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Event with 2 electrons, 1 muon, 1b-jet and 1 forward jet,  
likely to arise from tZq process
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Run 2 measurement of top quarks produced at low rate in the SM
- Single top + Z (77.4 fb-1) in 3ℓ final state 
- Single top + γ (35.9 fb-1) in 1ℓ final state 
- Four top quarks:
      in 1ℓ+jets and 2ℓos (35.8 fb-1) and 2ℓss and 3ℓ (137 fb-1)



Seaching for rare top processes: 
motivations 
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Single top + Z

Four top quarks

- Test of SM predictions (perturbative QCD, EW corrections): tZq and tγq 
processes are EW produced, four top processes are QCD induced 

- Probe of the top - boson coupling (tZ in tZq, tγ in tγq, tH in four tops) 
- Possible deviations in precision measurements are sensitive to new physics, 

for instance within the framework of the effective field theory
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Single top + Z (tZq)
Phys. Rev. Lett. 122 (2019) 132003
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Analysis performed in 3ℓ final state (e or μ) with 2016/2017 data
- Lepton pT > 25, 15, 10 GeV 
- Two leptons (same flavour opposite sign) must have |mℓℓ - MZ| 

< 30 GeV 
- tZq is produced by EW interaction: make use of the forward jet 

(|η|<4.7) to discriminate signal from background
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Single top + Z (tZq)
Phys. Rev. Lett. 122 (2019) 132003
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- Remaining non prompt background (ttbar and Z+jets): fake rate estimated in QCD 

jets data, applied to a sample  with loosened analysis selection (30% uncertainty) 
- WZ (ZZ) control regions: no b-jet, mET>50 GeV and 3 (4) leptons

Signal extraction: simultaneous fit of BDT discriminants in 3 categories

≥2 b-jets: Constrains ttZ≥4 jets among which 1 
b-jet: Constrains ttZ 

2-3 jets among which 1 b-
jet : Constrains tZq
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Single top + Z (tZq)
Phys. Rev. Lett. 122 (2019) 132003

Main uncertainties: Non-prompt 
background, jet energy scale, lepton 
efficiency, final state radiation and tZq 

QCD scale uncertainty
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Theoretical

final-state radiation 2.0
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Observation: 8.2σ (7.7σ expected)

simultaneously varying these scales up and down by a
factor of 2, resulting in uncertainties of 0.8%–9.6% in the
simulated yields per BDT bin. The limited knowledge of
the proton PDFs is taken into account using a set of
NNPDF3.0 (NNPDF3.1) replicas [46] in the simulation
of 2016 (2017) collisions and leads to uncertainties of
0.04%–1.4%. These theoretical uncertainties are taken into
account for all simulated samples and cause changes in
both the predicted cross section and the detector acceptance
for simulated events, which are treated independently. For
WZ, tt̄Z, ZZ, and tZq production, theoretical uncertainties
in the cross section are not taken into consideration, and
prior nuisance parameters are assigned to their normaliza-
tions that are constrained by the data. For all other
processes, such as tt̄W, tt̄H, tWZ, and triple gauge boson
production, theoretical uncertainties in the predicted cross
sections are included. Similarly, the uncertainty in the
parton shower simulation is estimated by varying the
renormalization scales for both initial- and final-state
radiation up and down by a factor of 2 [21]. This source
of uncertainty is considered only for simulated tZq and tt̄Z
processes and ranges from 0.1% to 6.5% (0.3% to 7.3%)
across the BDT bins for the description of initial- (final-)
state radiation.
A simultaneous binned maximum-likelihood fit to the

BDT distributions, and to the event yields in the WZ and
ZZ control regions, is performed to measure the tZq signal
strength. The best fit value of the signal strength and the
68% confidence interval are extracted following the pro-
cedure described in Sec. 3.2 of Ref. [47]. All sources of
systematic uncertainties are taken into account as nuisance
parameters in the fit. The appropriate correlation pattern of

the nuisance parameters between the 2016 and 2017
datasets is taken into account; the nuisance parameters
associated with the integrated luminosity, b tagging, trigger
efficiency, and jet energy scale modeling are considered to
be fully uncorrelated between the two data-taking periods,
while all others are considered to be fully correlated.
The observed (expected) statistical significance of the

signal is determined using the asymptotic approximation
of the distribution of the profile likelihood test statistic
[48,49] and found to be 8.2 (7.7) standard deviations
from the background-only hypothesis. The analyses based
on the 2016 and 2017 datasets result in observed (expected)
signal significances of 7.2 (5.7) and 5.4 (6.0) standard
deviations, respectively. The tZq cross section is measured
to be

σðpp → tZq → tlþl−qÞ ¼ 111% 13ðstatÞþ11
−9 ðsystÞ fb;

ð1Þ

where l refers to an electron, muon, or τ lepton, for
invariant masses of the dilepton pair larger than 30 GeV.
The theoretical cross section in the same fiducial volume
is σSMðpp → tZq → tlþl−qÞ ¼ 94.2% 3.1 fb, which is
computed at NLO in perturbative QCD using the
NNPDF3.0 PDF set in the five-flavor scheme [7]. The
measured signal strength is

μ ¼ σðpp → tZq → tlþl−qÞ
σSMðpp → tZq → tlþl−qÞ

¼ 1.18þ0.14
−0.13ðstatÞþ0.11

−0.10ðsystÞþ0.04
−0.04ðtheoÞ; ð2Þ
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FIG. 1. Observed (points) and postfit expected (shaded histograms) BDT distributions for events in SR-2=3j-1b (left), SR-4j-1b
(middle), and SR-2b (right). The vertical bars on the points represent the statistical uncertainties in the data. The hatched regions show
the total uncertainties in the background. The lower panels display the ratio of the observed data to the predictions, including the tZq
signal, with inner and outer shaded bands, respectively, representing the statistical and total uncertainties in the predictions.
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FIG. 1. Observed (points) and postfit expected (shaded histograms) BDT distributions for events in SR-2=3j-1b (left), SR-4j-1b
(middle), and SR-2b (right). The vertical bars on the points represent the statistical uncertainties in the data. The hatched regions show
the total uncertainties in the background. The lower panels display the ratio of the observed data to the predictions, including the tZq
signal, with inner and outer shaded bands, respectively, representing the statistical and total uncertainties in the predictions.
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Now mature for differential 
measurements

NLO QCD, mℓℓ > 30 GeV
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Target muonic top quark decay, 2016 data 
- At least two jets, with only one tagged as b-jet

- Dominant background tt+γ

Estimate non-prompt photon background with a fake ratio method  
- relax photon requirement,  
- measure probability to mis-identify a non-prompt as a prompt photon

- Uses the forward 
jet to increase 
discrimination

N. Chanon - Rare top quark processes at CMS - LHCP2020 -  7
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5

vary in the likelihood fit within the systematic uncertainties. A test statistic is constructed by
generating pseudo-data for the background-only and for the signal-plus-background hypothe-
ses. The sensitivity to the single top quark production in association with a photon is calculated
from the likelihood of the test statistic. The BDT output distribution for data and SM prediction
after the fit is presented in Fig. 3 The estimated number of tt + g after the fit is 1221 ± 121.
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Figure 2: Distributions of some of the input variables to the BDT: DR(light jet, g) (top-left), co-
sine of the angle between the muon candidate and the light jet in the top quark rest frame (top-
right), pseudorapidity of the light jet (bottom-left), and reconstructed top quark mass (bottom-
right) after the final event selection for data (points), and the SM prediction (histograms). The
hatched band shows the statistical and systematic uncertainties in the estimated signal and
background yields and the vertical bars on the points represent the statistical uncertainties in
data.

All systematic uncertainties apply to both normalization and shape, except for the integrated
luminosity, photon energy scale, pmiss

T and background rates. The main systematic uncertainties
come from JES, signal modelling, Zg + jets, and b tagging and mistagging rates on the signal
cross section, and amount to 12%, 9%, 8%, and 7%, respectively. The uncertainty from each
source is calculated by removing all the sources but the one considered.

An excess of events above the expected background is observed with a p-value of 4.27 ⇥ 10�6,
which corresponds to a significance of 4.4 standard deviations (s). The median expected signifi-
cance is 3.0s and the 68%, 95% ranges for the expected significance are [1.5, 4.0] and [0.0, 8.7], re-
spectively. A cross section times branching fraction of B(t! µnb)s(tgj) = 115±17(stat)+33

�27(syst)
fb, is measured in the region of transverse energy ET,g GeV, |h| < 1.44, and DR(X, g) > 0.5,
where X = µ, b jet, light jet. The SM predicted cross section is 81 ± 4 fb, which is in agreement
with the measured one. This is the first experimental evidence for single top quark production
in association with a photon at hadron colliders.

- Template for tt+γ obtained from data 
control region with additional b-jet 

- Simultaneous fit of tγq and tt+γ 
regions

Dominated by systematics: jet energy 
scale, b-tagging, tγq modeling

In order to extract the signal cross section and tt̄þ γ
background normalization, a simultaneous binned like-
lihood fit is performed on the BDT distribution in the
signal region and the tt̄þ γ control region. Including events
from the tt̄þ γ control region in the fit is useful to constrain
the tt̄þ γ background normalization. Each source of
systematic uncertainty is included as a nuisance parameter
in the likelihood function. The normalizations of back-
grounds except for tt̄þ γ are left free to vary within the
systematic uncertainties. A profile likelihood ratio test
statistic is constructed by generating pseudodata for the
background-only and for the signal-plus-background
hypotheses. The BDT output distribution for data and
SM prediction after the fit is shown in Fig. 3.
All of the systematic uncertainties affect both the nor-

malization of backgrounds and shape of the BDT discrimi-
nant, except those associated with the integrated luminosity,
photon energy scale, pmiss

T , and background rates that only
affect the normalization. The shape uncertainties have
Gaussian constraints, while rate uncertainties have log-
normal forms. The main systematic uncertainties in the
signal cross section arise from the JES, signal modeling,
normalization of Zγ þ jets, and b tagging and mistagging
rates, and amount to 12%, 9%, 8%, and 7%, respectively.
The impact of the uncertainty from each source is calculated
by performing the fit with all other nuisance parameters fixed
to their fitted values. The number of signal and tt̄þ γ events
after the fit are 220" 63 and 1221" 121, which both agree
with the expected yields within the uncertainties.
An excess of events above the expected background

is observed at a p value [46] of 4.27 × 10−6, which

corresponds to a significance of 4.4 standard deviations.
The median expected significance is 3.0, and the 68%
and 95% confidence level ranges for the expected signifi-
cance are [1.5, 4.0] and [0, 8.7], respectively. A fiducial
product of the cross section and branching fraction of
σðpp→ tγjÞBðt→ μνbÞ ¼ 115" 17ðstatÞ " 30ðsystÞ fb is
measured in the phase space defined by the photon
transverse momentum pT;γ > 25 GeV, jηγj < 1.44, and
ΔRðX; γÞ > 0.5, where X stands for μ, b jet, light-flavor
jet. The expected SM product of the cross section and
branching fraction within this fiducial phase space is
81" 4 fb, in agreement with the measurement. This is
the first experimental evidence for single top quark pro-
duction in association with a photon.
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(pTγ > 25 GeV, |η|<1.44)

Build a BDT discriminant using kinematics 
(most important variable forward jet η)

First evidence for tγq: 
Observed significance 4.4σ (3.0σ expected)
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Analysis in opposite sign 2ℓ and 1ℓ+jets final state, with 2016 data 
- Single lepton: 1ℓ + 7 (8) jets in single muon (electron), at least 2 b-

tagged jets, HT > 500 GeV, mET > 50 GeV 
- Dilepton: 4 jets with 2 b-tagged jets, HT > 500 GeV
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Corrections needed for additional jets:
- 4 tops: jet multiplicity correction from ttbar 

data, in a region with 8,9 jets (2,3 b-tags) 
- ttbar+bb reweighed to 13 TeV measurement
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Event-BDT:  
-  BDT score for hadronic top from jet triplets  
- hadronic variables (related to the number of 

jet, jet kinematics, HT, multijet masses, the 
event sphericity…),  

- lepton and b-jets variables
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Channel Expected limit, µ Observed limit, µ Expected limit Observed limit

(fb) (fb)

Single-lepton 9.4+ 4.4
� 2.9 10.6 86+ 40

� 26 97

Dilepton 7.3+ 4.5
� 2.5 6.9 67+ 41

� 23 64

Combined 5.7+ 2.9
� 1.8 5.2 52+ 26

� 17 48
(this analysis)

Multilepton 2.5+ 1.4
� 0.8 4.6 23+ 12

� 8 42

Combined 2.2+ 1.1
� 0.7 3.6 20+ 10

� 6 33
(this analysis + multilepton)

Results and combination  
- Adding 10% precision to 

four top multilepton 
analysis (2016 data)

Dimension 6 EFT interpretation:
- Minimal Flavour Violation: consider four-quark 

operators involving only 3rd generation quarks 
- ttbb operator are neglected 
- SM kinematics of tttt is assumed, and limits are 

derived from rate information

J
H
E
P
1
1
(
2
0
1
9
)
0
8
2

σ(1)
k σ(2)

j,k

Operator O1
tt O1

QQ O1
Qt O8

Qt

O1
tt 0.39 5.59 0.36 −0.39 0.3

O1
QQ 0.47 5.49 −0.45 0.13

O1
Qt 0.03 1.9 −0.08

O8
Qt 0.28 0.45

Table 4. Linear (left) and quadratic (right) parameterization coefficients, σ(1)
k and σ(2)

j,k , of eq. (6.3).

The coefficients σ(1)
k are in units (fb TeV2), while the coefficients σ(2)

j,k are in units (fb TeV4).

are expected to contribute significantly to tttt production, namely,

O1
tt =

!
tRγ

µtR
"!
tRγµtR

"
,

O1
QQ =

!
QLγ

µQL

"!
QLγµQL

"
,

O1
Qt =

!
QLγ

µQL

"!
tRγµtR

"
,

O8
Qt =

!
QLγ

µTAQL

"!
tRγµT

AtR
"
,

(6.2)

where QL and tR denote the left-handed third generation quark doublet and the right-

handed top quark singlet, respectively. The 4-fermion ttbb operators were not included

because of the negligible b quark parton density in the proton. Leading order predictions

for the pp → tttt cross section can be parameterized using the equation

σtt tt = σSM
tttt +

1

Λ2

#

k

Ckσ
(1)
k +

1

Λ4

#

j≤k

CjCkσ
(2)
j,k , (6.3)

where the linear terms, Ckσ
(1)
k , represent the interference of the SM production with the

dim-6 EFT contribution, while the quadratic terms include two components: the square

of the diagrams containing one EFT operator, and the interference term for two diagrams,

each with one EFT operator. Representing Ck as a column-vector, C⃗, eq. (6.3) can be

expressed in a matrix form as

σtt tt = σSM
tttt +

1

Λ2 C⃗
T · σ⃗(1) +

1

Λ4 C⃗
T
σ(2)C⃗. (6.4)

In order to find σ⃗(1) and σ(2), a system of linear equations has to be solved. It is obtained by

substituting linearly-independent vectors C⃗ into eq. (6.4). In the cross section calculation,

the EFT interactions are implemented in the FeynRules [90, 91] package and interfaced

with MadGraph5 amc@nlo [13]. The NNPDF3.0LO [50] PDF set and αS(MZ) = 0.138

were used in the calculation. In the EFT predictions, the SM contribution, σSM
tttt in eqs. (6.3)

and (6.4), was rescaled to the NLO cross section of 9.2 fb for the collision energy of 13 TeV.

The linear and quadratic coefficients, σ(1)
k and σ(2)

j,k , in eq. (6.3) can be found in table 4.

The observed limit of 3.6σSM
tttt , with a corresponding expected limit of 3.2σSM

tttt (as-

suming µ = 1), from the combined experimental results, is used to constrain possible

– 24 –

Operator Expected Ck/L2 (TeV�2) Observed (TeV�2)

O1
tt [�2.0, 1.8] [�2.1, 2.0]

O1
QQ [�2.0, 1.8] [�2.2, 2.0]

O1
Qt [�3.3, 3.2] [�3.5, 3.5]

O8
Qt [�7.3, 6.1] [�7.9, 6.6]

L = LSM +
X

i

ai
�2

Oi +
X

j

bi
�4

Oj + ...

1
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Analysis in same sign 2ℓ and ≥3ℓ final state, with full Run 2 data
- Take advantage of the large jet multiplicity: require HT>300 GeV
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Background estimate:
- ISR/FSR correction from ttbar data applied to ttW/Z simulation 
- ttbb/ttjj correction, resulting in 70% increase in additional bb pair in ttH/W/Z
- Charge misidentification (2ℓss only): flip rate from Z→ℓ±ℓ± data 
- Non-prompt lepton background: similar as in tZq analysis, fake rate from ℓ+jets

Analysis strategy:
- New multivariate classifier (BDT): 17 regions + 

ttZ region
- Cut-based cross-check analysis: Classify 

events in the number of leptons, jets and b-jets 
(14 regions), ttZ and ttW control regions
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Impact on
Source Uncertainty (%) s(tttt) (%)
Integrated luminosity 2.3–2.5 2
Pileup 0–5 1
Trigger efficiency 2–7 2
Lepton selection 2–10 2
Jet energy scale 1–15 9
Jet energy resolution 1–10 6
b tagging 1–15 6
Size of simulated sample 1–25 <1
Scale and PDF variations † 10–15 2
ISR/FSR (signal) † 5–15 2
ttH (normalization) † 25 5
Rare, Xg, ttVV (norm.) † 11–20 <1
ttZ, ttW (norm.) † 40 3–4
Charge misidentification † 20 <1
Nonprompt leptons † 30–60 3
NISR/FSR

jets 1–30 2
s(ttbb)/s(ttjj) † 35 11

Observed: 2.6σ (2.7σ expected)
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Abstract The standard model (SM) production of four top
quarks (tt tt) in proton–proton collisions is studied by the
CMS Collaboration. The data sample, collected during the
2016–2018 data taking of the LHC, corresponds to an inte-
grated luminosity of 137 fb−1 at a center-of-mass energy of
13 TeV. The events are required to contain two same-sign
charged leptons (electrons or muons) or at least three leptons,
and jets. The observed and expected significances for the tt tt
signal are respectively 2.6 and 2.7 standard deviations, and
the tt tt cross section is measured to be 12.6+5.8

−5.2 fb. The results
are used to constrain the Yukawa coupling of the top quark
to the Higgs boson, yt, yielding a limit of |yt/ySM

t | < 1.7 at
95% confidence level, where ySM

t is the SM value of yt. They
are also used to constrain the oblique parameter of the Higgs
boson in an effective field theory framework, Ĥ < 0.12. Lim-
its are set on the production of a heavy scalar or pseudoscalar
boson in Type-II two-Higgs-doublet and simplified dark mat-
ter models, with exclusion limits reaching 350–470 GeV and
350–550 GeV for scalar and pseudoscalar bosons, respec-
tively. Upper bounds are also set on couplings of the top
quark to new light particles.

1 Introduction

The production of four top quarks (tt tt) is a rare stan-
dard model (SM) process, with a predicted cross section of
σ (pp → tt tt) = 12.0+2.2

−2.5 fb in proton–proton (pp) collisions
at a center-of-mass energy of 13 TeV, as calculated at next-
to-leading-order (NLO) accuracy for both quantum chromo-
dynamics and electroweak interactions [1]. Representative
leading-order (LO) Feynman diagrams for SM production of
tt tt are shown in Fig. 1.

The tt tt cross section can be used to constrain the mag-
nitude and CP properties of the Yukawa coupling of the
top quark to the Higgs boson [2,3]. Moreover, tt tt produc-

⋆ e-mail: cms-publication-committee-chair@cern.ch

tion can be significantly enhanced by beyond-the-SM (BSM)
particles and interactions. New particles coupled to the top
quark, such as heavy scalar and pseudoscalar bosons pre-
dicted in Type-II two-Higgs-doublet models (2HDM) [4–6]
and by simplified models of dark matter (DM) [7,8], can
contribute to σ (pp → tt tt) when their masses are larger
than twice the mass of the top quark, with diagrams simi-
lar to Fig. 1 (right). Additionally, less massive particles can
enhance σ (pp → tt tt) via off-shell contributions [9]. In the
model-independent framework of SM effective field theory,
four-fermion couplings [10], as well as a modifier to the
Higgs boson propagator [11], can be constrained through a
measurement of σ (pp → tt tt). Conversely, models with new
particles with masses on the order of 1 TeV, such as gluino
pair production in the framework of supersymmetry [12–21],
are more effectively probed through studies of tt tt produc-
tion in boosted events or by requiring very large imbalances
in momentum.

Each top quark primarily decays to a bottom quark and a W
boson, and each W boson decays to either leptons or quarks.
As a result, the tt tt final state contains jets mainly from the
hadronization of light (u, d, s, c) quarks (light-flavor jets) and
b quarks (b jets), and can also contain isolated charged lep-
tons and missing transverse momentum arising from emitted
neutrinos. Final states with either two same-sign leptons or
at least three leptons, considering W → ℓν (ℓ = e or µ)
and including leptonic decays of τ leptons, correspond to
a combined branching fraction of approximately 12% [22].
The relatively low levels of background make these chan-
nels the most sensitive to tt tt events produced with SM-like
kinematic properties [23].

Previous searches for tt tt production in 13 TeV pp colli-
sions were performed by the ATLAS [24,25] and CMS [23,
26,27] Collaborations. The most sensitive results, based
on an integrated luminosity of approximately 36 fb−1 col-
lected by each experiment, led to cross section measurements
of 28.5+12

−11 fb with an observed (expected) significance of
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The production of four top quarks (tt tt) is a rare stan-
dard model (SM) process, with a predicted cross section of
σ (pp → tt tt) = 12.0+2.2

−2.5 fb in proton–proton (pp) collisions
at a center-of-mass energy of 13 TeV, as calculated at next-
to-leading-order (NLO) accuracy for both quantum chromo-
dynamics and electroweak interactions [1]. Representative
leading-order (LO) Feynman diagrams for SM production of
tt tt are shown in Fig. 1.

The tt tt cross section can be used to constrain the mag-
nitude and CP properties of the Yukawa coupling of the
top quark to the Higgs boson [2,3]. Moreover, tt tt produc-
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tion can be significantly enhanced by beyond-the-SM (BSM)
particles and interactions. New particles coupled to the top
quark, such as heavy scalar and pseudoscalar bosons pre-
dicted in Type-II two-Higgs-doublet models (2HDM) [4–6]
and by simplified models of dark matter (DM) [7,8], can
contribute to σ (pp → tt tt) when their masses are larger
than twice the mass of the top quark, with diagrams simi-
lar to Fig. 1 (right). Additionally, less massive particles can
enhance σ (pp → tt tt) via off-shell contributions [9]. In the
model-independent framework of SM effective field theory,
four-fermion couplings [10], as well as a modifier to the
Higgs boson propagator [11], can be constrained through a
measurement of σ (pp → tt tt). Conversely, models with new
particles with masses on the order of 1 TeV, such as gluino
pair production in the framework of supersymmetry [12–21],
are more effectively probed through studies of tt tt produc-
tion in boosted events or by requiring very large imbalances
in momentum.

Each top quark primarily decays to a bottom quark and a W
boson, and each W boson decays to either leptons or quarks.
As a result, the tt tt final state contains jets mainly from the
hadronization of light (u, d, s, c) quarks (light-flavor jets) and
b quarks (b jets), and can also contain isolated charged lep-
tons and missing transverse momentum arising from emitted
neutrinos. Final states with either two same-sign leptons or
at least three leptons, considering W → ℓν (ℓ = e or µ)
and including leptonic decays of τ leptons, correspond to
a combined branching fraction of approximately 12% [22].
The relatively low levels of background make these chan-
nels the most sensitive to tt tt events produced with SM-like
kinematic properties [23].

Previous searches for tt tt production in 13 TeV pp colli-
sions were performed by the ATLAS [24,25] and CMS [23,
26,27] Collaborations. The most sensitive results, based
on an integrated luminosity of approximately 36 fb−1 col-
lected by each experiment, led to cross section measurements
of 28.5+12

−11 fb with an observed (expected) significance of
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SM predictions:

Main systematics: Jet energy scale and 
resolution, b-tagging, ttbar+bb modeling, 
ISR/FSR

Post-fit BDT distribution:

(NLO QCD + EW correction)

Four tops: multilepton
Eur. Phys. J. C 80 (2020) 75
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Constraint on Top-Higgs coupling yt/yt,SM=κt
- Complementary to Higgs measurements 
- Includes ttH scaling as yt2 in the fit
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Abstract The standard model (SM) production of four top
quarks (tt tt) in proton–proton collisions is studied by the
CMS Collaboration. The data sample, collected during the
2016–2018 data taking of the LHC, corresponds to an inte-
grated luminosity of 137 fb−1 at a center-of-mass energy of
13 TeV. The events are required to contain two same-sign
charged leptons (electrons or muons) or at least three leptons,
and jets. The observed and expected significances for the tt tt
signal are respectively 2.6 and 2.7 standard deviations, and
the tt tt cross section is measured to be 12.6+5.8

−5.2 fb. The results
are used to constrain the Yukawa coupling of the top quark
to the Higgs boson, yt, yielding a limit of |yt/ySM

t | < 1.7 at
95% confidence level, where ySM

t is the SM value of yt. They
are also used to constrain the oblique parameter of the Higgs
boson in an effective field theory framework, Ĥ < 0.12. Lim-
its are set on the production of a heavy scalar or pseudoscalar
boson in Type-II two-Higgs-doublet and simplified dark mat-
ter models, with exclusion limits reaching 350–470 GeV and
350–550 GeV for scalar and pseudoscalar bosons, respec-
tively. Upper bounds are also set on couplings of the top
quark to new light particles.

1 Introduction

The production of four top quarks (tt tt) is a rare stan-
dard model (SM) process, with a predicted cross section of
σ (pp → tt tt) = 12.0+2.2

−2.5 fb in proton–proton (pp) collisions
at a center-of-mass energy of 13 TeV, as calculated at next-
to-leading-order (NLO) accuracy for both quantum chromo-
dynamics and electroweak interactions [1]. Representative
leading-order (LO) Feynman diagrams for SM production of
tt tt are shown in Fig. 1.

The tt tt cross section can be used to constrain the mag-
nitude and CP properties of the Yukawa coupling of the
top quark to the Higgs boson [2,3]. Moreover, tt tt produc-
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tion can be significantly enhanced by beyond-the-SM (BSM)
particles and interactions. New particles coupled to the top
quark, such as heavy scalar and pseudoscalar bosons pre-
dicted in Type-II two-Higgs-doublet models (2HDM) [4–6]
and by simplified models of dark matter (DM) [7,8], can
contribute to σ (pp → tt tt) when their masses are larger
than twice the mass of the top quark, with diagrams simi-
lar to Fig. 1 (right). Additionally, less massive particles can
enhance σ (pp → tt tt) via off-shell contributions [9]. In the
model-independent framework of SM effective field theory,
four-fermion couplings [10], as well as a modifier to the
Higgs boson propagator [11], can be constrained through a
measurement of σ (pp → tt tt). Conversely, models with new
particles with masses on the order of 1 TeV, such as gluino
pair production in the framework of supersymmetry [12–21],
are more effectively probed through studies of tt tt produc-
tion in boosted events or by requiring very large imbalances
in momentum.

Each top quark primarily decays to a bottom quark and a W
boson, and each W boson decays to either leptons or quarks.
As a result, the tt tt final state contains jets mainly from the
hadronization of light (u, d, s, c) quarks (light-flavor jets) and
b quarks (b jets), and can also contain isolated charged lep-
tons and missing transverse momentum arising from emitted
neutrinos. Final states with either two same-sign leptons or
at least three leptons, considering W → ℓν (ℓ = e or µ)
and including leptonic decays of τ leptons, correspond to
a combined branching fraction of approximately 12% [22].
The relatively low levels of background make these chan-
nels the most sensitive to tt tt events produced with SM-like
kinematic properties [23].

Previous searches for tt tt production in 13 TeV pp colli-
sions were performed by the ATLAS [24,25] and CMS [23,
26,27] Collaborations. The most sensitive results, based
on an integrated luminosity of approximately 36 fb−1 col-
lected by each experiment, led to cross section measurements
of 28.5+12

−11 fb with an observed (expected) significance of

123

Eur. Phys. J. C (2020) 80:75
https://doi.org/10.1140/epjc/s10052-019-7593-7

Regular Article - Experimental Physics

Search for production of four top quarks in final states with
same-sign or multiple leptons in proton–proton collisions at√
s = 13TeV

CMS Collaboration∗

CERN, 1211 Geneva 23, Switzerland

Received: 18 August 2019 / Accepted: 22 December 2019 / Published online: 31 January 2020
© CERN for the benefit of the CMS collaboration 2020

Abstract The standard model (SM) production of four top
quarks (tt tt) in proton–proton collisions is studied by the
CMS Collaboration. The data sample, collected during the
2016–2018 data taking of the LHC, corresponds to an inte-
grated luminosity of 137 fb−1 at a center-of-mass energy of
13 TeV. The events are required to contain two same-sign
charged leptons (electrons or muons) or at least three leptons,
and jets. The observed and expected significances for the tt tt
signal are respectively 2.6 and 2.7 standard deviations, and
the tt tt cross section is measured to be 12.6+5.8

−5.2 fb. The results
are used to constrain the Yukawa coupling of the top quark
to the Higgs boson, yt, yielding a limit of |yt/ySM

t | < 1.7 at
95% confidence level, where ySM

t is the SM value of yt. They
are also used to constrain the oblique parameter of the Higgs
boson in an effective field theory framework, Ĥ < 0.12. Lim-
its are set on the production of a heavy scalar or pseudoscalar
boson in Type-II two-Higgs-doublet and simplified dark mat-
ter models, with exclusion limits reaching 350–470 GeV and
350–550 GeV for scalar and pseudoscalar bosons, respec-
tively. Upper bounds are also set on couplings of the top
quark to new light particles.

1 Introduction

The production of four top quarks (tt tt) is a rare stan-
dard model (SM) process, with a predicted cross section of
σ (pp → tt tt) = 12.0+2.2

−2.5 fb in proton–proton (pp) collisions
at a center-of-mass energy of 13 TeV, as calculated at next-
to-leading-order (NLO) accuracy for both quantum chromo-
dynamics and electroweak interactions [1]. Representative
leading-order (LO) Feynman diagrams for SM production of
tt tt are shown in Fig. 1.

The tt tt cross section can be used to constrain the mag-
nitude and CP properties of the Yukawa coupling of the
top quark to the Higgs boson [2,3]. Moreover, tt tt produc-
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tion can be significantly enhanced by beyond-the-SM (BSM)
particles and interactions. New particles coupled to the top
quark, such as heavy scalar and pseudoscalar bosons pre-
dicted in Type-II two-Higgs-doublet models (2HDM) [4–6]
and by simplified models of dark matter (DM) [7,8], can
contribute to σ (pp → tt tt) when their masses are larger
than twice the mass of the top quark, with diagrams simi-
lar to Fig. 1 (right). Additionally, less massive particles can
enhance σ (pp → tt tt) via off-shell contributions [9]. In the
model-independent framework of SM effective field theory,
four-fermion couplings [10], as well as a modifier to the
Higgs boson propagator [11], can be constrained through a
measurement of σ (pp → tt tt). Conversely, models with new
particles with masses on the order of 1 TeV, such as gluino
pair production in the framework of supersymmetry [12–21],
are more effectively probed through studies of tt tt produc-
tion in boosted events or by requiring very large imbalances
in momentum.

Each top quark primarily decays to a bottom quark and a W
boson, and each W boson decays to either leptons or quarks.
As a result, the tt tt final state contains jets mainly from the
hadronization of light (u, d, s, c) quarks (light-flavor jets) and
b quarks (b jets), and can also contain isolated charged lep-
tons and missing transverse momentum arising from emitted
neutrinos. Final states with either two same-sign leptons or
at least three leptons, considering W → ℓν (ℓ = e or µ)
and including leptonic decays of τ leptons, correspond to
a combined branching fraction of approximately 12% [22].
The relatively low levels of background make these chan-
nels the most sensitive to tt tt events produced with SM-like
kinematic properties [23].

Previous searches for tt tt production in 13 TeV pp colli-
sions were performed by the ATLAS [24,25] and CMS [23,
26,27] Collaborations. The most sensitive results, based
on an integrated luminosity of approximately 36 fb−1 col-
lected by each experiment, led to cross section measurements
of 28.5+12

−11 fb with an observed (expected) significance of
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Constraint on the Higgs boson oblique 
parameter Ĥ [JHEP09(2019)041] in the 
EFT framework:
- Modifies Higgs boson propagator, and 

coupling to quark and leptons 
- Rescale ttH as (1-Ĥ)2

Several other interpretations are available 
in the paper (Dark Matter, 2HDM, hMSSM) 
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Fig. 8 The observed (solid curve) and expected (long-dashed curve)
95% CL exclusion regions in the tan β versus mass plane for Type-II
2HDM models in the alignment limit for a new scalar H (upper left),
pseudoscalar A (upper right), and both (lower) particles. The short-

dashed curves around the expected limits indicate the region containing
68% of the distribution of limits expected under the background-only
hypothesis. The excluded regions are below the curves

lated samples of tt tt signal events with different values of Ĥ
to account for small acceptance and kinematic differences,
as described in Sect. 2. We rescale the tt H cross section by
(1 − Ĥ)2 to account for its Ĥ dependency [11]. This results
in the 95% CL upper limit of Ĥ < 0.12. For reference, the
authors of Ref. [11] used recent LHC on-shell Higgs boson
measurements to set a constraint of Ĥ < 0.16 at 95% CL.

To study the off-shell effect of new particles with m <

2mt, we first consider neutral scalar (φ) and neutral vec-
tor (Z′) particles that couple to top quarks. Such particles
are at present only weakly constrained, while they can give
significant contributions to the tt tt cross section [9]. Hav-
ing verified in LO simulation that these new particles affect
the signal acceptance by less than 10%, we recalculate the
σ (pp → tt tt) upper limit of the BDT analysis including an
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

Single top + Z (tZq): non-prompts
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Single top + Z (tZq): diboson regions
Phys. Rev. Lett. 122 (2019) 132003
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Ref. [59], is designed to distinguish the charged leptons pro-
duced in W and Z decays (“prompt leptons”) from the leptons
produced in hadron decays or in conversions of photons in
jets, as well as hadrons misidentified as leptons (collectively
defined as “nonprompt leptons”). The requirements to min-
imize charge misassignment are the same as in Ref. [27]:
muon tracks are required to have a small uncertainty in pT
and electron tracks are required to have the same charge as
that obtained from comparing a linear projection of the pixel
detector hits to the position of the calorimeter deposit. The
combined efficiency to reconstruct and identify leptons is in
the range of 45–80 (70–90)% for electrons (muons), increas-
ing as a function of pT and reaching the maximum value for
pT > 60 GeV.

For the purpose of counting leptons and jets, the follow-
ing requirements are applied: the number of leptons (Nℓ)
is defined to be the multiplicity of electrons and muons
with pT > 20 GeV and either |η| < 2.5 (electrons) or
|η| < 2.4 (muons), the number of jets (Njets) counts all jets
with pT > 40 GeV and |η| < 2.4, and the number of b-
tagged jets (Nb) counts b-tagged jets with pT > 25 GeV and
|η| < 2.4. In order to be included in Njets, Nb, and the HT
variable, which is defined as the scalar pT sum of all jets in an
event, jets and b-tagged jets must have an angular separation
∆R > 0.4 with respect to all selected leptons. This angular
separation is defined as ∆R =

√
(∆η)2 + (∆φ)2, where ∆η

and ∆φ are the differences in pseudorapidity and azimuthal
angle, respectively, between the directions of the lepton and
the jet.

Events were recorded using either a dilepton+HT (2016)
or a set of dilepton triggers (2017 and 2018). The dilepton+HT
trigger requires two leptons with pT > 8 GeV and a mini-
mum HT requirement that is fully efficient with respect to the
offline requirement of 300 GeV. The dilepton triggers require
either two muons with pT > 17 and 8 GeV, two electrons
with pT > 23 and 12 GeV, or an eµ pair with pT > 23 GeV
for the higher-pT (leading) lepton and pT > 12 (8)GeV
for the lower-pT (trailing) electron (muon). The trigger effi-
ciency within the detector acceptance is measured in data to
be greater than 90% for ee, eµ, and µµ events, and nearly
100% for events with at least three leptons.

We define a baseline selection that requires HT >

300 GeV and pmiss
T > 50 GeV, two or more jets (Njets ≥

2) and b-tagged jets (Nb ≥ 2), a leading lepton with
pT > 25 GeV, and a trailing lepton of the same charge with
pT > 20 GeV. Events with same-sign electron pairs with
an invariant mass below 12 GeV are rejected to reduce the
background from production of low-mass resonances with
a charge-misidentified electron. Events where a third lep-
ton with pT > 7 (5) GeV for electrons (muons) forms an
opposite-sign (OS) same-flavor pair with an invariant mass
below 12 GeV or between 76 and 106 GeV are also rejected.
Inverting this resonance veto, the latter events are used to

populate a tt Z background control region (CRZ) if the invari-
ant mass is between 76 and 106 GeV and the third lepton has
pT > 20 GeV. After this baseline selection, the signal accep-
tance is approximately 1.5%, including branching fractions.

Events passing the baseline selection are split into sev-
eral signal and control regions, following two independent
approaches. In the first analysis, similarly to Ref. [27] and
referred to as “cut-based”, the variables Njets, Nb, and Nℓ

are used to subdivide events into 14 mutually exclusive sig-
nal regions (SRs) and a control region (CR) enriched in tt W
background (CRW), to complement the CRZ defined above,
as detailed in Table 1. In the boosted decision tree (BDT)
analysis, the CRZ is the only control region, and the remain-
ing events are subdivided into 17 SRs by discretizing the
discriminant output of a BDT trained to separate tt tt events
from the sum of the SM backgrounds.

The BDT classifier utilizes a gradient boosting algorithm
to train 500 trees with a depth of 4 using simulation, and is
based on the following 19 variables: Njets, Nb, Nℓ, pmiss

T , HT,
two alternative definitions of Nb based on b tagging working
points tighter or looser than the default one, the scalar pT
sum of b-tagged jets, the pT of the three leading leptons, of
the leading jet and of the sixth, seventh, and eighth jets, the
azimuthal angle between the two leading leptons, the invari-
ant mass formed by the leading lepton and the leading jet,
the charge of the leading lepton, and the highest ratio of the
jet mass to the jet pT in the event (to provide sensitivity to
boosted, hadronically-decaying top quarks and W bosons).
Three of the most performant input variables, Njets, Nb, and
Nℓ, correspond to the variables used for the cut-based anal-
ysis. Top quark tagging algorithms to identify hadronically
decaying top quarks based on invariant masses of jet combi-
nations, similarly to Ref. [23], were also tested, but did not
improve the expected sensitivity. Such algorithms could only
contribute in the handful of events where all the top quark
decay products were found, and these events already have
very small background yields. In each analysis, the observed
and predicted yields in the CRs and SRs are used in a max-
imum likelihood fit with nuisance parameters to measure
σ (pp → tt tt), following the procedure described in Sect. 7.

5 Backgrounds

In addition to the tt tt signal, several other SM processes result
in final states with same-sign dileptons or at least three lep-
tons, and several jets and b jets. These backgrounds primarily
consist of processes where tt is produced in association with
additional bosons that decay to leptons, such as tt W, tt Z,
and tt H (mainly in the H → WW channel), as well as dilep-
ton tt events with a charge-misidentified prompt-lepton and
single-lepton tt events with an additional nonprompt lepton.
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

N. Chanon - Rare top quark processes at CMS - LHCP2020 -  29

Four top 1l and 2lss: BDT details

J
H
E
P
1
1
(
2
0
1
9
)
0
8
2

decay of a top quark, rather than from other sources such as initial-state radiation (ISR)

or final-state radiation (FSR). Its input variables consist of the invariant dijet and trijet

masses, the b tagging information for the jet not associated to the dijet, and the angles

between the three jets. This BDT is trained to distinguish between the three jets from a

hadronically decaying top quark and any other permutation of 3-jet combinations using

the ME information in tt+jets simulations.

Because of the high jet multiplicity in both signal and background events, many three-

jet combinations are possible. The trijet permutations for each event are ranked according

to their discriminant value, from highest to lowest. In the single-lepton channel, each tt

background event contains a genuine hadronic top quark decay, so the jets included in

the first-ranked trijet (Ttrijet1) are removed and the highest-ranked discriminant using the

remaining jets (Ttrijet2) is used. In the dilepton channels, the tt background contains no

hadronic top quark decays, so only the output for Ttrijet1 is used as the discriminant.

The BDTs, yielding the discriminants for the single-lepton channel (DSL
tttt ) and for

the dilepton channel (DDL
tttt ), use the discriminant from the trijet associations, described

above, as one of its input variables. In the single-lepton channel, DSL
tttt is trained sepa-

rately for each jet multiplicity, and inclusively over the number of b-tagged jets. In the

dilepton channel, the training is done unitarily for all jet multiplicities while separately in

µ+µ−,µ±e∓, and e+e− states. The choice of input variables is optimized separately for

the two channels and is based on the characteristics of the lepton and jet activity in the

events. The resulting variable lists are different for the two channels. The variables can

be grouped into three categories: event activity, event topology, and b quark multiplicity.

Although many of the input variables are correlated, each one contributes some additional

discrimination between the tt background and the tttt signal.

Studies of the differences between the simulated tt and tttt events have led to the

selection of the following variables describing the hadronic activity in the event:

1. The number of jets present in the event, Nj.

2. The scalar sum of the pT of all medium working point b jets in the event, Hb
T.

3. The ratio of the sum HT of the four highest pT jets in the event in the single-lepton

channel, or the two jets with the highest b tagging discriminant in the dilepton

channel, to the HT of the other jets in the event, Hratio
T .

4. The HT sum in the event, subtracting the scalar pT sum of the two highest pT b

jets, H2m
T .

5. The transverse momenta of the jets with the third- and fourth-largest pT in the event,

pj3T and pj4T .

6. The reduced event mass, Mh
red, defined as the invariant mass of the system comprising

all the jets in the reduced event, where the reduced event is constructed by removing

the jets contained in Ttrijet1 in single-lepton events. In tt events, the reduced event

will typically only contain the b jet from the semileptonic top quark decay and jets
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arising from ISR and FSR. Conversely, a reduced tttt event can contain up to two

hadronically decaying top quarks and, as a result, a relatively high reduced event

mass.

7. The reduced event HT, H
x
T, is defined as the HT of all jets in the single-lepton event

selection excluding those contained in Ttrijet1.

The event topology is characterized by the two variables:

1. Event sphericity, S, [72], calculated from all of the jets in the event in terms of the nor-

malized tensorMαβ =
!

i p
α
i p

β
i /

!
i|p⃗i|

2, where α and β refer to the three-components

of the momentum of the ith jet. The sphericity is defined as S = (3/2)(λ2 + λ3),

where λ2 and λ3 are the two smallest eigenvalues of Mαβ . The sphericity in tttt

events should differ from that in background tt events of the same energy, since the

jets in tt events will be less isotropically distributed because of their recoil from

sources such as ISR.

2. Hadronic centrality, C, defined as the value of HT divided by the sum of the energies

of all jets in the event.

Since all these variables rely only on the hadronic information in the event, sensitivity

to the lepton information is provided through the pT and η of the highest pT lepton (or

the only lepton for the single-lepton channel)
"
pℓ1T , ηℓ1

#
and the angular difference (∆Rℓℓ)

between the leptons in dilepton events. The b jet multiplicity is characterized in terms of

the number of b jets tagged by the CSVv2 algorithm operating at its loose (N l
tags) and

medium (Nm
tags) operating points, and the angular separation ∆Rbb between the b-tagged

jets with the highest CSVv2 discriminants. Finally, the third- and fourth-highest b tagging

discriminant values are used as they allow separation between tt +light jets, and genuine
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5 Systematic uncertainties
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in table 1. Each of the systematic uncertainty sources is modeled by one nuisance param-

eter. The normalization-dependent terms account for the uncertainties in the background
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Reducible: mainly tt+jets,  
- shape obtained from data,  
- O(30%) uncertainty 

- Jets faking leptons: fake rate 
computed from QCD control region 
with loosened identification 

- Charge mis-assignment (2ℓss only): 
flip rate from Z→ℓ±ℓ± data

Irreducible: tt+W/Z/γ*  
- from Monte Carlo,  
- O(10%) uncertainty

ttH, multilepton 
•  Select events with ℓ±ℓ± or  ≥3ℓ, plus jets and b-tags. 
•  Residual backgrounds are mainly 

–  tt + W/Z/γ* production: irreducible except for jets & ν’s. 
•  Taken from theory predictions, with O(10%) uncertainty 

–  reducible backgrounds, mostly from tt + jets with  
non-prompt leptons or charge mis-assignment 
•  Estimated from data, with O(30%) uncertainty 

Moriond EWK, 2017 G. Petrucciani (CERN) 14 

ttH � 3ℓ + X ttZ � 3ℓ + X tt � 3ℓ + X 
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