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• Four top quarks are rare in the Standard Model  
→ 9.2 fb NLO cross section at 13TeV

• t t ̅t t ̅ production could be impacted by BSM scenarios 
(e.g., gluino pair production in SUSY, two-Higgs-doublet 
models)

• Process is sensitive to top quark Yukawa coupling 
through off shell Higgs bosons

• Latest constraints getting closer to SM cross-section…

Introduction
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• Utilize events containing a dilepton pair with same 
charge→ gives access to ~10% of branching fraction 
of t t ̅t t ̅ and suppresses the pervasive t t ̅ background

• Four top quarks results in 4 b-tagged jets, and up to 8 
jets when requiring at least a same-sign lepton pair

Measurement strategy
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 decay fractionstttt Four top quark
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Take advantage of this high jet multiplicity and perform a fit to data in bins of 
number of jets Nj and b-tagged jets Nb, to extract the four top cross-section

Following results from
CMS-PAS-TOP-17-009



• Require at least a tight same-sign lepton pair + baseline 
selection, splitting 2 or ≥3 lepton events

• Categorize in Nj, Nb to obtain 8 signal regions, with 2 
control regions

  Primary backgrounds

ttW, ttZ  

ttH

non-prompt leptons

tttj, tttV, ttVV, VVV  

charge misidentification 

Selection and backgrounds
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pT(ℓ1,ℓ2,ℓ3)>25, 20, 20 GeV
Nj≥2 (40 GeV, |𝜂|<2.4 jets)
Nb≥2 (25 GeV |𝜂|<2.4 jets)

HT>300 GeV
E⁄T>50 GeV

Baseline selection

Normalize to data
in dedicated

 control regions

Data-driven
fake rate method

Reweighted opposite-sign
data control region

O(100) fb

O(1) fb



Non-prompt leptons + charge flips
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• Estimate fake or non-prompt lepton background by 
determining probability ε(pT,𝜂) for loose lepton to pass 
nominal tight selection in QCD-enriched region in data

• Reweight sideband events with one tight and one 
loose-not-tight lepton by ε/(1-ε) to obtain signal region 
prediction

• Electron charge flip rate εflip(pT,𝜂) measured in 
simulation and applied as a weight εflip/(1-εflip) to 
opposite-sign events in data

Fakes

Flips
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• ttW control region (CRW) formed from events with 2 btags, ≤5 jets
• ttZ control region (CRZ) contains baseline events with an opposite-

sign same flavour Z candidate
• In the maximum likelihood fit to data, these processes are scaled up 

by about 30%

ttW, ttZ
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• After the fit to data in the signal + control regions, the four 
top cross-section is measured to be 16.9+13.8

-11.4 fb, with an 
observed (expected) significance wrt the bg-only hypothesis 
of 1.6𝜎 (1.0𝜎) 

• Additionally, this measurement is used to constrain the top 
Yukawa coupling |yt/yt

SM|<2.27 at 95% confidence, as 
motivated by Cao, et al. in 1602.01934

Results
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https://arxiv.org/pdf/1602.01934.pdf


• While t t ̅t t ̅ production is rare, the similarly rare same-sign 
signature is effective at isolating this process

• First measurement of four top quark production with the CMS 
detector at 13 TeV with a same-sign dilepton and multilepton 
final state shown here
• CMS also working to release results in opposite-sign and 

single lepton channels

• Measurement uncertainty currently dominated by statistics
    → to improve in the coming future as data accumulates

Summary
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Backup
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SR+CR
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Top Yukawa Interpretation

11

Measurement of tttt production can be used to constrain kt=yt/ytSM following the 
discussion in arXiv:1602.01934. 

55

G Top Yukawa coupling680

In the SM there are contributions to pp ! tttt from diagrams with virtual Higgs bosons, see681

for example Figure 34. The amplitude corresponding to these diagrams is proportional to the682

square of the top Yukawa coupling.683
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Figure 34: One of the Feynman diagrams for tttt including a virtual Higgs.

Using the notation of Reference [16] the tttt cross-section can be written as684

s(tttt) = sSM(tttt)g+Z/g + k4
t sSM(tttt)H + k2

t sSM
int (5)

where kt ⌘ yT/ySM
T , yT is the top Yukawa coupling, and ySM

T is its value in the SM. In equation 5685

the first term on the right hand side corresponds to the SM contribution to the cross section from686

diagrams with virtual gluons or Z/g, the second term is the contribution from diagrams with687

virtual H bosons, and the third term is the interference between the two. Therefore, given a688

theoretical calculation and a measurement of s(tttt), one can put constraints on |yT/ySM
T |.689

The authors of Reference [16] have calculated the cross-section terms at LO, and have provided690

us privately with the uncertainties under variations of the factorization and renormalizations691

scales. These are given in Table 19.692

[µ/2, µ, 2µ]
sSM(tttt)g+Z/g [14.104, 9.997, 6.378] fb
sSM(tttt)H [1.625, 1.167, 0.7655] fb
sSM

int [-2.152, -1.547, -0.999] fb

Table 19: LO calculation of the terms in equation 5 from Reference [16]. The scale variations are
private communications from the authors.

The authors of Reference [16] have also argued that it is appropriate to apply the overall693

NLO/LO k-factor of 1.27 calculated at 14 TeV for the total s(tttt) cross-section [17] to the indi-694

vidual components in equation 5. This would then result in an NLO cross-section of 12.2+5.0
�4.4 fb.695

This is in agreement with the NLO calculation of 9.2+2.9
�2.4 fb [3].1 The authors of Reference [16]696

1Note that the uncertainties in the full NLO calculation are smaller, but this is to be expected.
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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.

CAO, CHEN, and LIU PHYSICAL REVIEW D 95, 053004 (2017)
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G Top Yukawa coupling680

In the SM there are contributions to pp ! tttt from diagrams with virtual Higgs bosons, see681

for example Figure 34. The amplitude corresponding to these diagrams is proportional to the682

square of the top Yukawa coupling.683

g

g

HHH

t

t̄

t̄

t

Figure 34: One of the Feynman diagrams for tttt including a virtual Higgs.

Using the notation of Reference [16] the tttt cross-section can be written as684

s(tttt) = sSM(tttt)g+Z/g + k4
t sSM(tttt)H + k2

t sSM
int (5)

where kt ⌘ yT/ySM
T , yT is the top Yukawa coupling, and ySM

T is its value in the SM. In equation 5685

the first term on the right hand side corresponds to the SM contribution to the cross section from686

diagrams with virtual gluons or Z/g, the second term is the contribution from diagrams with687

virtual H bosons, and the third term is the interference between the two. Therefore, given a688

theoretical calculation and a measurement of s(tttt), one can put constraints on |yT/ySM
T |.689

The authors of Reference [16] have calculated the cross-section terms at LO, and have provided690

us privately with the uncertainties under variations of the factorization and renormalizations691

scales. These are given in Table 19.692

[µ/2, µ, 2µ]
sSM(tttt)g+Z/g [14.104, 9.997, 6.378] fb
sSM(tttt)H [1.625, 1.167, 0.7655] fb
sSM

int [-2.152, -1.547, -0.999] fb

Table 19: LO calculation of the terms in equation 5 from Reference [16]. The scale variations are
private communications from the authors.

The authors of Reference [16] have also argued that it is appropriate to apply the overall693

NLO/LO k-factor of 1.27 calculated at 14 TeV for the total s(tttt) cross-section [17] to the indi-694

vidual components in equation 5. This would then result in an NLO cross-section of 12.2+5.0
�4.4 fb.695

This is in agreement with the NLO calculation of 9.2+2.9
�2.4 fb [3].1 The authors of Reference [16]696

1Note that the uncertainties in the full NLO calculation are smaller, but this is to be expected.
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