj2 þ jMZ=γj2

þMgM
†
Z=γ þM†

gMZ=γ

¼ σSMðtt̄tt̄Þg þ σSMðtt̄tt̄ÞZ=γ
þ σSMðtt̄tt̄ÞgþZ=γ;int;

σSMðtt̄tt̄ÞH ∝ jMHj2;

σSMðtt̄tt̄Þint ∝ MgþZ=γM
†
H þM†

gþZ=γMH: ð8Þ

As shown in the above equation, σSMðtt̄tt̄Þint denotes the
interference between the Higgs mediation processes and the
gluon and Z=γ mediation precesses. 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 13 TeV 14 TeV

σSMðtt̄tt̄ÞgþZ=γ∶ 1.344 fb; 9.997 fb; 13.140 fb;

σSMðtt̄tt̄ÞH∶ 0.171 fb; 1.168 fb; 1.515 fb;

σSMðtt̄tt̄Þint∶ −0.224 fb; −1.547 fb; −2.007 fb:

ð9Þ

The numerical results shown above are checked with
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to reach a 5σ 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% C.L. bound, σðtt̄tt̄Þ ≤ 23 fb, is reported by the
ATLAS [7] and the CMS Collaborations [8] at the 8 TeV
LHC. The upper limit of the σðtt̄tt̄Þ is about 18 times larger
than the SM theory prediction. That yields a bound of
κt ≤ 3.45 in terms of Eq. (7) and the tree-level cross section
listed in Eq. (9). Recently, the CMS Collaboration updated
their measurement of the four top quark production at the
13 TeV with an integrated luminosity of 2.6 fb−1, yielding
an upper limit of σðtt̄tt̄Þ=σðtt̄tt̄ÞSM < 10.2 [9]. That gives
rise to an improved bound of κt < 3.03.
We notice that including higher order QCD corrections

to the tt̄tt̄ production mildly affects the limit of κt. For
example, we take the QCD corrections into account by
introducing a constant K factor. Reference [10] calculated
the next-leading order QCD corrections to the tt̄tt̄ pro-
duction only through the gluon mediated channels and
obtained a factor of KF ¼ 1.27. Since the interference term
contains a QCD contribution as well, we multiply the tree-
level cross section σðtt̄tt̄Þ in Eq. (7) by a constant K factor
of 1.27. The upper limit of κt changes from 3.45 to 3.25.
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Results: Top-Higgs Yukawa (2)
More accurate treatment of ttH background 

ttH cross section also depends on yt (proportional to yt2) 
—> Need to adapt ttH normalization when testing yt hypotheses 

Result:  
|yt| < 2.1 based on the  
95% CL upper limit on σ(tttt)  

44
|SM

t
y/

t
y|

0.5 1 1.5 2 2.5

) (
fb

)
ttt(t

σ

0

10

20

30

40

50

60 Obs. upper limit

Obs. cross section

Phys. Rev. D 95 (2017) 053004
Predicted cross section,

 (13 TeV)-135.9 fbCMS



Conclusions
σ(tttt) is enhanced in many New Physics models 

• 4th power of top-Higgs yukawa opens a new window towards the Higgs 
• tt-associated production can help to probe heavy neutral particles (H/A) 
• Effective Field Theory framework not yet fully explored  

The search for SM tttt is finally starting to see a signal 
Still a long way to go: we might reach 3σ significance in 2018, after combining with 
the other tttt channels (1L, 2LOS) 
• Same-sign/multilepton dedicated search is young, there is plenty of of room for 

improvements: more signal regions, looser selection, MVA, τ, top-tagging… 
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Conclusions (2)
As luminosity grows (and energy does not), interesting and 
challenging to probe rare SM processes (ttVV, tttV, ttt) 

We will need HL-LHC to get through this list… 

Closing quiz: why are tt+X measurements ~1σ (20-50%) high?
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Figure 96: Fixed-order NLO predictions for differential tt̄W+ observables at 13 TeV. Ratio plots as in Figure 95.

Table 42: NLO and LO cross sections for tt̄V V processes (V = Z, W±, H) at 13 TeV. The renormalization and
factorization scales are set equal to half of the sum of the masses of the final-state particles.

13 TeV � [ab] tt̄W+Z tt̄W�Z tt̄ZZ

NLO QCD 2705(3)+9.9%
�10.6%

+2.7%
�2.7% 1179(2)+11.2%

�11.2%
+3.7%
�3.7% 1982(2)+5.2%

�9.0%
+2.6%
�2.6%

LO 1982(2)+28.4%
�20.6%

+3.3%
�3.3% 839.4(6)+28.2%

�20.5%
+4.2%
�4.2% 1611(1)+31.4%

�22.1%
+2.7%
�2.7%

K-factor 1.36 1.40 1.23

13 TeV � [ab] tt̄W+H tt̄W�H tt̄ZH

NLO QCD 1089(1)+1.8%
�5.9%

+2.6%
�2.6% 493.0(5)+2.6%

�6.4%
+3.4%
�3.4% 1535(2)+1.9%

�6.8%
+3.0%
�3.0%

LO 997.0(9)+26.9%
�19.8%

+3.0%
�3.0% 440.0(4)+26.9%

�19.8%
+3.8%
�3.8% 1391(1)+32.2%

�22.6%
+2.8%
�2.8%

K-factor 1.09 1.12 1.10

13 TeV � [ab] tt̄W+W� tt̄W+W� (4f) tt̄HH

NLO QCD – 11500(10)+8.1%
�10.9%

+3.0%
�3.0% 756.5(7)+1.1%

�4.4%
+3.3%
�3.3%

LO 8380(5)+33.2%
�23.1%

+3.0%
�3.0% 8357(5)+33.3%

�23.1%
+3.0%
�3.0% 765.4(5)+31.8%

�22.4%
+2.9%
�2.9%

K-factor – 1.38 0.99



Backup
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Post-fit kinematics
Reduced tension in Nb=3 region. Good agreement for leptons.
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Isolation components in prompt and nonprompt leptons
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Multi-Isolation details
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3

pT(`) as:

DR (pT(`)) =
10 GeV

min [max (pT(`), 50 GeV) , 200 GeV]
. (1)

The varying isolation cone definition takes into account the increased collimation of
the decay products of a hadron as its pT increases, and it reduces the inefficiency
from accidental overlap between the lepton and jets in a busy event environment.
The momentum estimate of each particle is performed by the particle-flow (PF) al-
gorithm [30, 31], which identifies individual particles through a combination of in-
formation from different detector components.

• the ratio of the pT of the lepton to that of the closest jet within a distance DR = 0.4:

pratio
T =

pT(`)
pT(jet)

, (2)

where the definition of a jet is given below. In case of no jet within this distance, the
value of pratio

T is set to 1. The pratio
T variable is a measure of the isolation in a larger

cone and improves the performance of the isolation definition, especially for low-pT
nonprompt leptons, which are more likely than high-pT leptons to appear in a jet
that is wider than the Imini cone.

• the prel
T variable [32], defined as the transverse momentum of the lepton relative to

the residual momentum of the closest jet after lepton momentum subtraction:

prel
T =

|(~p(jet)� ~p(`))⇥ ~p(`)|
|~p(jet)� ~p(`)| . (3)

This variable allows the identification of leptons that accidentally overlap with jets.

A lepton is considered to be isolated if the following condition is satisfied:

Imini < I1 AND (pratio
T > I2 OR prel

T > I3). (4)

The values of Ii, with i = 1, 2, 3, depend on the lepton flavor: because the probability to
misidentify a lepton is higher for electrons, tighter isolation values are used in this case (see
Table 1). In addition, a “loose” isolation criterion is defined as Imini < 0.4.

Table 1: Values of the isolation parameters used in Eq. (4).

Isolation variable Muons Electrons
I1 0.16 0.12
I2 0.76 0.80
I3 (GeV) 7.2 7.2

Muons (electrons) are required to have pT > 10 (15) GeV and |h| < 2.4 (2.5); at least one
SS lepton pair with an invariant mass above 8 GeV must be present in the event. In order to
reduce backgrounds from inclusive production of the Z boson and from low-mass resonances
decaying into lepton pairs, the SS pair is rejected if there is an additional lepton in the event that
satisfies loose requirements and that forms an opposite-sign, same-flavor pair with an invariant
mass less than 12 GeV or between 76 and 106 GeV with one of the two SS leptons.

Jets and missing transverse momentum (Emiss
T ) are reconstructed with the PF algorithm. We

define Emiss
T as the magnitude of the vector sum of all PF candidate transverse momenta [33].

For jet clustering, the anti-kt algorithm [34] with a distance parameter of 0.4 is utilized. Jets are
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Figure 4: Observed yields in the control and signal regions (left, in log scale), and signal regions
only (right, in linear scale), compared to the post-fit predictions for signal and background pro-
cesses. The hatched areas represent the total uncertainties in the signal and background pre-
dictions. The upper panels show the ratios of the observed event yield and the total prediction
of signal and background.

Table 4: The post-fit background, signal, and total yields with their total uncertainties and the
observed number of events in the control and signal regions in data.

SM background tttt Total Observed
CRZ 31.7 ± 4.6 0.4 ± 0.3 32.1 ± 4.6 35
CRW 83.7 ± 8.8 1.9 ± 1.2 85.6 ± 8.6 86
SR1 7.7 ± 1.2 0.9 ± 0.6 8.6 ± 1.2 7
SR2 2.6 ± 0.5 0.6 ± 0.4 3.2 ± 0.6 4
SR3 0.5 ± 0.3 0.4 ± 0.2 0.8 ± 0.4 1
SR4 4.0 ± 0.7 1.4 ± 0.9 5.4 ± 0.9 8
SR5 0.7 ± 0.2 0.9 ± 0.6 1.6 ± 0.6 2
SR6 0.7 ± 0.2 1.0 ± 0.6 1.7 ± 0.6 0
SR7 2.3 ± 0.5 0.6 ± 0.4 2.9 ± 0.6 1
SR8 1.2 ± 0.3 0.9 ± 0.6 2.1 ± 0.6 2

8 Summary

The results of a search for standard model (SM) production of tttt at the LHC have been pre-
sented, using data from

p
s = 13 TeV proton-proton collisions corresponding to an integrated

luminosity of 35.9 fb�1, collected with the CMS detector in 2016. The analysis strategy uses
same-sign dilepton as well as three- (or more) lepton events, relying on jet multiplicity and jet
flavor to define search regions that are used to probe the tttt process. Combining these regions
yields a significance of 1.6 standard deviations relative to the background-only hypothesis, and
a measured value for the tttt cross section of 16.9+13.8

�11.4 fb, in agreement with the standard model
predictions. The results are also re-interpreted to constrain the ratio of the top quark Yukawa
coupling to its SM value, |yt/ySM

t | < 2.1 at 95% confidence level.
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11. Status of Higgs boson physics 75

The Higgs potential reads
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(11.24)

where m2
i = µ2 + m2

Hi
, with µ being the supersymmetric Higgsino mass parameter and

mHi
(for i = 1, 2) the soft supersymmetric breaking mass parameters of the two Higgs

doublets; m2
3 ≡ Bµ is associated to the B-term soft SUSY breaking parameter; and λi,

for i = 1 to 7, are all the Higgs quartic couplings. After the spontaneous breaking of the
electroweak symmetry, five physical Higgs particles are left in the spectrum: one charged
Higgs pair, H±, one CP-odd neutral scalar, A, and two CP-even neutral states, H and h.

H± = sin βφ±
1 + cos βφ±

2 ,

A = sin β Imφ0
1 + cos β Imφ0

2 ,

H = cos α(Reφ0
1 − v1) + sin α(Reφ0

2 − v2),

h = − sin α(Reφ0
1 − v1) + cos α(Reφ0

2 − v2),

(11.25)

where vi = ⟨φ0
i ⟩ for i=1,2 and v2 = v2

1 + v2
2 ≈ (246GeV)2. The angle α diagonalizes the

CP-even Higgs squared-mass matrix and is given in terms of the quartic couplings, while
β diagonalizes both the CP-odd and charged Higgs sectors with tanβ = v2/v1. The h
and H denote the lightest and heaviest CP-even Higgs bosons, respectively.8

The supersymmetric structure of the theory imposes constraints on the Higgs sector of
the model. In particular, at tree level, the parameters of the Higgs self-interaction, λ1,...,4,
are defined in terms of the electroweak gauge coupling constants, and λ5,6,7 = 0. As a
result, the Higgs sector at tree level depends on the electroweak gauge coupling constants
and the vacuum expectation value v – or equivalently the Z gauge boson mass – and is
determined by only two free parameters: tanβ and one Higgs boson mass, conventionally
chosen to be the CP-odd Higgs boson mass, mA. The other tree-level Higgs boson masses
are then given in terms of these parameters. In the large mA ≫ MZ limit, also called the
decoupling limit [252 [253, sinα → − cos β, cos α → sin β, hence, cos(β − α) → 0 and this
implies that the lightest CP-even Higgs h behaves as the SM Higgs. When mA ≥ MZ , the
condition cos(β −α) → 0 is also called the alignment limit [253–254]. As will be discussed
below, in the MSSM the alignment limit can only occur once quantum corrections to
the quartic couplings have been included. The tree level value of mh is maximized not

8 Observe that in the SM sections of this review, H denotes the SM Higgs, whereas in
the sections about SUSY, or extensions of the SM with two Higgs doublets, H is used for
the heaviest CP-even Higgs boson, since this is the standard notation in the literature,
and the 125GeV SM-like light Higgs boson will be denoted by h.
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determined by only two free parameters: tanβ and one Higgs boson mass, conventionally
chosen to be the CP-odd Higgs boson mass, mA. The other tree-level Higgs boson masses
are then given in terms of these parameters. In the large mA ≫ MZ limit, also called the
decoupling limit [252 [253, sinα → − cos β, cos α → sin β, hence, cos(β − α) → 0 and this
implies that the lightest CP-even Higgs h behaves as the SM Higgs. When mA ≥ MZ , the
condition cos(β −α) → 0 is also called the alignment limit [253–254]. As will be discussed
below, in the MSSM the alignment limit can only occur once quantum corrections to
the quartic couplings have been included. The tree level value of mh is maximized not

8 Observe that in the SM sections of this review, H denotes the SM Higgs, whereas in
the sections about SUSY, or extensions of the SM with two Higgs doublets, H is used for
the heaviest CP-even Higgs boson, since this is the standard notation in the literature,
and the 125GeV SM-like light Higgs boson will be denoted by h.
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mixings between elementary fields and composite states7. After diagonalization of the
mass matrices, the SM particles, fermions and gauge bosons, are admixtures of elementary
and composite states and thus they interact with the strong sector, and in particular
with the Higgs boson, through their composite component. This setup has important
consequences on the flavor properties, chiefly the suppression of large flavor changing
neutral currents involving light fermions. It also plays an important role in dynamically
generating a potential for the would-be Goldstone bosons. Partial compositeness also
links the properties of the Higgs boson to the spectrum of the fermionic resonances, i.e.
the partners of the top quark. As in the MSSM, these top partners are really the agents
that trigger the EWSB and also generate the mass of the Higgs boson that otherwise
would remain an exact Goldstone boson and hence massless. The bounds from the direct
searches for the top partners in addition to the usual constraints from EW precision data
force the minimal composite Higgs models into some rather unnatural corners of their
parameter spaces [15, 249].

VII.1. Higgs bosons in the minimal supersymmetric standard model (MSSM)

The particle masses and interactions in a supersymmetric theory are uniquely defined
as a function of the superpotential and the Kähler potential [250]. A fundamental
theory of supersymmetry breaking, however, is unknown at this time. Nevertheless,
one can parameterize the low-energy theory in terms of the most general set of soft
supersymmetry-breaking operators [243]. The simplest realistic model of low-energy
supersymmetry is the minimal supersymmetric extension of the SM (MSSM) [11, 250],
that associates a supersymmetric partner to each gauge boson and chiral fermion of the
SM, and provides a realistic model of physics at the weak scale. However, even in this
minimal model with the most general set of soft supersymmetry-breaking terms more than
100 new parameters are introduced [243]. Fortunately, only a subset of these parameters
impact the Higgs phenomenology either directly at tree-level or through quantum effects.
Reviews of the properties and phenomenology of the Higgs bosons of the MSSM can be
found for example in Refs. [40, 250, 251].

The MSSM contains the particle spectrum of a two-Higgs-doublet model (2HDM)
extension of the SM and the corresponding supersymmetric partners. Two Higgs doublets,

Φ1 =
1√
2

(

φ0
1 + ia0

1√
2φ−

1

)

, Φ2 =
1√
2

(
√

2φ+
2

φ0
2 + ia0

2

)

, (11.23)

with hypercharge Y = −1 and Y = 1, respectively, are required to ensure an anomaly-free
SUSY extension of the SM and to generate mass for both up-type and down-type quarks
and charged leptons [12]. In our notation Φ1(2) gives mass to the down(up) type fermions.

7 For a pedagogical introduction to models of partial compositeness, see Ref. [248].
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The Higgs potential reads
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†
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†
2Φ2)]Φ

T
1 iσ2Φ2 + h.c.]

(11.24)

where m2
i = µ2 + m2

Hi
, with µ being the supersymmetric Higgsino mass parameter and

mHi
(for i = 1, 2) the soft supersymmetric breaking mass parameters of the two Higgs

doublets; m2
3 ≡ Bµ is associated to the B-term soft SUSY breaking parameter; and λi,

for i = 1 to 7, are all the Higgs quartic couplings. After the spontaneous breaking of the
electroweak symmetry, five physical Higgs particles are left in the spectrum: one charged
Higgs pair, H±, one CP-odd neutral scalar, A, and two CP-even neutral states, H and h.

H± = sin βφ±
1 + cos βφ±

2 ,

A = sin β Imφ0
1 + cos β Imφ0

2 ,

H = cos α(Reφ0
1 − v1) + sin α(Reφ0

2 − v2),

h = − sin α(Reφ0
1 − v1) + cos α(Reφ0

2 − v2),

(11.25)

where vi = ⟨φ0
i ⟩ for i=1,2 and v2 = v2

1 + v2
2 ≈ (246GeV)2. The angle α diagonalizes the

CP-even Higgs squared-mass matrix and is given in terms of the quartic couplings, while
β diagonalizes both the CP-odd and charged Higgs sectors with tanβ = v2/v1. The h
and H denote the lightest and heaviest CP-even Higgs bosons, respectively.8

The supersymmetric structure of the theory imposes constraints on the Higgs sector of
the model. In particular, at tree level, the parameters of the Higgs self-interaction, λ1,...,4,
are defined in terms of the electroweak gauge coupling constants, and λ5,6,7 = 0. As a
result, the Higgs sector at tree level depends on the electroweak gauge coupling constants
and the vacuum expectation value v – or equivalently the Z gauge boson mass – and is
determined by only two free parameters: tanβ and one Higgs boson mass, conventionally
chosen to be the CP-odd Higgs boson mass, mA. The other tree-level Higgs boson masses
are then given in terms of these parameters. In the large mA ≫ MZ limit, also called the
decoupling limit [252 [253, sinα → − cos β, cos α → sin β, hence, cos(β − α) → 0 and this
implies that the lightest CP-even Higgs h behaves as the SM Higgs. When mA ≥ MZ , the
condition cos(β −α) → 0 is also called the alignment limit [253–254]. As will be discussed
below, in the MSSM the alignment limit can only occur once quantum corrections to
the quartic couplings have been included. The tree level value of mh is maximized not

8 Observe that in the SM sections of this review, H denotes the SM Higgs, whereas in
the sections about SUSY, or extensions of the SM with two Higgs doublets, H is used for
the heaviest CP-even Higgs boson, since this is the standard notation in the literature,
and the 125GeV SM-like light Higgs boson will be denoted by h.
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Figure 3: Typical Feynman diagrams for the production of a heavy scalar in association with a top
pair at proton-proton colliders.

Higgs sectors to be near an alignment limit of the parameter space [26–30], in which the
couplings of the light CP-even Higgs scalar are Standard Model-like.

2.1 Production of heavy scalars in association with top quark(s)

The physics of the alignment limit provides a natural organizing principle for associated
production modes of the heavy Higgs bosons. In the alignment limit with small tan —,
the HW +W ≠ and bb̄H(A) couplings are suppressed, so that the dominant contributions
to H(A) production arise from the tt̄H(A) vertex. This leads to a variety of production
processes in association with tt̄ pairs that can be generated from the standard model (SM)
top production processes with an additional heavy scalar radiated from the internal top
quark (Figure 3a) or an external top quark leg (Figure 3b and 3c).

In addition to production of a heavy Higgs in association with top quark pairs, pro-
duction in association with a single top quark may play a useful role. Production of Higgs
bosons in association with single top quarks was studied extensively in [31, 32], although
the details di�er somewhat near the alignment limit where radiation of heavy Higgses from
vector bosons is suppressed. The production of a heavy scalar in association with a single top
quark in the alignment limit contains three main channels: t-channel (Figure 4a), s-channel
(Figure 4b) and tW -associated production channel (Figure 4c and 4d). The s-channel
process is highly suppressed by the center of mass energy 1/s2 and is much smaller than
the other two. Although the t-channel process is suppressed by a factor of –/

!
–s sin2 ◊W

"
,

its cross-section is larger than that of the tW -associated channel on account of the larger
phase space and the parton distribution function (PDF) of the valence quark. However,
as shown in Figure 4, the cross-section of the tW -associated channel for the heavy scalar
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Figure 4: Typical Feynman diagrams for the production of a heavy scalar in association with a
single top quark at proton-proton colliders.
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with single top production is increased by the additional possibility of internal radiation.
Furthermore, the suppression from the phase space volume is no longer significant when
the scalar is heavy, because the volume of phase space is determined by the mass of the
heavy scalar. Thus both the t-channel and tW -associated channels contribute significantly
to the total cross section for production of a heavy Higgs boson in association with a single
top quark.

Although a variety of search strategies are sensitive to this final state, in this work we
focus on final states involving same-sign dileptons. If we require the signal events to contain
SSDL, the contribution from the tWH(A) channel will be enhanced by the possibility of
the charged lepton from the W ± decay. Hence we expect the dominant contributions from
new physics in SSDL final states to come from the tWH(A) channel, with a sub-dominant
contribution coming from the tqH(A) channel. The s-channel contribution should be
negligibly small as discussed above.

In comparison, the rate for tt̄H(A) production is only slightly suppressed by the phase
space, and is enhanced relative to single-top processes by both the coupling constant of the
strong interaction O !

–s sin2 ◊W /–
"

and the gluon PDF. Hence the contributions from tt̄

associated production are expected to be significant, especially when searching for SSDL
signals. In this work we consider both single-top and tt̄ associated production processes.

In what follows, we will both obtain existing limits on these processes by reinterpreting
SSDL searches at

Ô
s = 8 TeV and forecast the reach of the

Ô
s = 14 TeV LHC and future

pp-collider in SSDL channels. To do so, we work in terms of a simplified model in which
H(A) couples to the SM particles via

L = ≠yt(cHHt̄t + icAAt̄“5t) , (2.1)

where yt, yb and y· are the SM Yukawa coupling constant of the third generation leptons.
As we are focusing on the case with small tan — we will neglect the sub-dominant coupling
to b and · when we derive limits on the coe�cients cH , cA.

We calculate the leading order (LO) cross-sections using MadGraph 5 [33] with CT14llo
PDF in the 5-flavor scheme (FS) [34]. For the tH(A) + X processes, we choose the
factorization and renormalization scales to be µF = µR = mMS

t + mH(A) , where mMS
t =

163 GeV is the MS mass of the SM top quark. For tt̄H(A) process, we instead choose
µF = µR = mMS

t + mH(A)/2. The resulting cross sections for the 8 TeV and 14 TeV LHC
are shown in Figure 5. Notice that the 4-top process has larger scale uncertainty since it is
O !

–2
s

"
, while the 3-top processes are O (–s).

For the 14 TeV LHC and a future 100 TeV pp-collider we present additionally the
contours in the mA-tan — plane for the production cross-sections of the pp æ tt̄H(A) and
the pp æ tWH(A) processes within the framework of the MSSM in Figure 6. We point
out that for low masses the cross-section of the tWH(A) processes is smaller than that of
tt̄H(A) processes, but that the situation reverses at large heavy Higgs masses due to the
asymptotic freedom of –s together with the faster fallo� in x of the gluon PDF relative to
the bottom-quark PDF.

– 5 –
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3.1 Indirect constraints from the couplings of the H0 5
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Figure 1: General constraints on the 2HDM parameter space obtained from the compatibil-
ity with the observed couplings of the H0 when interpreted as the h. The lines show the
contours which restrict the allowed parameter space at the 95% CL for a 2HDM of (left)
type-I and (right) type-II. The contours have been obtained from an increase of the test statis-
tic, q(cos(b � a), tan b), as defined in the text by Dq = 5.99 relative to the minimum in the
cos(b � a)–tan b plane, corresponding to a 95% confidence region for a c2 function with two
degrees of freedom. The observed constraints are shown in black. The expected constraints
assuming just the SM Higgs sector are indicated by the red continuous line.

where the li correspond to the points in a 3-dimensional grid. Under the 2HDM and the
hMSSM scenario the li are related reducing the dimensionality of L and q to a two-dimensional
hyperplane in the space of {li}: in the 2HDM the li depend only on a and b, leading to a de-
pendency that can be expressed as q(cos(b � a), tan b); in the hMSSM they depend on mA and
tan b, leading to a dependency that can be expressed as q(mA, tan b). The relations used for
each scenario are given in Table 2.

The 95% CL exclusion contours in the 2HDM of type-I and II, as obtained from the observed
couplings of the H0, in the cos(b � a)–tan b plane, are shown in Figure 1 (left) and (right).
The contours have been obtained from an increase of q, relative to the absolute minimum of
Dq = 5.99, corresponding to a 95% confidence region for a c2 function with two degrees of free-
dom. The observed exclusion contours are shown in black. The expected exclusion contours,
assuming only the SM Higgs sector, are indicated by the red continuous line. Also shown
are the expectation by the SM (indicated by the red dashed line) and the likelihood estimate
(indicated by the black cross).

In the 2HDM of type-I, small values of tan b produce large deviations in the absolute size of
kF = ku = kd except for the region around cos(b � a) = 0 (the alignment limit at which the
SM Higgs couplings are obtained and the h is effectively decoupled from the rest of the Higgs
sector). This can be understood from Table 2 (second column), where sin b ! 0 will enhance
any deviation from the SM couplings for cos a 6= 0. In the 2HDM of type-II, the same is true for
ku. In addition for large values of tan b the coupling to down-type fermions takes large values
as shown in Figure 1 (right). The constraints at low and high values of tan b are dominated by
the constraints on the couplings of the h to the top-quark (largely through the top-quark loop in
the gluon-fusion production process) and the t, respectively. The small lobe observed at large
tan b and cos(b � a) > 0 is due to the fact that kd is negative in this region while ku is positive.

Current constraints on tanβ and 
cos(β-α) from SM Higgs 
measurements 
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Current limits on tanβ and mA/H from SM and 
BSM Higgs 
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Figure 2: 95% CL exclusion contours, in two 2HDM scenarios of (left) type-I and (right) type-II,
as obtained by selected CMS analyses that have been performed on the LHC run-1 dataset. The
two scenarios have been defined in Table 1 and described in more detail in the text. The exclu-
sion contours for all direct searches have been determined as CLS limits or re-interpreted from
such limits. The colored filled areas correspond to the excluded regions in mH and tan b. The
colored (slightly darker shaded) lines with indicated hatches to the regions that were expected
to be excluded, based on the null-hypothesis assumption of a SM-like Higgs sector. Those re-
gions in mH and tan b where the corresponding scenario is non-perturbative or unstable are
marked in gray. In the figure on the right in addition to the direct exclusion contours the con-
straint is displayed that is obtained from the compatibility of the scenario with the couplings
of the H0. This constraint has been obtained from an increase of the test statistic, q(tan b), as
defined in the text by Dq = 3.84, corresponding to a 95% confidence region of a c2 function for
one degree of freedom.
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Table 4: Higgs boson production cross sections �i, partial decay widths � f , and total decay width (in the absence of
BSM decays) parameterised as a function of the  coupling modifiers as discussed in the text, including higher-order
QCD and EW corrections to the inclusive cross sections and decay partial widths. The coe�cients in the expression
for �H do not sum exactly to unity because some contributions that are negligible or not relevant to the analyses
presented in this paper are not shown.

E↵ective Resolved
Production Loops Interference scaling factor scaling factor
�(ggF) X t–b 2g 1.06 · 2t + 0.01 · 2b � 0.07 · tb
�(VBF) – – 0.74 · 2W + 0.26 · 2Z
�(WH) – – 2W
�(qq/qg! ZH) – – 2Z
�(gg! ZH) X t–Z 2.27 · 2Z + 0.37 · 2t � 1.64 · Zt
�(ttH) – – 2t
�(gb! tHW) – t–W 1.84 · 2t + 1.57 · 2W � 2.41 · tW
�(qq/qb! tHq) – t–W 3.40 · 2t + 3.56 · 2W � 5.96 · tW
�(bbH) – – 2b

Partial decay width
�ZZ – – 2Z
�WW – – 2W
��� X t–W 2� 1.59 · 2W + 0.07 · 2t � 0.66 · Wt
�⌧⌧ – – 2⌧
�bb – – 2b
�µµ – – 2µ

Total width (BBSM = 0)
0.57 · 2b + 0.22 · 2W + 0.09 · 2g+

�H X – 2H 0.06 · 2⌧ + 0.03 · 2Z + 0.03 · 2c+
0.0023 · 2� + 0.0016 · 2(Z�)+
0.0001 · 2s + 0.00022 · 2µ

sensitivity to the relative sign between the W boson and top quark couplings, despite its small SM cross
section.

The relations among the coupling modifiers, the production cross sections �i, and partial decay widths � f

are derived within this context, as shown in Table 4, and are used as a parameterisation to extract the
coupling modifiers from the measurements. The coe�cients are derived from Higgs production cross
sections and decay rates evaluated including the best available higher-order QCD and EW corrections (up
to NNLO QCD and NLO EW precision), as indicated in Tables 1 and 2. The numerical values are obtained
from Ref. [32] and are given for

p
s = 8 TeV and mH = 125.09 GeV (they are similar for

p
s = 7 TeV).
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Figure 15: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the first one
assumes that BBSM � 0 and that |V |  1, where V denotes Z or W , and the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. BBSM = 0. The measured results for the
combination of ATLAS and CMS are reported together with their uncertainties, as well as the individual results
from each experiment. The hatched areas show the non-allowed regions for the t parameter, which is assumed
to be positive without loss of generality. The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals.
When a parameter is constrained and reaches a boundary, namely |V | = 1 or BBSM = 0, the uncertainty is not
defined beyond this boundary. For those parameters with no sensitivity to the sign, only the absolute values are
shown.

and �� decay loops may be a↵ected by the presence of additional particles. The results of this fit, which
has only the e↵ective coupling modifiers � and g as free parameters, with all other coupling modifiers
fixed to their SM values of unity, are shown in Fig. 17. The point � = 1 and g = 1 lies within the 68%
CL region and the p-value of the compatibility between the data and the SM predictions is 82%.
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