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Four top production

1. Introduction 1

1 Introduction1

Four top quark (tttt) production in proton-proton (pp) collisions is among the rarest standard2

model (SM) processes currently accessible at hadron colliders. While the production occurs3

predominantly through the strong interaction [1–3], nonnegligible contributions arise also from4

electroweak (EW) processes [4–6]. Example leading-order (LO) Feynman diagrams are shown5

in Fig. 1. The SM cross section is calculated at next-to-LO (NLO) in quantum chromodynamics6

(QCD) and EW theory, including soft-gluon emission corrections at next-to-leading logarithmic7

accuracy, to be 13.4 +1.0
�1.8 fb at

p
s = 13 TeV [6]. The quoted uncertainty is from scale variations8

and the parton distribution functions (PDFs).9
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Figure 1: Examples of Feynman diagrams that provide important contributions to tttt produc-
tion. The first diagram (left) involves only the strong interaction, while the other two involve
both strong and electroweak interactions with the exchange of a Z boson or virtual photon
(middle), or a Higgs boson (right).

Due to EW contributions involving the exchange of a Higgs boson (H), as shown in Fig. 110

(right), the measurement of the tttt production cross section provides a way to measure the11

top quark Yukawa coupling [7, 8], complementary to its extraction from measurements of12

Higgs boson production in association with a top quark pair (tt) [9] or tt cross section measure-13

ments [10, 11]. The tttt production process is also of interest as a probe for new physics. Many14

models of physics beyond the SM (BSM) introduce an extension of the Higgs sector, resulting15

in additional scalar particles that have Yukawa-like interactions with top quarks. Such new16

particles would enhance the tttt production cross section [12–15]. Supersymmetric extensions17

of the SM predict new heavy, strongly interacting particles that can decay to top quarks, lead-18

ing to tttt production via intermediate supersymmetric particles [16–22]. Other BSM scenarios19

are predicted to affect tttt production as well [23–25], and model-independent evaluations of20

modifications to the SM in an effective field theory setup have shown the importance of tttt21

production measurements to constrain these [26–33].22

The ATLAS [34] and CMS [35] Collaborations at the CERN LHC performed searches for tttt23

production using the pp collision data recorded between 2015 and 2018, corresponding to an24

integrated luminosity of about 140 fb�1 and covering the decay channels with zero to four elec-25

trons and/or muons (in the following referred to as “leptons”) [36–45]. The dilepton channel is26

further divided into events where the charge of the two leptons has the same or opposite sign27

(in the following referred to as same- or opposite-sign lepton pairs, respectively). So far, these28

searches found evidence for tttt production with a significance of more than three standard de-29

viations (SDs) from the background-only hypothesis [42–44]. However, the observation level30

of five SDs [46] was not reached. In both experiments, the tttt signal was measured with a31

significance larger than the expected one, and with a measured cross section higher than the32

SM prediction [42–44], indicating either statistical fluctuations or an enhancement caused by33

the presence of BSM physics. Thus, it is of crucial importance to further increase the sensitivity34

of the tttt measurements.35

In this Letter, we present a search for tttt production in events with two same-sign, three, or36

four leptons, using pp collision data recorded by the CMS experiment in 2016–2018 and cor-37

1. Introduction 1

1 Introduction1

Four top quark (tttt) production in proton-proton (pp) collisions is among the rarest standard2

model (SM) processes currently accessible at hadron colliders. While the production occurs3

predominantly through the strong interaction [1–3], nonnegligible contributions arise also from4

electroweak (EW) processes [4–6]. Example leading-order (LO) Feynman diagrams are shown5

in Fig. 1. The SM cross section is calculated at next-to-LO (NLO) in quantum chromodynamics6

(QCD) and EW theory, including soft-gluon emission corrections at next-to-leading logarithmic7

accuracy, to be 13.4 +1.0
�1.8 fb at

p
s = 13 TeV [6]. The quoted uncertainty is from scale variations8

and the parton distribution functions (PDFs).9

g
g

t
̄t
t
̄t

g
g

t
̄t
t
̄t

Z/γ∗ g
g

t
̄t
t
̄t

H

Figure 1: Examples of Feynman diagrams that provide important contributions to tttt produc-
tion. The first diagram (left) involves only the strong interaction, while the other two involve
both strong and electroweak interactions with the exchange of a Z boson or virtual photon
(middle), or a Higgs boson (right).

Due to EW contributions involving the exchange of a Higgs boson (H), as shown in Fig. 110

(right), the measurement of the tttt production cross section provides a way to measure the11

top quark Yukawa coupling [7, 8], complementary to its extraction from measurements of12

Higgs boson production in association with a top quark pair (tt) [9] or tt cross section measure-13

ments [10, 11]. The tttt production process is also of interest as a probe for new physics. Many14

models of physics beyond the SM (BSM) introduce an extension of the Higgs sector, resulting15

in additional scalar particles that have Yukawa-like interactions with top quarks. Such new16

particles would enhance the tttt production cross section [12–15]. Supersymmetric extensions17

of the SM predict new heavy, strongly interacting particles that can decay to top quarks, lead-18

ing to tttt production via intermediate supersymmetric particles [16–22]. Other BSM scenarios19

are predicted to affect tttt production as well [23–25], and model-independent evaluations of20

modifications to the SM in an effective field theory setup have shown the importance of tttt21

production measurements to constrain these [26–33].22

The ATLAS [34] and CMS [35] Collaborations at the CERN LHC performed searches for tttt23

production using the pp collision data recorded between 2015 and 2018, corresponding to an24

integrated luminosity of about 140 fb�1 and covering the decay channels with zero to four elec-25

trons and/or muons (in the following referred to as “leptons”) [36–45]. The dilepton channel is26

further divided into events where the charge of the two leptons has the same or opposite sign27

(in the following referred to as same- or opposite-sign lepton pairs, respectively). So far, these28

searches found evidence for tttt production with a significance of more than three standard de-29

viations (SDs) from the background-only hypothesis [42–44]. However, the observation level30

of five SDs [46] was not reached. In both experiments, the tttt signal was measured with a31

significance larger than the expected one, and with a measured cross section higher than the32

SM prediction [42–44], indicating either statistical fluctuations or an enhancement caused by33

the presence of BSM physics. Thus, it is of crucial importance to further increase the sensitivity34

of the tttt measurements.35

In this Letter, we present a search for tttt production in events with two same-sign, three, or36

four leptons, using pp collision data recorded by the CMS experiment in 2016–2018 and cor-37

Rare but also interesting
for H-top coupling or 
probing new physics

𝑺𝑺 𝟐 𝒍𝒆𝒑𝒕𝒐𝒏
≥ 𝟑 𝒍𝒆𝒑𝒕𝒐𝒏

𝜎
𝑝𝑝

→
𝑡𝑡
𝑡𝑡

𝑓𝑏 𝜎!!!!"#$ = 13.4%&.()&.* fb

• Recent progress on the theoretical side for SM cross section prediction
• Full NLO accuracy (QCD+EWK) and resummation of soft gluion emission at NLL

Reduced uncertainties

• Experimentally rich: leptons 
and jets… 

• 2 same-sign (SS) and multi-
lepton channels: ~220 events 
in Run2
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Experimental state-of-the-art

ATLAS: arxiv: 2303.15061
CMS: arxiv:2305.13439

reached > 5𝜎 with Run2 data

Vichayanun W.’s talk

This talk

https://arxiv.org/abs/2303.15061
https://arxiv.org/abs/2305.13439
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Improvements in object identification

21

Improved object ID: b-tagging
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• Excellent DeepJet performance 
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5. Event selection and search strategy 5

pass the tight ID if their BDT discriminant value is above a certain threshold. The efficiencies174

of this selection are shown in Fig. 2, and compared to the efficiencies of the ID criteria used175

in Ref. [41]. To compensate for larger background contributions from nonprompt electrons176

compared to those from nonprompt muons, the threshold for tight electrons is set at a lower177

misidentification probability for nonprompt leptons, resulting also in a smaller prompt-lepton178

efficiency. The loose ID is defined by requiring leptons to either pass the tight ID or a set of179

requirements on the pT ratio and the nearest jet DEEPJET score.180

Figure 2: Efficiency of selecting prompt leptons as a function of the misidentification proba-
bility for nonprompt leptons evaluated in simulated tt events for the electron (red solid line)
and muon (blue dashed line) ID BDT, shown for leptons with 10 < pT < 25 GeV (left) and
pT > 25 GeV (right). Indicated with filled markers are the efficiencies for the ID criteria applied
in this measurement and with empty markers those for the ID criteria applied in Ref. [41],
where red circles and blue squares are used for electron and muon criteria, respectively.

5 Event selection and search strategy181

The analyzed event sample is collected with a combination of triggers that require the presence182

of one, two, or three leptons. Events must contain between two and four loose leptons, with183

pT > 25 and 20 GeV for the highest pT (leading) and second-highest pT (subleading) lepton,184

and at least two jets, of which at least one is identified as b jet. Events with two (three and four)185

leptons are removed if any lepton pair has an invariant mass below 20 (12) GeV, to reduce back-186

grounds from leptonic decays of low-mass resonances. Signal regions (SRs) and control regions187

(CRs) are defined using events in which all leptons pass the tight ID criteria, whereas events188

with at least one loose but not tight lepton are used as a sideband for the nonprompt-lepton189

background estimation. In events with two leptons, the SRs and CRs additionally require both190

leptons to have the same sign, and events with opposite-sign leptons are used as a sideband for191

the estimation of the charge-misID background. In events with four leptons, we additionally192

require the sum of the lepton charges to be zero. For the SR and CR definitions, the number of193

jets and b jets (Nj and Nb), the scalar pT sum of all jets (HT), and the invariant mass m(``) of194

opposite-sign same-flavor (OSSF) lepton pairs are used. A schematic representation of the SR195

and CR definitions is shown in Fig. 3.196

For the events with two same-sign leptons (2` channel), the SR-2` is defined by Nj � 4, Nb � 2,197

and HT > 280 GeV, and additionally either Nj � 6 or Nb � 3. The CR-2`-45j2b, enriched in198

ttW production, comprises all events with 4  Nj  5, Nb = 2, and HT > 280 GeV. The199

CR-2`-23j1b, used to constrain both ttW production and nonprompt-lepton backgrounds, is200
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• Analyze multi lepton channels: 2LSS, 3L, 4L 

• Event categorization based on jet and b-tagged jet 
multiplicities, HT

• Electrons (muons):  

• pT > 10 GeV, |η| < 2.5 (2.4) 

• LeptonMVA ID 

• pT > 25, 20, 10, 10

• Jets:  

• pT > 25 GeV, |η| < 2.4 

• DeepJet b tagging (  = 90%) 

• Use DeepJet score in MVA

ε
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• MVA based lepton identification: 
• Electrons: 20% increased signal eff.
• Muons: halved nonprompt background

25
SR-2� CR-2�-45j2b CR-2�-23j1b SR-3� CR-3�-2j1b CR-3�-Z SR-4� CR-4�-Z

�6j or �3b <6j, <3b �3j, �2b <3j or <2b

�4j, �2b, HT>280GeV one of
<4j, <2b,

HT<280GeV

=0 �� OSSF on-Z =1 ��
OSSF on-Z

=0 ��
OSSF on-Z

=1 ��
OSSF on-Z

�2j, �1b, HT>200GeV �2j, �1b, HT>200GeV �2j, �1b

same-sign 2� channel 3� channel 4� channel

• Analyze multi lepton channels: 2LSS, 3L, 4L 

• Event categorization based on jet and b-tagged jet 
multiplicities, HT

• Electrons (muons):  

• pT > 10 GeV, |η| < 2.5 (2.4) 

• LeptonMVA ID 

• pT > 25, 20, 10, 10

• Jets:  

• pT > 25 GeV, |η| < 2.4 

• DeepJet b tagging (  = 90%) 

• Use DeepJet score in MVA

ε

• ~10% increased efficiency per b-jet 
for the same mis-tag rate
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Analysis strategy
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6. Background estimation 9
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Figure 4: Comparison of the number of observed (points) and predicted (colored histograms)
events in the BDT score ttX in the ttX classes of SR-2` in the µµ category (left), of SR-3` (mid-
dle), and of SR-4` (right). The vertical bars on the points represent the statistical uncertainties
in the data, and the hatched bands the total uncertainty in the predictions. The signal and back-
ground yields are shown with their best fit normalizations from the simultaneous fit to the data
(“postfit”).

leptons, one Z candidate, a three-lepton invariant mass m(```) with |m(```)� mZ | > 15 GeV,282

p
miss
T > 30 GeV, and no b jets. More than 70% of the selected events originate from WZ produc-283

tion, with smaller contributions from nonprompt leptons and ZZ production. A sample of ZZ284

candidate events in data is selected by requiring four leptons that form two Z candidates, and285

contributions from other processes to this selection are found to be negligible. A disagreement286

between data and prediction is observed in the jet multiplicity distribution in both samples,287

and scale factors are derived per Nj bin that increase the contribution of WZ (ZZ) production288

at higher jet multiplicities by factors of up to 2.7 (1.8).289

The contributions from the dominant prompt-background processes are treated separately in290

the fit. Effective constraints are obtained from the inclusion of the SR ttX classes, as well as the291

CR-3`-Z and CR-4`-Z, in the cross section extraction. Distributions of the BDT score ttX in the292

SR ttX classes are shown in Fig. 4 for the µµ category of SR-2`, SR-3`, and SR-4`. Jet and b293

jet multiplicity distributions in the CR-3`-Z and CR-4`-Z are shown in Fig. 5. Due to the high294

purity of these regions in ttW and ttZ production, we can extract normalization parameters295

for these processes from the fit without prior constraints.296

Nonprompt-background contributions are estimated with a “tight-to-loose” ratio method [103].297

The probabilities for a loose lepton to also pass the tight ID are measured, separately for elec-298

trons and muons, as functions of pT and |h| in a data sample enriched in events composed299

uniquely of jets produced through the strong interaction, which is rich in nonprompt leptons.300

The measured probability is then applied to data events in a sideband of the SRs and CRs where301

one or more of the selected leptons fail the tight ID while passing the loose ID. The method is302

validated in simulation both with tt and Z+jets production events, separately for nonprompt303

electrons and muons, as well as in comparison of data and predicted background yields in304

CR-2`-23j1b, CR-2`-45j2b, and CR-3`-2j1b. In all cases, an agreement of better than 30% is305

found in the most relevant kinematic distributions, and we assign 30% as a normalization un-306

certainty to the nonprompt background. The agreement in three different selections enriched307

in nonprompt-lepton backgrounds is shown in Fig. 6.308

To determine the charge-misID background, the electron charge-misID probability is deter-309

mined in simulated Z+jets samples and parameterized as a function of pT and |h|. This proba-310
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Figure 3: Comparison of the number of observed (points) and predicted (colored histograms)
events in the BDT score tt in the tt class of SR-2`. The vertical bars on the points represent the
statistical uncertainties in the data, and the hatched bands the total uncertainty in the predic-
tions. The signal and background yields are shown with their best fit normalizations from the
simultaneous fit to the data (“postfit”).

Figure 4: Comparison of the number of observed (points) and predicted (colored histograms)
events in the BDT score tt in the tt class of SR-3`. The vertical bars on the points represent the
statistical uncertainties in the data, and the hatched bands the total uncertainty in the predic-
tions. The signal and background yields are shown with their best fit normalizations from the
simultaneous fit to the data (“postfit”).

11

50

100

150

200

250
Data tttt
Wtt Ztt
Htt Nonprompt

VV(V) Charge misID
γX Other t

ttt Total unc.

CMS

 (13 TeV)-1138 fb

2 3 4 5 6

0.5
1

1.5

SR-2`, SR-3`
t̄tt̄t class
Postfit

Supplementary

Number of b jets

D
at

a
/P

re
d.

E
ve

nt
s

/1
un

it

Figure 19: Comparison of the number of observed (points) and predicted (colored histograms)
events in the number of b jets distribution in the tttt class of the combined SR-2` and SR-
3`. The vertical bars on the points represent the statistical uncertainties in the data, and the
hatched bands the total uncertainty in the predictions. The signal and background yields are
shown with the best fit normalizations from the simultaneous fit of the BDT score distributions
to the data (“postfit”). The last bin includes the overflow contribution.

Figure 20: Comparison of the number of observed (points) and predicted (colored histograms)
events in the number of medium b jets distribution in the tttt class of the combined SR-2` and
SR-3`. The vertical bars on the points represent the statistical uncertainties in the data, and the
hatched bands the total uncertainty in the predictions. The signal and background yields are
shown with the best fit normalizations from the simultaneous fit of the BDT score distributions
to the data (“postfit”). The last bin includes the overflow contribution.

Event categorization based on jet and b-tagged jets, number of leptons and Z candidates

~70 signal events 
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tt+V/H backgrounds

32

Backgrounds: tt̄H
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ttW

ttZ

tt𝜸
tt𝜸 + 𝒕𝑾𝜸

• ttV x-sections measured with ≤ 10% uncertainty

• Known deviations from SM predictions

• ttH is measured to be consistent with theory

• Use simulations with state-of-the-art x-sections 
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ttV/H + extra (b) jets modeling

•Additional uncertainty for b-jet 
multiplicity for ttW, ttZ, and ttH
• Based on measured tt+bb cross 
sections and tt+bb/tt+jj ratios assign a 
40% symmetric uncertainty
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• Additional uncertainty for 
jet multiplicity for  

• Compare NLO QCD 
(FxFx@1J) to 
FxFx@2J+NLO EWsub 

• Define one-sided nuisance 
after renormalizing to 
FxFx@2J+NLO EWsub cross 
section 

• Variations up to 55% in 
events for 

tt̄W

Nj ≥ 7
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• Additional uncertainty for 
jet multiplicity for  

• Compare NLO QCD 
(FxFx@1J) to 
FxFx@2J+NLO EWsub 

• Define one-sided nuisance 
after renormalizing to 
FxFx@2J+NLO EWsub cross 
section 

• Variations up to 55% in 
events for 

tt̄W

Nj ≥ 7

Modeling of ttW+Njet

• EWK and  higher order corrections 
effect Jet multiplicity

• Add a shape uncertainty on ttW 
reaches up to 55% at Njets ≥ 7
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• Additional uncertainty for b-tagged jet multiplicity for , , and  

• Assign a 40% symmetric uncertainty to  fraction 

• Based on comparison to the measured  cross sections, using the same 
generation configuration as used in the  simulation 

• Earlier measurements of  with partial Run 2 data suggest smaller 

uncertainty (≈ 20%)
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mis-identified leptons

10

Figure 5: Comparison of the number of observed (points) and predicted (colored histograms)
events in the number of jets distribution in CR-3`-Z (left), and in the number of b jets distri-
bution in CR-3`-Z (middle) and CR-4`-Z (right). The vertical bars on the points represent the
statistical uncertainties in the data, and the hatched bands the total uncertainty in the predic-
tions. The signal and background yields are shown with their best fit normalizations from the
simultaneous fit to the data (“postfit”).
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Figure 6: Comparison of the number of observed (points) and predicted (colored histograms)
events in the BDT score tt in the combined CR-2`-23j1b and CR-2`-45j2b (left), in the event
yields with negative and positive sum of lepton charges in CR-3`-2j1b (middle), and in the
number of jets distribution in the tt class of the combined SR-2` and SR-3` (right). The vertical
bars on the points represent the statistical uncertainties in the data, and the hatched bands the
total uncertainty in the predictions. The signal and background yields are shown with their
best fit normalizations from the simultaneous fit to the data (“postfit”).

bility is applied as a scale factor to sideband events in data (i.e., with opposite-sign instead of311

same-sign leptons) to obtain a prediction of the charge-misID background in the SR-2`. A vali-312

dation region (its sideband) is defined by requiring exactly two tight same-sign (opposite-sign)313

electrons that form a Z candidate. To evaluate a possible mismodeling of the charge-misID314

probability in simulation, we evaluate the ratio of the sideband yields to the validation region315

yields both in simulation and data, and derive correction factors to the charge-misID proba-316

bility from the data-to-simulation differences in this ratio. The correction factors are evaluated317

separately for each year of data taking and integrated over electron pT and |h|. After applying318

the scale and correction factors to the sideband event yields, the agreement with the validation319

region yields is better than 15% across all relevant kinematic distributions.320

nonprompt

• Nonprompt leptons
• Mainly arise from ttBar
• Use data to predict (TL-method)

• Multiple nuisance parameters for 
systematic effects

Validation in data

• Charge mis-identification
• Prompt leptons, mainly electrons
• Use DY data to measure charge 

mis-id rate (varies 10-3 – 10-4 )
• SFs on simulation when needed

e

e

Eur. Phys. J.C81(2021) 378

𝒎 𝒆±𝒆± [𝐆𝐞𝐕]

http://dx.doi.org/10.1140/epjc/s10052-021-09014-x
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Figure 7: Comparison of the number of observed (points) and predicted (colored histograms)
events in the BDT score tttt in the tttt classes of SR-2`, shown for the ee (upper left), eµ (upper
middle), and µµ (upper right) categories, of SR-3` (lower left) and of SR-4` (lower middle).
Additionally, the comparison is shown for all SRs combined as a function of log10(S/B) (lower
right), where S and B are evaluated for each bin of the fitted distributions as the predicted signal
and background yields before the fit to data. Bins with log10(S/B) < �1 are not included,
and bins with log10(S/B) > 0.5 are included in the last bin. The vertical bars on the points
represent the statistical uncertainties in the data, and the hatched bands the total uncertainty in
the predictions. The signal and background yields are shown with their best fit normalizations
from the simultaneous fit to the data (“postfit”).

duction. The cross section of tttt production is measured to be413

s(tttt) = 17.7 +3.7
�3.5 (stat) +2.3

�1.9 (syst) fb = 17.7 +4.4
�4.0 fb.

This result is in agreement with the SM prediction of 13.4 +1.0
�1.8 fb [6] at the level of 1.0 SDs, when414

taking uncertainties of both prediction and measurement into account.415

The measurement of s(tttt) is limited by the statistical uncertainty in the SR event yields. The416

largest systematic uncertainties arise from the DEEPJET correction factors and JES. The largest417

uncertainty sources related to background modeling and simulation are the additional jets and418

b jets in ttW production, the impact of the ttZ normalization, and the modeling of the tttt419

signal process. The values of the nuisance parameters associated with additional jets or b jets420

in ttX production after the fit are close to zero. The 20 leading nuisance parameters in the fit421

are shown in Fig. 9.422

• Simultaneous binned profile likelyhood fit to BDT 
output nodes of signal, ttX and tt in each search 
region and control regions

• Extract tttt, ttW and ttZ simultaneously

• Very good agreement across postfit distributions 
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Results (2)

16

9 Summary431

A measurement of the production of four top quarks (tttt) in proton-proton collisions at
p

s =432

13 TeV has been presented, using events with two same-sign, three, and four charged leptons433

(electrons and muons) and additional jets from a data set corresponding to an integrated lu-434

minosity of 138 fb�1 recorded with the CMS detector at the LHC. Multivariate discriminants435

are employed in the identification of prompt leptons and jets originating from the decay of b436

hadrons, and to distinguish between selected events from the tttt signal and the main back-437

ground contributions. A profile likelihood fit is performed to the data in signal and control438

regions for the extraction of the tttt cross section.439

The improvements in object identification and analysis strategy bring the sensitivity of the anal-440

ysis to the observation level, with an observed (expected) significance of the tttt signal above441

the background-only hypothesis of 5.6 (4.9) standard deviations. The signal cross section is442

measured to be s(tttt) = 17.7 +3.7
�3.5 (stat) +2.3

�1.9 (syst) fb, in agreement with the available standard443

model predictions. This result marks a significant milestone in the top quark physics program444

of the LHC.445
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• Measurement is still stat. 
limitted

• Main syst. uncertainties: 
• b-jet identification modeling
• Jet energy scale
• ttW+(b)jet modeling
• Signal modeling

uncertainties

20% 13% 

14

Table 2: Number of predicted and observed events in the SR-2` and SR-3` tttt classes, both
before the fit to the data (“prefit”) and with their best fit normalizations (“postfit”). The un-
certainties in the predicted number of events include both the statistical and systematic com-
ponents. The uncertainties in the total number of predicted background and background plus
signal events are also given. A dash indicates that the corresponding background does not
contribute.
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SR-2` tttt class SR-3` tttt class

Prefit Postfit Prefit Postfit
tttt 35.85± 0.36 46.5± 1.8 16.92± 0.26 22.4± 1.5

ttt 3.05± 0.10 2.98± 0.13 1.44± 0.08 1.45± 0.11
ttW 40.8± 2.0 52.7± 2.1 14.5± 1.2 19.6± 1.6
ttZ 14.31± 0.45 15.95± 0.56 22.6± 1.0 26.3± 1.0
ttH 24.28± 0.97 23.29± 0.95 21.0± 1.2 21.0± 1.2

Other t 7.06± 0.26 6.86± 0.29 4.70± 0.36 4.81± 0.36
WZ 1.27± 0.50 1.19± 0.52 2.67± 0.83 3.41± 1.13

VV(V) 0.38± 0.09 0.35± 0.06 0.26± 0.13 0.20± 0.09
Xg 15.0± 1.1 14.0± 1.0 6.87± 0.57 7.1± 1.0

Charge misID 8.24± 0.21 8.29± 0.21 — —
Nonprompt e 32.1± 2.5 37.8± 1.1 13.3± 2.0 16.40± 0.97
Nonprompt µ 10.7± 2.1 12.60± 0.67 4.8± 1.3 5.87± 0.61

Total background 157.2± 4.1 175.9± 3.0 92.0± 3.2 106.1± 2.9
Total prediction 193.1± 4.2 222.5± 3.5 108.9± 3.3 128.5± 3.3
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Figure 8: Comparison of fit results in the channels individually and in their combination. The
left panel shows the values of the measured cross section relative to the SM prediction from
Ref. [6], where the displayed uncertainty does not include the uncertainty in the SM prediction.
The right panel shows the expected and observed significance, with the printed values rounded
to the first decimal.
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respectively 
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−3.5 (stat.) +2.4

−2.1 (syst.) fbσtt̄W = 997 +98
−92 fb σtt̄Z = 1134 +100

−96 fb



12

a four top-quark candidate 



UNIVERSITEIT
GENT

13

Results: ttW/ ttZ10
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Figure 5: Comparison of the number of observed (points) and predicted (colored histograms)
events in the number of jets distribution in CR-3`-Z (left), and in the number of b jets distri-
bution in CR-3`-Z (middle) and CR-4`-Z (right). The vertical bars on the points represent the
statistical uncertainties in the data, and the hatched bands the total uncertainty in the predic-
tions. The signal and background yields are shown with their best fit normalizations from the
simultaneous fit to the data (“postfit”).

Figure 6: Comparison of the number of observed (points) and predicted (colored histograms)
events in the BDT score tt in the combined CR-2`-23j1b and CR-2`-45j2b (left), in the event
yields with negative and positive sum of lepton charges in CR-3`-2j1b (middle), and in the
number of jets distribution in the tt class of the combined SR-2` and SR-3` (right). The vertical
bars on the points represent the statistical uncertainties in the data, and the hatched bands the
total uncertainty in the predictions. The signal and background yields are shown with their
best fit normalizations from the simultaneous fit to the data (“postfit”).

bility is applied as a scale factor to sideband events in data (i.e., with opposite-sign instead of311

same-sign leptons) to obtain a prediction of the charge-misID background in the SR-2`. A vali-312

dation region (its sideband) is defined by requiring exactly two tight same-sign (opposite-sign)313

electrons that form a Z candidate. To evaluate a possible mismodeling of the charge-misID314
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bility from the data-to-simulation differences in this ratio. The correction factors are evaluated317

separately for each year of data taking and integrated over electron pT and |h|. After applying318

the scale and correction factors to the sideband event yields, the agreement with the validation319
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bution in CR-3`-Z (middle) and CR-4`-Z (right). The vertical bars on the points represent the
statistical uncertainties in the data, and the hatched bands the total uncertainty in the predic-
tions. The signal and background yields are shown with their best fit normalizations from the
simultaneous fit to the data (“postfit”).
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number of jets distribution in the tt class of the combined SR-2` and SR-3` (right). The vertical
bars on the points represent the statistical uncertainties in the data, and the hatched bands the
total uncertainty in the predictions. The signal and background yields are shown with their
best fit normalizations from the simultaneous fit to the data (“postfit”).
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Figure 29: Comparison of the number of observed (points) and predicted (colored histograms)
events in the number of b jets distribution in the ttX class of the combined SR-2` and SR-
3`. The vertical bars on the points represent the statistical uncertainties in the data, and the
hatched bands the total uncertainty in the predictions. The signal and background yields are
shown with the best fit normalizations from the simultaneous fit of the BDT score distributions
to the data (“postfit”). The last bin includes the overflow contribution.

Figure 30: Comparison of the number of observed (points) and predicted (colored histograms)
events in the number of medium b jets distribution in the ttX class of the combined SR-2` and
SR-3`. The vertical bars on the points represent the statistical uncertainties in the data, and the
hatched bands the total uncertainty in the predictions. The signal and background yields are
shown with the best fit normalizations from the simultaneous fit of the BDT score distributions
to the data (“postfit”). The last bin includes the overflow contribution.
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𝜎 𝑡𝑡𝑍 = 945 ± 81 =b

Njet & Nbjet distributions well described 

ttZ and ttW x-sections are consistent 
with dedicated measurements
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Results:  3 tops or 4 tops ?

8. Results 13
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Figure 7: Comparison of the number of observed (points) and predicted (colored histograms)
events in the BDT score tttt in the tttt classes of SR-2`, shown for the ee (upper left), eµ (upper
middle), and µµ (upper right) categories, of SR-3` (lower left) and of SR-4` (lower middle).
Additionally, the comparison is shown for all SRs combined as a function of log10(S/B) (lower
right), where S and B are evaluated for each bin of the fitted distributions as the predicted signal
and background yields before the fit to data. Bins with log10(S/B) < �1 are not included,
and bins with log10(S/B) > 0.5 are included in the last bin. The vertical bars on the points
represent the statistical uncertainties in the data, and the hatched bands the total uncertainty in
the predictions. The signal and background yields are shown with their best fit normalizations
from the simultaneous fit to the data (“postfit”).

duction. The cross section of tttt production is measured to be413

s(tttt) = 17.7 +3.7
�3.5 (stat) +2.3

�1.9 (syst) fb = 17.7 +4.4
�4.0 fb.

This result is in agreement with the SM prediction of 13.4 +1.0
�1.8 fb [6] at the level of 1.0 SDs, when414

taking uncertainties of both prediction and measurement into account.415

The measurement of s(tttt) is limited by the statistical uncertainty in the SR event yields. The416

largest systematic uncertainties arise from the DEEPJET correction factors and JES. The largest417

uncertainty sources related to background modeling and simulation are the additional jets and418

b jets in ttW production, the impact of the ttZ normalization, and the modeling of the tttt419

signal process. The values of the nuisance parameters associated with additional jets or b jets420

in ttX production after the fit are close to zero. The 20 leading nuisance parameters in the fit421

are shown in Fig. 9.422
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4 Three top quark studies4

Figure 32: Two-dimensional scan of the tttt and ttt cross sections. The shading quantified by
the color scale on the right reflects the negative log-likelihood difference with respect to the
best fit value that is indicated by the white filled star. The 68% (solid line) and 95% (dashed
line) CL contours are shown for the observed result. The white empty cross indicates the SM
prediction. The correlation r between the two measured cross sections is �0.94.
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Figure 33: Shape comparison of the predicted tttt (solid red line), ttt (dashed green line), and
combined other background (dotted black line) contributions in the BDT score tttt in the tttt
class of SR-2`.
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Figure 32: Two-dimensional scan of the tttt and ttt cross sections. The shading quantified by
the color scale on the right reflects the negative log-likelihood difference with respect to the
best fit value that is indicated by the white filled star. The 68% (solid line) and 95% (dashed
line) CL contours are shown for the observed result. The white empty cross indicates the SM
prediction. The correlation r between the two measured cross sections is �0.94.

Figure 33: Shape comparison of the predicted tttt (solid red line), ttt (dashed green line), and
combined other background (dotted black line) contributions in the BDT score tttt in the tttt
class of SR-2`.
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Summary and outlook

• Reached first observation with Run II data
• Improved analysis techniques and

object identification was key

• Combined Run2&3 data analysis certainly 
interesting

• Better understanding of some 
backgrounds like ttW, tWZ, tripple-top is 
crucial

• More studies for ttV+HF needed

8. Results 13
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Figure 7: Comparison of the number of observed (points) and predicted (colored histograms)
events in the BDT score tttt in the tttt classes of SR-2`, shown for the ee (upper left), eµ (upper
middle), and µµ (upper right) categories, of SR-3` (lower left) and of SR-4` (lower middle).
Additionally, the comparison is shown for all SRs combined as a function of log10(S/B) (lower
right), where S and B are evaluated for each bin of the fitted distributions as the predicted signal
and background yields before the fit to data. Bins with log10(S/B) < �1 are not included,
and bins with log10(S/B) > 0.5 are included in the last bin. The vertical bars on the points
represent the statistical uncertainties in the data, and the hatched bands the total uncertainty in
the predictions. The signal and background yields are shown with their best fit normalizations
from the simultaneous fit to the data (“postfit”).
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uncertainty sources related to background modeling and simulation are the additional jets and418

b jets in ttW production, the impact of the ttZ normalization, and the modeling of the tttt419

signal process. The values of the nuisance parameters associated with additional jets or b jets420

in ttX production after the fit are close to zero. The 20 leading nuisance parameters in the fit421

are shown in Fig. 9.422
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Results (2)

8. Results 15

Figure 9: For the nuisance parameters listed in the left column, the pulls (bq � q0)/Dq (mid-
dle column) and impacts Dbr (right column) are displayed. The 20 nuisance parameters with
the largest impacts in the fit used to determine the tttt cross section are shown. The impact
Dbr is obtained from varying the nuisance parameter q by ±1 SD and evaluating the induced
shift in the tttt signal strength r. The pull (bq � q0)/Dq is calculated from the values bq and q0
after and before the fit of q, respectively, and from its uncertainty Dq before the fit. The label
“corr.” and the per-year labels indicate nuisance parameters associated with the correlated and
uncorrelated parts of a systematic uncertainty, respectively. The nuisance parameters labeled
“MC stat.” refer to the per-bin statistical uncertainties in the predicted yields. The uncertainty
associated with additional jets in ttW production corresponds to a one-sided variation of the
nominal template before the fit, and thus a one-sided impact after the fit is expected.

The cross sections of the ttW and ttZ backgrounds are found to be423

s(ttW) = 990 ± 58 (stat) ± 79 (syst) fb = 990 ± 98 fb,
s(ttZ) = 945 ± 43 (stat) ± 69 (syst) fb = 945 ± 81 fb.

The ttW cross section result is larger than the SM prediction of 722 ± 74 fb [98] at the level of424

2.2 SDs, and also larger by more than 1.0 SDs than the central value 868± 40 (stat)± 51 (syst) fb425

from the dedicated CMS cross section measurement based on the same data set using same-sign426

2` and 3` events [119]. The measured ttZ cross section is in agreement with the SM prediction427

of 859 ± 80 fb [99] at the level of 0.8 SDs, and also in good agreement with the dedicated CMS428

cross section measurement of 950± 50 (stat)± 60 (syst) fb based on a partial data set of 77.5 fb�1
429

using 3` and 4` events [102].430
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Figure 9: For the nuisance parameters listed in the left column, the pulls (bq � q0)/Dq (mid-
dle column) and impacts Dbr (right column) are displayed. The 20 nuisance parameters with
the largest impacts in the fit used to determine the tttt cross section are shown. The impact
Dbr is obtained from varying the nuisance parameter q by ±1 SD and evaluating the induced
shift in the tttt signal strength r. The pull (bq � q0)/Dq is calculated from the values bq and q0
after and before the fit of q, respectively, and from its uncertainty Dq before the fit. The label
“corr.” and the per-year labels indicate nuisance parameters associated with the correlated and
uncorrelated parts of a systematic uncertainty, respectively. The nuisance parameters labeled
“MC stat.” refer to the per-bin statistical uncertainties in the predicted yields. The uncertainty
associated with additional jets in ttW production corresponds to a one-sided variation of the
nominal template before the fit, and thus a one-sided impact after the fit is expected.

The cross sections of the ttW and ttZ backgrounds are found to be423

s(ttW) = 990 ± 58 (stat) ± 79 (syst) fb = 990 ± 98 fb,
s(ttZ) = 945 ± 43 (stat) ± 69 (syst) fb = 945 ± 81 fb.

The ttW cross section result is larger than the SM prediction of 722 ± 74 fb [98] at the level of424

2.2 SDs, and also larger by more than 1.0 SDs than the central value 868± 40 (stat)± 51 (syst) fb425

from the dedicated CMS cross section measurement based on the same data set using same-sign426

2` and 3` events [119]. The measured ttZ cross section is in agreement with the SM prediction427

of 859 ± 80 fb [99] at the level of 0.8 SDs, and also in good agreement with the dedicated CMS428

cross section measurement of 950± 50 (stat)± 60 (syst) fb based on a partial data set of 77.5 fb�1
429

using 3` and 4` events [102].430
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9 Summary431

A measurement of the production of four top quarks (tttt) in proton-proton collisions at
p

s =432

13 TeV has been presented, using events with two same-sign, three, and four charged leptons433

(electrons and muons) and additional jets from a data set corresponding to an integrated lu-434

minosity of 138 fb�1 recorded with the CMS detector at the LHC. Multivariate discriminants435

are employed in the identification of prompt leptons and jets originating from the decay of b436

hadrons, and to distinguish between selected events from the tttt signal and the main back-437

ground contributions. A profile likelihood fit is performed to the data in signal and control438

regions for the extraction of the tttt cross section.439

The improvements in object identification and analysis strategy bring the sensitivity of the anal-440

ysis to the observation level, with an observed (expected) significance of the tttt signal above441

the background-only hypothesis of 5.6 (4.9) standard deviations. The signal cross section is442

measured to be s(tttt) = 17.7 +3.7
�3.5 (stat) +2.3

�1.9 (syst) fb, in agreement with the available standard443

model predictions. This result marks a significant milestone in the top quark physics program444

of the LHC.445
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• Measurement is still stat. 
limitted

• Main syst. uncertainties: 
• b-jet identification 

modeling
• Jet energy scale
• ttW+(b)jet modeling
• Signal modeling

uncertainties

20% (stat.) 13% (syst.)𝜇 = 1.3
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input variables to lepton ID BDT
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6 Lepton MVA ID inputs7

Table 1: List of the input variables to the prompt-lepton ID BDTs. The nearest jet (jnear) is
defined as the jet that includes the PF particle corresponding to the reconstructed lepton, and
its momentum is recalibrated after subtracting the contribution from the lepton. The last two
rows list input variables only used in the electron or muon ID BDTs, respectively, and are
defined in Refs. [1, 2].

Symbol Definition
pT(`) Lepton transverse momentum
|h(`)| Lepton pseudorapidity
I

fixed
rel Relative isolation using a fixed distance DR < 0.4
I

ch
rel Relative isolation using a pT-dependent distance and including only charged

particles
I

neu
rel Relative isolation using a pT-dependent distance and including only neutral

particles
Nch(jnear) Number of charged particles associated with the nearest jet

p
ratio
T Ratio of the lepton pT to the nearest jet pT, i.e., pT(`)/pT(jnear); or 1/(1 + I

fixed
rel )

if no nearest jet is found
p

rel
T Component of the lepton momentum in direction transverse to the nearest jet,

i.e., p(`) sin q
�
~p(`),~p(jnear)

�

DJ(jnear) DEEPJET score of the nearest jet
log |dxy| Distance of closest approach from the lepton track to the PV in the transverse

plane on a logarithmic scale
log |dz| Distance of closest approach from the lepton track to the PV in the longitudinal

plane on a logarithmic scale
d/dd Significance of the distance of closest approach from the lepton track to the PV
P

e
ID Electron ID discriminant

P
µ
seg Muon segment compatibility


